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Abstract
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Project Title : Enhancement of direct electron transfer by cost-effective bimetal:
cobalt/ iron catalysts on printable graphene paper based biosensors for ultra-highly sensitive
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Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang
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Abstract:

Development of non-invasive glucose measurement allows future advancement of smart
sensing platform for diagnostic technology. Especially for endocrine disorders, advanced kidney
diseases, and diabetes, monitoring excessive glucose level in urine can provide invaluable
information for clinical prognosis and preventive healthcare. Herein, we present a comparative
electrochemical study of cobalt/iron (CoFe) catalyst on nitrogen-doped graphene (NG) for non-
enzymatic glucose detection, carried out in physiological pH urine including (i) modified artificial urine
medium (mAUM), (ii) commercial standard urine (Surine), and (iii) human urine specimens. With no
requirement of strong alkaline addition, catalytic properties of CoFe-NG were assessed by using
cyclic voltammetry (CV) and differential pulse voltammetry (DPV) on a glassy carbon rotating disk
electrode. Upon successive glucose additions from 0 to 3 mM, DPV results revealed two anodic
peaks at +0.18 V and +0.42 V versus Ag/AgCl, corresponding to Co®" and Co*" as a result of glucose
binding in urine. By evaluating at +0.18V, the sensitivities of CoFe-NG were estimated to be 16.77
(R? = 0.987), 45.36 (R? = 0.988), and 20.26 (R* = 0.991) yA.mM™".cm™ with the limit of detection of
0.25, 0.07, and 0.19 mM in mAUM, Surine, and human urine specimen with low serum creatinine,
respectively. Furthermore, the effects of CoFe on graphene (G) and carbon Vulcan XC-72 (C) were
also studied in comparison of NG on the bimetal. Interestingly, CoFe-C showed a good

electrochemical trend in glucose detection in urine. However, negligible catalytic activity was



presented in CoFe-G. Thus, electrochemical responses of CoFe-C were also further studied in the
comparison of CoFe-NG in each type of urine. Overall, CoFe-NG outperformed CoFe-C in all types
of urine and exhibited an excellent anti-interference property toward uric acid, thereby suggesting

great potential for the next generation of glucose sensing platform in urine.

Keywords : bimetallic catalyst, non-enzymatic detection, glucose in urine



Executive summary

This research project investigated an enhancement of bimetallic cobalt (Co)-ion (Fe)
incorporated on nitrogen doped graphene (NG) to detect glucose in physiological pH urine and human
urine specimens. As originally proposed to enhance the detection of hydrogen peroxide, there is still
a necessary enzyme immobilization to convert glucose in physiological fluids. However, our recent
experimental study has found a more applicable and practical alternative of using CoFe-NG that can
non-enzymatically bind with glucose. Therefore, we continued this investigation of electrocatalytic
properties on CoFe-NG. Without any addition of strong alkaline electrolyte such as sodium hydroxide
(NaOH), the as-prepared CoFe-NG catalyst can detect glucose in nearly neutral pH urine from 0 to
3 mM, assessed by Differential Pulse Voltammetry (DPV). In detail, a comparative study of CoFe-
NG was carried out in various physiological pH urine conditions including (i) modified artificial urine
medium (mAUM), (ii) commercially simulated negative control urine (Surine), and (ii) human urine
specimens. As shown in Figure 1, our schematic approach of the as-synthesized CoFe-NG illustrates
a presence of active Co®" and Co*' redox couple, oxidizing with glucose in urine and generating
catalytic current response under DPV operation. In our preliminary experiment, the effect of different
supporting materials e.g. pure graphene (G) and activated carbon Vulcan XC-72 (C) was studied as
a control of NG incorporation. Under strong alkaline condition (pH of 13), it was found that CoFe-
NG and CoFe-C were able to detect 2 mM glucose clearly from their backgrounds. Further study
also found that NG by its owns can oxidize glucose and detect 2 mM glucose but not as good as
with CoFe catalyst in 0.1 M NaOH supported urine. In neutral pH urine, only CoFe-NG showed an
obvious catalytic response of glucose detection, whereas, negligible response was observed on
CoFe-G in either strong alkaline medium or neutral pH urine conditions. Thus, CoFe-C was selected
as a control in comparison its electrochemical performance with CoFe-NG in the three types of urine.

By operating on rotating disk electrode (RDE), the kinetic behavior of CoFe catalysts can be
observed from the hydraulic effect. Therefore, the total current response in this study represents the
catalytic current of CoFe and consequently implies the direct comparison in various urine conditions.
Under DPV operation, the non-faradic current is controlled, thereby indicating faradic process of
catalytic reaction on CoFe system. In this study, there were two prominent anodic peaks, that were
located at +0.18 and +0.42 V versus Ag/AgCl and corresponding to Co®* and Co** as a result of
glucose binding in urine. Upon glucose addition, the former anodic peak of CoFe-NG increases
linearly with the estimated sensitivities of to be 16.77 (R? = 0.987), 45.36 (R* = 0.988), and 20.26 (R?
= 0.991) uA.mM'1.cm'2 and the limit of detection of 0.25, 0.07, and 0.19 mM in mAUM, Surine, and



human urine specimen with low serum creatinine (type 1), respectively. On the other hand, a
prominent anodic peak of CoFe-C was observed at +0.88 V versus Ag/AgCl, attributed to the oxygen
discharge from oxide formation of CoO, and Fe,O5; and presented in CoFe-C in mAUM, CoFe-C in
human urine type I, and CoFe-NG in human urine with high serum creatinine (type Il). Although this
formation process seemed to be indirectly quantified the glucose level with the inversely linear trend,
it was significantly affected by the charge/discharge of other competitive species, leading to the
diminution of oxygen discharge in glucose addition at a higher potential above 0.8 V as well. Thus,
the optimal condition of CoFe-NG by using DPV in our study was at +0.18 V from the process of
Co”* oxidation upon glucose binding. In addition, CoFe-NG showed an excellent anti-interferent
property of uric acid in mAUM, providing a potential development of smart sensing platform for
glucose detection in urine. Furthermore, morphological, elemental, and chemical characterizations
of Transmission Electron Microscopy (TEM), Scanning Transmission Electron Microscopy (STEM),
Energy Dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), Fourier Transform Infrared
spectra (FTIR), and X-ray Photoemission Spectroscopy (XPS) were also carried out, providing
evidences of catalytic explanation and mechanism of this non-enzymatic glucose detection in

physiological pH urine.
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Figure 1. Graphical abstract of CoFe-NG catalyst for glucose detection in physiological pH urine

and human specimens
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1. 83Lad
Cobalt (1) acetylacetonate (Co(acac)2, 99.0%), Iron (Ill) acetylacetonate (Fe(acac)3, 99.9%),
Oleic acid (OAc, 90%), Oleylamine (OAm, 70%), Benzyl Ether (BE, 98%), 1-Octadecene (ODE, >
95.0 %), and Trioctylphosphine (TOP, 97%), Natural graphite flakes (99%), sulfuric acid (98%),
sodium nitrate (NaNO3), potassium permanganate (KMnO4), LLR ammonia Lﬁalﬁumiﬁ'{imﬁxﬁ
asslfiseuazarvesnniwia lulasian WaNN Vulcan XC 72R (Cabot) Waz graphene
powder & nsuLUSouAsuysz@nsmwsasmslennfuialulasian
lunanaseudaaizduaizd (mAUM) ldlfgasluienljuidinmmanessnsmaunnd [2-3]
@vd@iavl,ﬂf: Sodium bicarbonate (NaHCO3), sodium chloride (NaCl), sodium sulphate decahydrate
(Na,S0,.10H,0), potassium dihydrogen phosphate (KH,PO,), di-potassium hydrogen phosphate

(K;HPO,4), ammonia chloride (NH,CI), creatinine, WL urea
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IR leaaulasannawidnued Zhang et al. [1].  Tnasgussinazais OAm (8 mL),
OAcC (4 mL), ODE (4 mL) uaz TOP (2 mL) uazausiaiiias 5 w1 antduman Co (acac)z luifsuwm
I Vv Vv H
0.61 mmol w3e 156.96 mg of aslu BE (2 mL) rel¥azaeiuduneutasnansuiudiiazaionavuai
wiow'1d ihldIdanwdeuluszuuTantimsSwdnduagriuieluTasnuiiguvgil 110 °C Wuna 1 9 Tus
v ' ) v
erhasanisnuazansivetusen wasmniulianudoudengungil 230 °C wmatuiu 20 i Fueq
g 2 2o & ! = a ¢ o y 2 vy A
msazaevztuIuIuiuddmvue  tsendimsmasymauTuveslavean  wasomiuna 13 naun
A ° ! 4 A 3 = . i
gaungivowaznayle Talnswueandly thlddumlessinansa 10,000 r. p. m. flunar 20 minutes 7
a o F) 9 o ¥ o 1 d’l A g9 @ o A Y 9
gaunni 0°C uazandlganauuazioMuen MNAUFUIa1eg soUeadaza1ennIi1eeen 1y
Y o [ A (] Y at o o 1 aan 4 g 3o U= @ A
lauaziih lUnaunuesnauionannu 1l A5vhansslgnsenTanenauTaveasi-man ausu@erny Tagisuen

1 Fe(acac)z U5ua 0.61 mmol wazasludiazaneiudu uazneauInveasidsuim 0.2 mmol asliuay

] 9 2 v ax o 9y Y A '
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Tumsduasziniilude lulasnuz1ds lalaswoivea lasiEuainmiduasiniusen ladaie
J5ves Hummer method [4] wagl¥nszuiumside lulasiaudieisves Chen et al. and Sui et al. [5-6].

TnaBuannnistinnmueenlidnduamzviunldazana luinluiBunuanudiade 5 mg.mL? waztiusau

1 [ 1 1 9
AaDgauarnsTiumnesfinuize 4,000 rpm wnan 30 i nmiwhasazaiensiflueen lsdsiuou



30 mL warndunen TudledSinm 0.6 g. nazauaeoiiioailunar 15wl ansazanaazgnanglids Teflon-line
~ Aa @ ¥ - - 4
autoclave nazIdanudounguugil 180 °C lunan 12 1 Tua uazdrdieni1 Deionized tazidunsoen

gaanmeiigungil 80°C flunamilain
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Transmission Electron Microscopy (TEM), Scanning Transmission Electron Microscopy (STEM),
Energy Dispersive X-ray spectroscopy (EDS), 3% JEOL JEM-200CX AIWS391% 200 KV, M33aaNLa
314 @8 X-ray diffraction (XRD, i;u Scintag X-1, operating ‘ﬁ WRIINH 40 KV LAz 40 mA @28
USRS RanaRATaNN Cu K O, A = 1.54056 A), uazmstasutiamstianusznsaisisinadia
Fourier Transform Infrared spectra (FTIR, Shimadzu, IRPrestige-21, Japan, ‘ﬁl 400-4000 cm™ TWATR
mode), Lazinaia X-ray Photoemission Spectroscopy (XPS, PHI 5000, Versa Probe || XPS system,
ULVAC-PHI)

4. MINAFaUUTZANTATINNIILALN bW

minasausuiaBaadlWiues CoFeNG @awszuudiinlnsamudn  dsznoudas 1.
working electrode (GCE), 2. auxiliary electrode (Pt), Llaz 3. reference electrode (Ag/AgCl) 11 mAUM,
Surine, tazilaazau A pH 11 6.8, 6.7 uaz 6.5 mudiai. TaelumsnaaesnanuaszSan sty
vosthaangTaadas 0 &9 3 mM Tasmslahaaifianududu 500 mM i 2.5 Pl ashulagos
hums 5-mL.  wazinniemeaesuses RDE ﬁfumuﬁ;uﬁuﬂ'@umimmmnﬂﬂ%\i%ﬁﬁmwmmm
working electrode Aaanisldnszuauninallninldaanusirednedlumaiia Cyclic voltammetry (CV)
a1n 0 8¢ 1.2 V §1e6m51 50 mV.s ludnuan 50 se1. namimiveznageudiomsia a1 -0.2 to 1.0 V
vs Ag/AgCl fisns1 50 mV.st waznaeu DPV 110 0 to 1 V vs Ag/AgCl Sremaifiunnuaadngi
4mV, amplitude of 50 mV, pulse width of 0.05 s uag pulse period of 0.5 s. HENIINTMINATOLMS
fenuvesmseuq ety luilaay 1wy ascorbic acid uaz uric acid ¥hiuly mAUM doyamsinazgn

tufinlun3es Potentiostat 51 CHI900B potentiostat u RDE modular workstation (Pine Research

Instruments, USA), ‘ﬁmmﬁaiau 900 rpm Glunﬂqms“ﬂﬂﬁau.
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Table 1. Summary of glucose and creatinine levels in serum from clinical analysis in Human
Urine Specimens obtained from Ladkrabang Hospital

ID Gender Age FBS" (mg.dL?)  Creatinine (mg.dL™)
01 Female 65 112 0.6

02 Female 44 158 0.86

03 Female 54 229 1

04 Male 46 127 1.3

“Fasting Blood Glucose Serum (FBS)
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Table 2 @rmaLLammﬁme:ﬁauﬂ‘ﬁmMWﬂwao CoFe-NG ez CoFe-C lunsaraliatiiaal

IECRRE
LOD LOQ Linear Potential
_ Trend Trend
Urine (mM) (mM) Range Peak(s) Peak
Catalyst of CV  of )
Type n=4 (mM) in DPV  Correspondence
a DPV 2
V)
mAUM CoFe- 0.25 0.83 0.25- + + 0.18-0.20 Electroactive
NG 3.0 sites
CoFe-C 0.07 0.24 1.0-3.0 - - 0.88 Oxide formation
Surine  CoFe- 0.07 0.23 0.25- + + Not Oxidation
NG 3.25 obvious observed from
0-0.8Vv
CoFe-C 0.34 114 0.5-35 + + Not Oxidation
obvious observed from
0-0.6V
Human CoFe- 0.19 0.64 0.5-2.0 - + 0.18 Electroactive
Urine NG 0.39-0.42 sites
Type I° Oxide formation
Human CoFe- 0.18 0.60 1.0-3.0 - - 0.42 Oxide
Urine NG formation
Type II°
CoFe-C 0.21 0.71 0.25- - - 0.58 Oxide formation

3.0
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ARTICLE INFO ABSTRACT

Keywords:
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Non-enzymatic detection
Glucose in urine

Development of non-invasive glucose measurement allows future advancement of smart sensing platform for
diagnostic technology. Especially for endocrine disorders, advanced kidney diseases, and diabetes, monitoring
excessive glucose level in urine can provide invaluable information for clinical prognosis and preventive
healthcare. Herein, we present a comparative electrochemical study of cobalt/iron (CoFe) catalyst on nitrogen-
doped graphene (NG) for non-enzymatic glucose detection, carried out in physiological pH urine including (i)
modified artificial urine medium (mAUM), (ii) commercial standard urine (Surine), and (iii) human urine
specimens. With no requirement of strong alkaline addition, catalytic properties of CoFe-NG were assessed by
using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) on a glassy carbon rotating disk
electrode. Upon successive glucose additions from 0 to 3 mM, DPV results revealed two anodic peaks at +0.18 V
and +0.42V versus Ag/AgCl, corresponding to Co®>* and Co** as a result of glucose binding in urine. By
evaluating at +0.18V, the sensitivities of CoFe-NG were estimated to be 16.77 (R? = 0.987), 45.36
(R? = 0.988), and 20.26 (R% = 0.991) pA mM ~! em ~2 with the limit of detection of 0.25, 0.07, and 0.19 mM in
mAUM, Surine, and human urine specimen with low serum creatinine, respectively. Furthermore, the effects of
CoFe on graphene (G) and carbon Vulcan XC-72 (C) were also studied in comparison of NG on the bimetal.
Interestingly, CoFe-C showed a good electrochemical trend in glucose detection in urine. However, negligible
catalytic activity was presented in CoFe-G. Thus, electrochemical responses of CoFe-C were also further studied
in the comparison of CoFe-NG in each type of urine. Overall, CoFe-NG outperformed CoFe-C in all types of urine
and exhibited an excellent anti-interference property toward uric acid, thereby suggesting great potential for the
next generation of glucose sensing platform in urine.

1. Introduction

A growing concern of diabetes mellitus has become a globally sig-
nificant public health challenge, causing other non-communicable dis-
eases and health complications such as cardiovascular disease, stroke,
and chronic kidney failure [1]. For ease of comfort, non-invasive glu-
cose measurement has tremendously gained more attention not only in
treatment efficacy but also preventive healthcare promotion. For

practical glucose monitoring, an assessment of glucose in urine can be a
good indicator [2-5], easily accessible and secreted from excessive
glucose in the body due to an imbalance of kidney function, endocrine
disorders and hyperglycemia. Recently, development of non-enzymatic
glucose detection has been demonstrated to overcome the limitations of
traditional enzyme based glucose sensors, affected by humidity, pH,
enzyme’s deformation, poor reproducibility, and high cost of produc-
tion [6]. As explained by Pletcher [7], the mechanism of non-enzymatic
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Fig. 1. (A) TEM image of CoFe-NG, (B)-(C) TEM images of CoFe, (D) HRTEM of CoFe, and (E) SAED pattern showing the diffraction of Fe,O3 (110), Co(111), and Fe

(200) from inside to outside, respectively.

glucose sensor is involved in chemisorption of hydroxyl group onto the
metal catalyst, subsequently allowing a bond formation of the d-elec-
tron of metal-and glucose molecule. As a result, a change of oxidation
state of glucose molecule onto the metal surface also corresponds to a
change of metal-glucose interaction, thereby lowering glucose-metal
bond strength and resulting in desorption of glucose molecules [6].
Another possible explanation is based on Incipient Hydrous Oxide
Adatom Mediator (IHOAM) model, proposing a pre-monolayer process
of OH,q4s that mediates the oxidation of glucose [8].

By considering a mimicking process of enzyme-like mechanism,
several metals and metal oxides such as Au [9], Pt [10,11], Cu [12-15],
Ni [16-18], Mn [19,20], Co [21,22], and Fe [23,24] have been reported
the direct electrochemical oxidation of glucose and electron transfer.
Among these metals, Co based catalysts have been considered an at-
tractive choice due to low cost of production, high stability, excellent
catalytic activities toward hydrogen peroxide (H»O5) and glucose, and
various oxidation states including Co(OH),, CoOOH, and CoO,
[25-27]. For example, cobalt nitride nanosheet (Co3N-NSs) was re-
ported a high sensitivity of 1137.2pAmM ™' cm ™2 for glucose detec-
tion in alkaline medium as a result of an excellent mass transfer ability
by Co*™ active sites [28]. Also, Co oxide and Co complex including
cobalt oxyhydroxides [29], Co304 [30,31], CoO4 overoxidized poly-
pyrone [32], cobalt phthalocyanine [33], and network Co3(PO)4 [27]
have been utilized the Co®>*/Co®* and Co®*/Co** redox couples for
non-enzymatic glucose detection under alkaline supporting electro-
lytes. Although the advantage of high catalytic activity and electron
transfer are presented, operation in strongly alkaline condition is not
practical for most of physiological specimens. For the most commonly

used alkaline electrolyte, 0.1 M of sodium hydroxide (NaOH) has a pH
of 13, leading to a less environmentally suitable condition for proteins
and other biological analytes. However, eliminating the use of alkaline
supporting electrolyte can severely affected the electron transfer pro-
cess of Co and other non-precious metals. Therefore, functional doping
of carbon materials support has been strategically designed to facilitate
electron transfer process in aqueous media. For example, N-doped
carbon dots [34-36], N-doped graphene quantum dots [37-39], and
pyridinic N-doped graphene [40-43] have reported for the higher
sensitivity in oxygen reduction reaction mechanisms and sensing ap-
plications. Not only promoted electrical conductivity, but a recent study
of N-doping on graphene for non-enzymatic glucose detection in both
alkaline and neutral pH electrolyte has also been proven as an effective
strategy for enhancement of the catalytic activity of graphene due to the
improvement of electron-donor ability, charge distribution, and binding
ability of graphene [44].

Unlike neutral buffer solution, a wide range of pH from 4 to 8 can be
found in normal urine condition [45,46]. In addition, possible elec-
troactive species including bicarbonate, chloride ion, urea, and creati-
nine can be completing the active sites of catalyst during glucose de-
tection. Therefore, our approach in this study was to incorporate Fe
metal in order to facilitate hydroxyl adsorption on Co and consequently
form Co active sites. Iron and iron oxide have also shown a great ad-
vantage of low-cost and excellent catalytic activities toward glucose
detection [23,47-49]. Not only facilitates the electron transfer but iron
oxide also provides an intrinsic peroxidase like catalysis property,
promoting (OH),qs in glucose oxidation [24]. Herein, we investigated
mesoporous cobalt/iron (CoFe) on nitrogen-doped graphene (NG)
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Fig. 2. (A) STEM bright field image of CoFe cluster, (B) EDS spectrum, and (C) EDS elemental mapping of O, Fe, and Co elements on Cu grid.

catalyst for the first time in physiological pH urine including modified
artificial urine medium (mAUM), commercial artificial urine, namely,
Surine, and human urine specimens. Among these sources of urine,
direct comparisons of electrocatalytic behaviors of CoFe-NG were car-
ried out. The studies were performed on the modified glassy carbon
rotating disk electrode (RDE), providing kinetic response, assessed by
cyclic voltammetry (CV) and differential pulse voltammetry (DPV). In
addition, the effects of different carbon supports such as graphene (G)
and active carbon Vulcan XC-72 (C) on CoFe were also evaluated in
both alkaline and neutral pH conditions. Furthermore, morphological,
elemental, and chemical properties of CoFe-NG were also characterized.
Overall, CoFe-NG showed an excellent catalytic performance in neutral
media without any electron facilitator, leading to a new advancement
for practical glucose determination in urine.

2. Experimental
2.1. Materials and reagents

Cobalt (II) acetylacetonate (Co(acac),, 99.0%), Iron (III) acet-
ylacetonate (Fe(acac)s, 99.9%), Oleic acid (OAc, 90%), Oleylamine

(OAm, 70%), Benzyl Ether (BE, 98%), 1-Octadecene (ODE, > 95.0%),
and Trioctylphosphine (TOP, 97%) were used as metal precursors and

)

solvents for nanoparticle synthesis. Natural graphite flakes (99%), sul-
furic acid (98%), sodium nitrate (NaNO3), potassium permanganate
(KMnO,), and ammonia were used to produce graphene oxide and NG.
In comparison of different carbon supports, Vulcan XC 72R (Cabot) and
graphene powder were used in this study. For electrochemical experi-
ments, Surine, Nafion (5% solution), glucose, glacier ascorbic acid
(AA), and uric acid (UA) were used as electrode coating materials and
testing reagents. Sodium bicarbonate (NaHCOs3), sodium chloride
(NaCl), sodium sulphate decahydrate (Na»,SO4-10H>0), potassium di-
hydrogen phosphate (KH,PO,), di-potassium hydrogen phosphate
(K>HPO,4), ammonia chloride (NH4Cl), creatinine, and urea were used
to prepare mAUM by the following guideline [46,50] in Supplemental
Section S1. Deionized water (18.2 M(Q2) was utilized to prepare all so-
lutions. All chemicals were of analytical grade and purchased from
Sigma Aldrich without further purification. Human urine specimens
were obtained from patients at Ladkrabang Hospital, Bangkok, Thai-
land.

2.2. Synthesis of nanoparticles
Bimetallic CoFe was prepared by a modified method of template-

free self-assembly approach as reported by Zhang et al. [51]. In a ty-
pical synthesis of the single Co, a mixture of organic solvents,
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Fig. 3. (A) XRD patterns of CoFe-NG with the primary peaks indexed to JCPDS
references and (B) FTIR spectra of CoFe-NG (black), CoFe-NG mixed with 2 mM
glucose in urine without DPV operation (red), and CoFe-NG after DPV operation
in the presence of 2mM glucose in urine (blue). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

containing 8 mL of OAm, 4 mL of OAc, 4 mL of ODE and 2 mL of TOP,
was added into a three-neck flask. After stirring for 5 min, 156.96 mg of
Co (acac), (0.61 mmol) was dissolved into 2 mL BE and then added to
the flask. The mixture was then heated up to 110 °C under nitrogen for
1h to remove all impurities, and continuously to 230 °C for 20 min to
form Co nanoparticles. Afterward, the solution turned black, and was
cool down at room temperature with isopropanol addition. The black
precipitate was then collected by centrifugation at 10,000 r.p.m. for
20 min, 0°C, and washed with hexane and methanol several times.
Subsequently, the single Co was collected and stored in hexane. For
bimetallic CoFe synthesis, 0.61 mmol of Fe(acac), was dissolved in the
organic solvents and then mixed with 0.2 mmol Co nanoparticle solu-
tion. Similarly, the CoFe was followed the aforementioned synthesis
steps to collect the black precipitate and stored in hexane.

2.3. Synthesis of modified N-doped graphene

N-doped graphene was prepared by hydrothermal reduction of
graphene oxide and a nitrogen source, ammonia. Initially, graphene
oxide was synthesized by the modified Hummer method [52] described
in Supplemental Section S2. Subsequently, N-doped graphene pre-
paration was followed by Chen et al. and Sui et al. [53,54]. In brief, the
as-prepared graphene oxide powder was dispersed in water by

Sensors & Actuators: B. Chemical 286 (2019) 550-563

ultrasonication (5mgmL~!), and centrifugation at 4000rpm for
30 min. 30 mL of graphene oxide suspension was then mixed with 0.6 g.
of ammonia under stirring for 15 min. The solution was then transferred
into a 50 mL-Teflon-line autoclave and raised the temperature to 180 °C
for 12h. After the reaction was cool down, the solution was vacuum
filtered and washed with DI water to collect the precipitate NG. Finally,
NG was dried at 80 °C overnight.

2.4. Preparation of NG and CoFe catalysts on modified glassy carbon
electrode (GCE)

Prior to each trial, GCE (diameter of 5 mm) was clean with DI water
and ethanol, then polished with alumina powder, and ultrasonicated for
15 min. Metal loading of 10% wt. CoFe was loaded onto NG, G and C for
a preliminary evaluation on supporting materials. Followed by ultra-
sonication for 1h, the suspension was then dried at 80 °C for 12h to
obtain catalyst powder. In the preparation of the modified GCE, 8 mg of
catalyst was dissolved into 100 pL ethanol and added 100 puL of 5%
Nafion solution. Then, 8 pL of the mixture was dropped on the GCE (the
metal catalyst loading of 163 ug cm ™).

2.5. Material characterizations

Morphological, elemental, and chemical characterizations of the as-
prepared catalysts were studied by Transmission Electron Microscopy
(TEM), Scanning Transmission Electron Microscopy (STEM) and Energy
Dispersive X-ray spectroscopy (EDS), operated by JEOL JEM-200CX at
200 kV, X-ray diffraction (XRD, Scintag X-1, operating at 40kV and
40 mA and using Cu K a radiation A = 1.54056 10\), Fourier Transform
Infrared spectra (FTIR, Shimadzu, IRPrestige-21, Japan, operated at
4000-400 cm ™! in Attenuated Total Reflection (ATR) mode), and X-ray
Photoemission Spectroscopy (XPS, PHI 5000, Versa Probe II XPS
system, ULVAC-PHI, Japan)

2.6. Electrochemical performance

A three-electrode system of working electrode (GCE), auxiliary
electrode (Pt), and reference electrode (Ag/AgCl) was employed to
examine electrochemical properties in mAUM, Surine, and human urine
samples, with the measured pH values of 6.8, 6.7, and 6.5, respectively.
For all studies, measurements of glucose concentration from 0 to 3 mM
were conducted by successive additions of 2.5 pL of 500 mM glucose
into 5-mL testing urine solution. Also, RDE was electrochemically clean
by applying the pretreatment from 0 to 1.2V at 50mVs ™, 50 cycles
before each test. In this study, CV measurements were performed from
—0.2t0 1.0V vs Ag/AgCl at scan rate of 50 mV s~ *. And, the results of
DPV were obtained from 0 to 1V vs Ag/AgCl with the inclement of
4 mV, amplitude of 50 mV, pulse width of 0.05s and pulse period of
0.5s. Furthermore, AA and UA were added as interfering species in
mAUM. All measurements were carried out by CHI900B potentiostat
and the RDE modular workstation (Pine Research Instruments, USA),
operated at 900 rpm for controlling the kinetic environment.

3. Results and discussion
3.1. Material characterizations

The microstructure of CoFe-NG (Fig. 1A) and morphology of CoFe
(Fig. 1B) were characterized by TEM. As shown in Fig. 1C, mesoporous
spherical clusters of CoFe, ranging from 74 to 246 nm, can be observed
with the average of 176 nm in diameter. In each cluster, small Co and
Fe nanoparticles were highly interconnected between neighboring
atoms. For a high-resolution TEM, Fig. 1D shows CoFe nanoparticles
with the average diameters of 8.25nm, and crystalline lattice fringes
with the d-spacing of 0.208 and 0.253 nm, corresponding to Co(111)
and Fe;03(110), respectively. Further details of the crystalline lattice
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Fig. 4. (A) XPS wide spectrum of N-doped graphene supported CoFe catalyst, (B-F) High-resolution spectra of Cls, Ols, N1s, Co2p, and Fe2p, respectively.

can be observed in selected area electron diffraction (SAED) analysis as
shown in Fig. 1E. The patterns reveal three concentric diffraction rings
from the center with the d spacing of 0.253, 0.208, and 0.146 nm,
corresponding to Fe;03(110), Co(111), and Fe(200), respectively.
Furthermore, Fig. 2A and B present STEM image and EDS spectrum of
the catalyst, confirming the coexistence of C, Co and Fe with the esti-
mated composition in the gravimetric percentage of 0.5% Fe, 1.9% Co,
and 85% C. On the selected cluster, Fig. 2C demonstrates elemental
mapping of Co, Fe, and O elements, suggesting concentric center Co
with the surrounding iron oxide throughout the cluster.

Fig. 3A shows an XRD characteristic pattern of CoFe-NG catalyst
powder from 20° to 80° with the inset of the high-resolution XRD pat-
tern. In detail, a strong carbon peak was indicated at 25.8° indexed to
JCPDS 26-1080. Diffraction peaks of Co, Fe, Fe;O3, and CoFe;O, were
also observed and indexed to JCPDS 15-806, JCPDS 06-0696, JCPDS

02-0919, and JCPDS 03-0864, respectively. Furthermore, three distinct
peaks at 35.7°, 44.2°, and 65.0° were also in agreement with the SAED
analysis in Fig. 1E, confirming the lattice phase of Fe;03(110), Co(111),
and Fe(200) in this study. In addition, the FTIR spectra of CoFe-NG
samples were examined with the following conditions: (i) freshly pre-
pared CoFe-NG catalyst, (ii) CoFe-NG mixed with 2 mM glucose but no
electrochemical DPV operation, and (iii) CoFe-NG after 2 mM glucose
detection under DPV operation. The results of these condition (i)-(iii)
were denoted as CoFe-NG (black), CoFe-NG + glucose (red), and CoFe-
NG/DPV + glucose (blue), respectively in Fig. 3B. In particular, all
spectra manifest OH bonding in the range of 3500-3000 cm ™! and also
the band at 1600 cm™", corresponding to OH absorption and OH
bending, respectively [29,55]. A shoulder at 1543 cm ™' was observed
and assigned to a typical interval for amide II (C-N) absorption in the
condition (iii) after DPV operation of 2 mM glucose, implying that the
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formation on C-N of CoFe-NG occurred in the glucose oxidation of
CoFe-NG. In addition, there were 4 bands in glucose absorption region
including the bands of 1234-1215, 1157-1150, 1080-1053 and
987-975 cm ! representing C—O—C and C—O stretching bonds [29]. It
was worthy to note that the shift of these peaks to the lower wave-
number was observed. Moreover, none of these peaks was presented by
CoFe-G (shown in Fig. S3). Furthermore, the peaks at 670 and
560cm ™! were attributed to the vibration in metal oxide regions
[29,55-57].

For surface chemical compositions, CoFe-NG was characterized by
XPS. As shown in Fig. 4A, the wide scan of XPS spectra indicates the
presence of C, O, Co, Fe, N, and Si-substrate. In Fig. 4B, four resolved
peaks of the Cls were located at 284.2, 285.1, 286.5 and 288.6 eV,
attributed to C—C, C—N, C—0, and C=0 bonds of N-doped graphene,
respectively. In addition, the interaction of carbonyl group and hy-
droxyl group were also confirmed in Ols (shown in Fig. 4C) with the
fitted curves of binding energy at 531.6, 532.4, and 533 eV, corre-
sponding to C—0O, C=0, and OH groups, respectively. In Fig. 4D, two
resolved peaks of N1s at 399 and 399.7 eV represented pyridinic N and
pyrodinic N on the catalyst. It was notably reported that the role of
pyridinic N is an important N species for electrocatalysis by promoting
current density, cathodic reduction peak, and onset potential in oxygen
reduction reaction [21]. Furthermore, Co2p and Fe2p spectra were
attributed to Co®>* and Fe?* species as shown in Fig. 4E and F,

respectively. The overall results of XPS study confirmed that all surface
chemical compositions of CoFe-NG were found in the as-prepared cat-
alyst.

3.2. Electrochemical performance in mAUM and surine

In our preliminary studies, the effect of CoFe incorporated on NG
was evaluated with different carbon supports in alkaline medium as
well as neutral pH urine. Fig. 5 illustrates CV results of 2 mM glucose by
using pure CoFe, CoFe-C, CoFe-G, and CoFe-NG in mAUM with 0.1 M
NaOH (pH = 13). In comparison to the absence of glucose (black), the
increasing oxidation current from glucose addition only occurred in the
case of CoFe-NG. While decreasing oxidation current was observed in
both CVs of pure CoFe and CoFe-C, negligible response was found in
that of CoFe-G. Further studies of support materials were also per-
formed by using only C, G, and NG to detect glucose in alkaline and
physiological pH Surine as shown in Supplemental Section S4. In Fig.
S4-1, CV of NG explicitly shows the increase of oxidation current of
glucose in mAUM with 0.1 M NaOH as compared to that of G and C.
Thus, the oxidation of glucose in alkaline medium was attributed the
catalytic property of NG. However, no obvious electrochemical re-
sponse of glucose was observed in Surine (pH of 6.7) by any of these
carbon materials as shown in Fig. S4-2. Therefore, further CV mea-
surements of CoFe, CoFe-G, CoFe-C and CoFe-NG were performed in

b
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physiological pH Surine. Fig. 6 indicates that only CoFe-NG shows the
obvious electrochemical change of glucose response in Surine. In con-
sideration of well-conducted graphene, CoFe-G did not indicate su-
perior results in both Figs. 5 and 6 due to the less catalytic glucose
binding as compared to CoFe-NG. Hence, our results summarized that
both CoFe and NG incorporation play important roles for catalytic
glucose oxidation in nearly neutral pH urine environment. For pro-
viding more comparative electrochemical behaviors of CoFe-NG, CoFe-
C was also selected as a control in further CV and DPV experiments in
this study.

For glucose determination in physiological urine, Fig. 7 shows CVs,
DPVs, and calibration plots of CoFe-NG and CoFe-C over the range of
0-3mM glucose in mAUM. In detail, Fig. 7A shows small increasing
oxidation current approximately in the range of 20-30 pA in mAUM,
due to the dominating non-faradic process in CV of CoFe-NG. On the
other hand, CV of CoFe-C in Fig. 7B demonstrates the decreasing oxi-
dation current upon glucose addition at the oxide formation region
above 0.55V onwards. This phenomenon of diminishing current upon
increasing glucose substrate could be explained by the depletion of the
oxygen in discharge process of CoO, and Fe,O3 species [58]. Further
details on electrocatalytic activities in faradic process were carried out
by DPV. As shown in Fig. 7C, a distinct oxidation peak of 0.18 V was
presented in DPV of CoFe-NG, corresponding to the catalytic activity
from the Co®" formation [30,58]. As increasing glucose concentration,
the higher oxidation peak at this location was observed. In contrast,

Fig. 7D displays the decreasing oxidation current in DPV of CoFe-C
located at 0.88 V, verifying the depletion of CoO, and Fe,O3 oxide layer
toward glucose binding. Furthermore, the calibration curve of CoFe-NG
in Fig. 7E was evaluated at 0.18 V with the calculated sensitivity of
16.77pAmM ™' em ™2 (R? = 0.987) in mAUM. In Fig. 8F, there were
two linear regions of oxide depletion in CoFe-C, indirectly quantified
glucose measurement at 0.88V with the estimated sensitivities of
—378.09pAmM ~*em ™2 (R? = 0.944) and —335.29pAmM ! cm 2
(R? = 0.942), respectively. In addition, Fig. S5 shows the onset poten-
tials of pure carbon, CoFe-C, pure N-doped graphene, and CoFe-NG in
mAUM. The CoFe-C had an onset potential of 0.40 V, higher than that of
CoFe-NG about 0.1 V. Therefore, the advantages of lower onset poten-
tial and high catalytic glucose oxidation of CoFe-NG were certainly
favorable in chemisorption. Hence, excellent anodic current of CoFe-NG
was explicitly shown in mAUM.

For more insightful detail of catalytic activity, the clinical negative
control urine, namely, Surine, was used to evaluate electrochemical
response of non-enzymatic glucose detection. It is commonly known the
use of Surine in both pharmaceutical and analytical chemistry as si-
mulated urine test solution. Fig. 8 shows CVs, DPVs, and calibration
plots of CoFe-NG and CoFe-C in Surine. In Fig. 8A and B, both CVs of
CoFe-NG and CoFe-C show increasing oxidation current trends in suc-
cessive glucose measurement from 0 to 3mM in Surine. For further
studies of faradic current, Fig. 8C displays DPV of CoFe-NG, exhibiting
an increasing oxidation current from O to 0.8V with negligible
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Fig. 9. (A-B) Cyclic voltammograms, (C-D) differential pulse voltammograms, and (E) calibration plot of CoFe-NG in human urine specimens type I.

oxidation peak found in this case. Similarly, Fig. 8D indicates a small
increasing oxidation current in DPV of CoFe-C, implying less catalytic
activity occurred. According to our previous DPV results in mAUM, the
potential of 0.18 V was contributed by the catalytic Co®>* of CoFe-NG.
Therefore, this potential was selected to evaluate the sensitivities of
DPV in Surine. Fig. 8E and F show the calibration curves of CoFe-NG
and CoFe-C with the sensitivities of 45.36 yAmM ! cm ™2 (R? = 0.988)
and 11.73pAmM ! (R? = 0.993), respectively. Although the R? value
of CoFe-C was higher, the reproducibility of CoFe-C was significantly
poorer and severely affected the overall reliability of glucose mea-
surement.

3.3. Electrochemical performance in human urine specimens

For feasibility in practical applications, glucose measurements of
CoFe-NG and CoFe-C were quantified in human urine specimens in
Fig. 9 and 10. In general, a variation of constituents in human urine
including a different range of pH (4-8), protein waste, and specific
gravity could be found. In this study, four human urine specimens were
obtained from Ladkrabang Hospital, with the clinical information of
patients shown in Table S6. Among these specimens, two of them were
from individuals (ID#01-02) with normal serum creatinine (below
1 mg.dL™ 1), whereas, the exceeding creatinine concentrations from the
other two patients (ID#03-04) were reported in the clinical analysis
Therefore, the urine samples were classified into two types of (I) low

and (II) high creatinine level. As seen in Fig. 9A and B, CVs of CoFe-NG
in human urine specimens Type I demonstrate a decreasing oxidation
current from 0.4 to 1V upon glucose addition, suggesting a similar
decreasing oxygen discharge process to that of CoFe-C in mAUM. By
controlling the non-faradic process, DPV results in Fig. 9C and D exhibit
two distinct increasing oxidation peaks at 0.18 and 0.42 V, proportional
to the increase of glucose concentrations. Unlike the process in the CV
measurements, DPV results represent faradic current, primarily attrib-
uted to the diffusion control reaction and influenced by the glucose
concentration. A minor shift of potential in DPV was also observed due
to the systematic waveform factors including electrode reaction con-
stant and transfer coefficient [59,60]. Furthermore, the calibration
curve of CoFe-NG in human urine Type I was evaluated at the first
oxidation peak in DPV (at 0.18 V), corresponding to the catalytic Co®*
oxidation process of CoFe-NG in human urine Type I with the sensitivity
of 20.26 PAmM "' em ™2 (R? = 0.991, n = 3).

Similarly, Fig. 10A and B show CVs of CoFe-NG, indicating the
decreasing oxidation current from 0.4 to 1V upon glucose addition in
human urine specimen type II. These results verified the fast oxide
formation of Co and Fe;O,/Fe;O3 in all human urine specimens in
oxygen discharge region. By indirectly quantify glucose level, the de-
creasing oxidation current is proportional to the increasing glucose
concentration. In Fig. 10C and D, the DPV results confirm the afore-
mentioned phenomenon by showing the weak oxidation peak at 0.18 V
and strong oxidation current from 0.40V onward, inversely
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Fig. 10. (A-B) Cyclic voltammograms, (C-D) differential pulse voltammograms, and (E) calibration plot of CoFe-NG in human urine specimens type II.

proportional to the glucose concentration. Therefore, the influence of
exceeding body creatinine might be secreted in urine, promoting more
oxide formation and favorable to the Fe,0,/Fe,O3 cycle or Co oxide
formation. Furthermore, Fig. 10E demonstrates the calibration curve
with the sensitivities of —10.14yAmM ™ 'em™2 (R? = 0.925) and
—55.11yAmM ‘em™2 (R®*=0.967) for the lower glucose con-
centration (< 1mM) and the higher glucose concentration, respec-
tively. In addition, similar trends of decreasing oxidation current oc-
curred in CV and DPV results of CoFe-C in human urine Type II as
shown in Fig. 11 with the estimated sensitivity of —57.83pA
mM lem ™2 (R? = 0.984) evaluated at 0.88V. Hence, both CoFe-NG
and CoFe-C suffered the slow catalytic Co®+ oxidation in the case of
specimens from patients with the high serum-creatinine level.

3.4. Catalytic performance and detection mechanism in physiological pH
urine

According to our results in Figs. 7-11, there were 3 oxidation po-
tentials located at 0.18, 0.42, and 0.88V involved in non-enzymatic
glucose detection in urine. The possible mechanism of CoFe-NG relied
on the electrooxidation of pre-monolayer hydroxyl Co active sites and
oxide formation of Co and Fe. As previously discussed, the catalytic
importance of OH,qs layer was well-known to mediate oxidation, fol-
lowed by chemisorption of glucose [8]. Several studies of Co based
catalysts were also reported the presence of Co redox pairs in non-

enzymatic glucose detection under alkaline medium. These peaks were
attributed to the reduction/oxidation of Co**/Co®* and Co®*/Co**
redox pairs, corresponding to the conversion of (i) Co(OH)5/Co304, (ii)
C0304/Co00H, and (iii)) CoOOH/Co0,, respectively [55,58]. In this
study, the catalytic glucose oxidation of Co®>*/Co** redox pairs oc-
curred at the potential redox waves (ii) and (iii), indicating the for-
mation of CoOOOH and CoO, at 0.18 and 0.88 V, respectively. Based on
our XRD and TEM analysis, the formation CoOOOH could be resulted
from Co(0) and Co,FeQ,. This process was presented by using CoFe-NG
in mAUM, CoFe-NG in Surine, CoFe-C in Surine and CoFe-NG in human
urine specimen type L. On the other hand, the catalytic glucose oxida-
tion of CoOOH was contributed to the CoO, formation as presented by
using CoFe-C in mAUM, CoFe-C in human urine type II, and CoFe-NG in
human urine type II. However, the CoO, formation process seemed to
be affected by the charge/discharge of other competitive species,
leading to the diminution of oxygen discharge in glucose addition at a
higher potential above 0.8V [8,31,58,61]. In neutral pH urine, Co
could weakly bind to the hydroxyl groups. Our results were also in
agreement of recent experimental and theoretical study by Tomanin
et al. that has proven the presence of Co®>*/Co*" redox pairs and the
most energetically favorable crystalline lattice phase of Co(111) for
glucose detection in phosphate-buffered saline (pH 7.4) [55]. Further-
more, Fe,O3 was likely being reduced to Fe,O, intermediate species
after interacting with glucose molecules, similar to the oxidation peak
of Fe;O3 on nanowire reported by Cao et al. [35]. As increasing glucose
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Fig. 11. (A) Cyclic voltammograms, (B) differential pulse voltammograms, and (C) calibration plot of CoFe-C in human urine specimens type II.

.

D
O
@

Pyridinic N

Pyrrolic N o Cobalt

Carbon Iron

Glucose

Fig. 12. Schematic illustration for CoFe-NG glucose detection in urine.



M. Janyasupab et al.

Sensors & Actuators: B. Chemical 286 (2019) 550-563

Table 1

Comparison of different non-enzymatic glucose sensors in neutral medium and/or physiological pH urine.
Electrode Materials Medium Electron pH Sensitivity Detection Oxidation Peak (V) or Linear range Ref.

mediator (MAMM~'em™?) method? Applied Potential (mM)
Au/FGO" urine TES" 75 - it +0.60 Up to 15 [64]
Pt/Ni Graphene urine - 7.4 20.42 i-t —-0.35 35 [65]
Silica coated nano iron oxide/ PBS KsFe(CN)g - N/A CcvV 2 [62]
MWCNT® K,Fe(CN)s
Fe,0O3; nanowire PBS - 7.0 N/A DPV +0.50 0.1-3.0 [23]
Co3(PO), PBS - 7.4 0.0079 it +0.65 1-30 [55]
CoFe-NG urine - 6.8 45.36 DPV +0.18 0.25-3.0 This
work

N/A: Not applicable due to no report on electrode area or unit cannot be specified.

# FGO: functionalized graphene oxide.

b TES: N- [Tris(thydroxymethyl) methyl]-2-aminoethanesulfonic acid sodium salt buffer.

¢ MWCNT: Multi-walled carbon nanotube.

d Amperometry (i-t), Differential pulse voltammetry (DPV), Cyclic voltammogram (CV).

Table 2
Summary of electrochemical behaviors of CoFe in urine.

Urine Type Catalyst LOD (mM) LOQ Linear Range Trend of CV*  Trend of Potential Peak(s) in DPV  Peak Correspondence
n=4 (mM) (mM) DPV* W)
mAUM CoFe-NG 0.25 0.83 0.25-3.0 + 0.18-0.20 Electroactive sites
CoFe-C 0.07 0.24 1.0-3.0 - 0.88 Oxide formation
Surine CoFe-NG 0.07 0.23 0.25-3.25 + Not obvious Oxidation observed from
0-0.8V
CoFe-C 0.34 1.14 0.5-3.5 + Not obvious Oxidation observed from
0-0.6 V
Human Urine Type I” CoFe-NG 0.19 0.64 0.5-2.0 + 0.18 Electroactive sites
0.39-0.42 Oxide formation
Human Urine Type II° CoFe-NG 0.18 0.60 1.0-3.0 - 0.42 Oxide formation
CoFe-C 0.21 0.71 0.25-3.0 - 0.58 Oxide formation

2 Trend of current with increasing glucose concentration: (+) linearly increasing, and (—) linearly decreasing.

b Type I: obtained from patients with low creatinine level (< 1 mg dL—h.
¢ Type II: obtained from patients with high creatinine level (> 1 mgdL™").

concentration, more Fe,Oj3 sites were consumed by glucose molecules,
thereby decreasing the Fe,O5 oxidation peak, accordingly. This process
was indirectly correlated to the glucose measurement as same as the
CoO, formation [23,62,63]. Therefore, our proposed detection me-
chanism of CoFe-NG was summarized in (1)-(5) as illustrated in Fig. 12.

2Co>* < 2Co*" + 2e” €Y}
2Co** + CeH1206 (glucose) <> 2Co®* + CgHy00¢ (gluconolactone) +
2H* 2)
Fe,O3 + 2e~ <> Fe,0, + 027 3)
Fe;,O, + OH™ <= Fe,03 + Ho0 + 2e™ (©)]

Fe,O3 + CgH1206 (glucose) <= Fe,0, + CgH190g  (gluconolactone) +
H,0 (5)

Apart from this phenomenon, the performance of CoFe-NG in
mAUM, Surine, and human urine could be comparable to those non-
enzymatic sensors in neutral pH aqueous solution shown in Table 1. It
was commonly known that most of non-precious metals, especially Ni,
are unstable in neutral medium. Thus, most of non-enzymatic sensors
were conducted in strong alkaline medium (pH > 12). Only few non-
enzymatic glucose based sensors were reported in neutral aqueous so-
lution. For example, Gao et al. applied the amperometric based sensor
using bimetallic PtNi on reduced graphene oxide to detect glucose in
0.1 M PBS, showing a wide linear range and with the sensitivity of
20.42 yAmM ! em ™2 In addition, Fe,O3 nanowire showed an intrinsic
peroxidase-like property to determine glucose in 0.1 mM PBS at the
oxidation peak of 0.521V. To our best knowledge, the close experi-
mental scenario was reported by Tomanin et al. using cobalt phosphate
nanostructure to detect glucose in PBS (pH 7.4) with a wide linear

range of 1-30 mM but very low sensitivity of 7.90 nAmM ! em ~ 2 [55].
In this research study, CoFe-NG demonstrated the catalytic oxidation
peak at 0.18V from the Co®*/Co*" redox pair and the oxygen dis-
charge from oxide formation of Co and Fe,O3 that was inversely linear
to the concentration of glucose in urine. Furthermore, the results in this
work can contribute to the significance of bimetallic catalyst and
functionalized NG support incorporation, which in turn can establish a
better understanding for more practical design of non-enzymatic glu-
cose sensors in any other physiological medium.

3.5. Long-term stability and interference

For interference studies, possible major electroactive species include
AA, and UA. Both species are commonly secreted in urine, caused by
vitamin C and Gout’s symptom, respectively. As seen in Fig. S7, the
interference studies on CoFe-NG were assessed by CVs of 2 mM glucose
in the absence and the presence of AA and UA at 4mgdL™~" (about
0.23 mM), respectively. It was found that CoFe-NG is severely oxidized
by AA from O to 1V. However, no changes of CV were shown in the
presence of UA, suggesting an excellent anti UA interference in urine.
Furthermore, reproducibility of CoFe-NG and CoFe-C were evaluated by
DPV at 3 mM glucose, estimated to be 4.61% and 8% relative standard
deviation (RSD) in mAUM, respectively. Under optimum conditions,
CoFe-NG showed the excellent reproducibility of 0.38% RSD in human
specimen type II, and the limit of detection (LOD) of 70 uM glucose
(SNR = 3). However, other type of urine samples showed the higher
LOD estimations of CoFe-NG in the range of 0.18-0.25 mM, comparable
to that of cobalt-phosphate nanostructure reported by Tomanin et al.
[55]. A complete detail of electrochemical behaviors, LOD, limit of
quantification (LOQ), and linear range of CoFe-NG and CoFe-C in each
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type of urine was reported in Table 2. In term of long-term stability, Fig.
S8 demonstrates an evaluation of the catalytic performance of CoFe-NG
for 36, 44, 81, and 103 days, indicating that the stabilized catalytic sites
of CoFe-NG are formed within 36 days and remain its performance up
to 45 days. Therefore, further study of CoFe-NG would be essential to
develop a longer shelf-life period. Overall, CoFe-NG presented a great
potential of electrochemical behavior in physiological urine with an
excellent anti-UA characteristic, providing a promising advancement
for diagnostic technology.

4. Conclusions

The as-prepared mesoporous CoFe-NG catalyst was developed by
using oleic acid/oleylamine reduction to quantify glucose in urine from
0 to 3mM. With no requirement of strong alkaline condition, CoFe-NG
showed comparable electrochemical response of DPV in mAUM, Surine,
and human specimens. By quantifying glucose, both direct catalytic
oxidation of Co®*/Co** redox pair and indirect oxide depletion pro-
cesses were observed. Based on the results, CoFe-NG provided an ex-
cellent sensitivity in mAUM and human urine specimens, suggesting
practical application for glucose measurement in urine.
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Development of Non-Enzymatic N-doped Graphene
supported Cobalt/lIron Amperometric based Sensor
for Glucose Detection in Urine

Metini Janyasupab
Faculty of Engineering,
King Mongkut’s Institute of
Technology Ladkrabang
Bangkok, Thailand
metini.ja@kmitl.ac.th

Abstract— We presented a cost-effective design of
electrochemical based biosensor for non-enzymatic glucose
detection in urine. By incorporating low-cost, non-precious
cobalt (Co)/iron (Fe) metals, the sensor was employed onto the
three-electrode system for quantifying glucose level from 0 to
3.25 mM in artificial urine medium and clinical simulated urine
solution, namely, Surine. In particular, the fabricated CoFe
nanoparticles on N-doped graphene (NG) biosensor was assessed
electrochemical performances by cyclic voltammetry and
amperometry at applied potential of +0.90 V versus Ag/AgCl, in
comparison with that of CoFe on carbon supported. Based on the
results, it was found that two processes of catalytic oxidation and
oxide depletion are involved in glucose detection. More
importantly, the as-prepared biosensor exhibited an outstanding
sensitivity of 476.67 pA.cm2.mM-1 with R? of 0.9974 in Surine.
Furthermore, the low limit of detection was estimated to be 37.7
UM (signal-to-noise ratio of 3) with an excellent anti-interference
property toward ascorbic acid, uric acid, and chlorine ions,
providing a promising advancement for future glucose
measurement in urine, applicable for sustainable diabetic
prognosis and management.

Keywords—glucose in urine, non-enzymatic sensor, cobalt,
iron, nitrogen-doped graphene

I. INTRODUCTION

Diabetes Mellitus has become a major public health
concern, causing complications and other non-communicable
diseases including cardiovascular diseases, stroke, and chronic
kidney failure [1]. According to World Health Organization
(WHO), more than 422 million people have been living with
diabetes, which in turn leads to economic and societal burdens
[2]. Therefore, a sustainable and strategic long-term
management is essential to a better quality of life for each
diabetic patient. Especially, self-management at home can be
applied for practical monitoring in daily basis. Since the first
commercially innovated glucose stripe sensor, tremendous
research efforts have also been continuously made and gained a
great momentum in research. Recently, non-enzymatic glucose
sensing approach has been motivated to address several
problems of traditional enzymatic glucose sensors, regarding to

This research was supported by Thailand Research Fund MRG5980159 and
Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang
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pH, humidity, enzyme’s deformation, poor reproducibility, and
high cost of production [3]. Interestingly, the information of
glucose in urine can become a good indicator [4-6],
physiologically secreting an excessive glucose from the body
and can be obtained in a non-invasive manner, providing ease
of use and comfort for long-term monitoring.

By considering a mimicking enzyme-like mechanism,
several metals and metal oxides have been investigated for this
unique sensing property. In particular, electrochemical
properties toward glucose detection of possible less expensive
metals including Mn [7, 8], Ni [9-11], Cu [12, 13], Co [14, 15],
and Fe [16]. In addition, combinations of these metals such as,
MnQ,/CuO [7], Ni-Co [17], NiC0204 [18], have been reported
their electrocatalytic enhancements due to the synergistic effect
in catalytic system. However, stabilities of these metals,
especially Ni, are poor in neutral pH medium, which in turn
required to operate under strong alkaline media (pH >12).
Therefore, the experimental environment is far from any
normal urine condition (pH from 4 to 8) [19, 20]. Thus, further
improvements of stabilization among these sensing materials
are necessary for implementation in a physiological urine
medium for practical biosensing designs.

Herein, we investigated bimetallic CoFe on NG catalyst in
a neutral pH urine media’s conditions for non-enzymatic
glucose based biosensor. The synthesis of CoFe-NG was
prepared through self-assembly oleic acid reduction and the
modified Hummer’s method with thermal reduction of nitrogen
source, ammonia. By generating the hydraulic effect, the
fabricated CoFe-NG catalyst was employed onto the modified
glassy carbon rotating disk electrode (RDE) to quantify the
kinetic response of glucose detection. All catalytic activities of
CoFe-NG were assessed by cyclic voltammetry (CV) and
amperometry in comparison with CoFe on carbon support to
evaluate the effect of supporting materials. Furthermore, an
interference study on potential chemical species such as
acetaminophen, ascorbic acid, uric acid, and chlorine ions were
also carried out. Overall, CoFe-NG exhibited excellent
catalytic performance in neutral urine without any electron
facilitator, leading to a new advancement for practical glucose
determination in urine.



Il. EXPERIMENTAL

A. Chemicals

Metal precursors of Fe and Co were from lron (III)
acetylacetonate (Fe(acac)s, 99.9%), Cobalt (II) acetlacetonate
(Co(acac)z, 99.0%), respectively. Oleic acid (OAc, 90%) was
served as organic reducing agent. In addition, graphite flakes
(99%), sulfuric acid (98%), sodium nitrate (NaNOs3), potassium
permanganate (KMnQ,), ammonia were used to prepared N-
doped graphene (NG) support. Vulcan XC 72R (Cabot) carbon
support was used in comparison with NG. For preparation of
synthetic urine, sodium bicarbonate (NaHCOg3), sodium
chloride (NaCl), potassium dihydrogen phosphate (KH2POy,),
di-potassium hydrogen phosphate (K:HPQ,), sodium sulphate
decahydrate (Na;SO4-10H,0), ammonia chloride (NH4CI),
creatinine, and urea were used to prepared AUM and compared
with Surine. All chemicals were of analytical grade and
purchased from Sigma Aldrich without further purification.

B. Synthesis and Electrode Fabrication

The as-prepared CoFe nanoparticles were synthesized by
self-assembly oleic acid reduction. In a typical run, 156.96 mg
of Co (acac) (0.61 mmol) was dissolved in 4 mL of OAc and
heated up to 110 °C under nitrogen atmosphere for 1 hour to
remove all impurities. Then, the temperature was raised to
230 °C, for 20 minutes and cool down at room temperature.
Black precipitate was then collected Co nanoparticle solution
by centrifugation at 10,000 r. p. m. for 20 minutes, 0 °C, and
washed with hexane and methanol several times.
Subsequently, 0.2 mmol Co nanoparticle was added into the
solution, containing 0.61 mmol of Fe(acac)s in OAc (4 mL).
Then, the mixture was repeated the similar steps to that of Co
to collect the black bimetallic CoFe precipitate and stored in
hexane.

For N-doped graphene preparation, graphene oxide was
synthesized by the modified Hummer method. Successively,
N-doped graphene preparation was followed by Chen and
Sui’s previous studies. [21-23]. In brief, the as-prepared
graphene oxide was dispersed in water by ultrasonication (5
mg.mL1), and centrifugation at 4000 r.p.m. for 30 minutes.
Graphene oxide suspension (30 mL) was mixed with 0.6 gram
of ammonia under stirring for 15 minutes. The solution was
then transferred into a 50 mL-Teflon-line autoclave and raised
the temperature to 180 °C for 12 hours. After the reaction was
cool down, the solution was vacuum filtered and washed with
DI water to collect the precipitate NG. Finally, NG was dried
in oven 80°C overnight.

In a preparation of catalyst, CoFe metal loading of 10%
wt. was added onto N-doped graphene (NG) and carbon
Vulcan XC72R powder (C) for CoFe-NG and CoFe-C,
respectively. Followed by ultrasonication for 1 hours, the
suspension was then heated at 80°C for 12 hours to obtain
catalyst powder. Then, 8 mg of catalyst was dissolved into 100
uL ethanol and added 100 uL of 5% Nafion solution. Prior to
each run, 8 pL of catalyst solution was dropped on glassy
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Fig.1. Schematic of electrochemical based biosensor system

carbon electrode (GCE, diameter of 5 mm) with the metal
catalyst loading of 163 pg.cm™ on each biosensor.

C. Performances and Characterizations

As shown in Fig.1, a three-electrode system of working
electrode (GCE), auxiliary electrode (Pt), and reference
electrode (Ag/AgCIl) was employed to construct biosensing
system for glucose measurement in AUM (prepared by the
following guideline [19]), and Surine with pH values of 6.8
and 6.7, respectively. Experimentally, CV and amperometry
were used to detect the presence of glucose ranging from 0 to
3.25 mM by adding 0.5 pL of 0.45 M glucose into a 5-mL
testing urine solution, at the electrode speed of 900 r.p.m. to
generate the Kkinetic environment. Based on the hydraulic
effect, output of this configuration directly corresponds to the
catalytic activity, thereby representing sensor’s performance.
For CV measurement, the input potential waveform was
applied and measured between the working electrode and the
reference electrode. In addition, applied potential of + 0.90 V
(dc bias) was used in amperometry, with current measurement
between the working electrode and the auxiliary Pt electrode.
Furthermore, chlorine (CIY) ion, acetaminophen (AP), ascorbic
acid (AA), and uric acid (UA) were added as interfering
species in AUM in the presence of 2 mM glucose detection.

I11. RESULTS AND DISCUSSION

A. Detection Mechanism

At present, there is little understanding on how these metals
can provide direct oxidation of glucose and electron transfer. In
1984, the mechanism proposed by Pletcher [24] demonstrated
an intrinsic chemisorption of hydroxyl group onto the metal
catalyst in non-enzymatic glucose detection process.
Subsequently, the pre-hydroxyl layer allowed a bond formation
of the d-electron of metal atom and the glucose molecule,
thereby lowering glucose-metal bond strength and resulting in
desorption of glucose molecules. Another possible theoretical
study was derived from Incipient Hydrous Oxide Adatom
Mediator (IHOAM) model, that was presumably involved a
pre-monolayer process of OHags and mediated the oxidation of
glucose molecule [25].
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In this study, possible mechanism of CoFe-NG catalyst was
fundamentally rationalized by pre-monolayer hydroxyl
adsorption of catalytic active sites. In this case, the interaction
of Co(0) and OH group was strongly formed CoOOH and
Co0O; species as shown below:

Co(0) + 20H- <> Co(OH), + 2¢ 1)
COo(OH), + OH" «> CoOOH + H,0 + ¢ @)

COOOH + OH" > Co02 + H,0 + & 3)
2C00; + CsH1206 <> 2CoOH + CeH1o0+ H,0 @)

As shown in Fig.2, the oxidation of CoO; in (1)-(3) would
generate current, contributed to the kinetic currents when
binding with glucose molecule (CeHi1206) and oxidize to
gluconolactone (CsH100s), accordingly (4). It was also known
that CoOOH is normally formed under alkaline medium
conditions, showing an oxidation potential peak at 0.30 V or
less. Subsequently, the CoOOH can be further oxidized,
resulting in CoO; active sites formation [25]. However, Co
could weakly bind to the hydroxyl groups in neutral aqueous
solution. Thus, less amount of active binding sites may be
formed in this condition. Furthermore, the intermediate species
of Fe,O3 would presumably be reduced to Fe2O» when binding
with glucose as shown in (5)-(7), resulted in the decrease of
overall kinetic current.

Fe 03+ 26" <> Fe,Op + O (5)
Fe,O, + OH < Fe,03 + H,0 + 2¢° (6)
Fe;03 + CeH1206 <> Fe202 + CeH1006 + H20 @

B. Catalytic Performance in synthetic urine

With enzyme-free glucose based sensors have exploited the
strong affinity and catalytic process of glucose binding with the
active sites of catalyst. Fig.3a shows CV of CoFe-NG with the
presence of glucose 0.5, 1, 2, and 3 mM in AUM, expressing
the cathodic reduction from -0.2 to 0.4 V. In comparison, Fig.
3b indicates the decreasing oxidation current from 0.4 to 1.0 V
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Fig.3. Cyclic voltammograms of (a) CoFe-NG and (b) CoFe-C in the
presence of 0.5, 1, 2, 3 mM glucose addition in AUM

of CoFe-C in AUM as increasing glucose concentration from
0, 0.5, 1, 2, and 3 mM, successively. Based on the results,
different supporting materials have played an important role to
promote the detection mechanism on CoFe active sites, thereby
exhibiting totally different electrochemical behaviors.

For further detail of catalytic performance, CoFe-C and
CoFe-NG were assessed by amperometry. According to the
CV of CoFe-C, the glucose oxidation process was initiated
from +0.40 V to +1.0 V vs Ag/AgCl. Therefore, +0.90 V was
arbitrary selected to investigate the catalytic activity at this
potential. In Fig.4a, amperometric response of CoFe-C was
shown in the presence of glucose in series of 0 to 3.25 mM
with 0.25 mM increment, illustrating the decreasing oxidation
current as increasing concentration of glucose. This
phenomenon could be explained by formation of Fe,O. and
depletion of Fe;Oz when binding with glucose molecules. In
addition, Fig.4b shows the calibration curve of CoFe-C in
AUM with the estimated sensitivities of -266.57 pA.cm2.mM
(R? = 0.9622), and -58.58 pA.cm2.mM (R? = 0.9591), for the
lower glucose concentration (below 1.25 mM) and the higher
concentration, respectively.
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In comparison with that of CoFe-C, Fig.5a shows
amperometric response of CoFe-NG with the increasing
oxidation current at +0.90 V as increasing glucose
concentration from 0 to 3.25 mM, implying catalytic reaction
process of CoOOH and CoO: in glucose oxidation. As shown
in Fig.5b, the calibration curve of CoFe-NG in AUM expresses
two linear regions of the lower glucose concentration level
(below 1 mM) and the higher one with the estimated
sensitivities of 236.64 pA.cm2mM? (R? = 0.9249), and
108.31 pA.cm2.mM? (R? = 0.9881), respectively. Thus, the
excellent catalytic performance of CoFe-NG in AUM provided
a promising result to detect glucose in urine and further
assessment.

C. Catalytic Performance in Surine

For practical applications, a feasibility study of the as-
prepared electrode was investigated on clinical urine standard,
namely Surine, commonly used in both analytical and
pharmaceutical analysis for simulated human urine test
solution. Fig. 6 shows CV of CoFe-NG in Surine, indicating

1.2x10% 4
Glucose level (mM)
ommM
8.0x10°
_ 40x10%
<
H 004
5
5}
-4.0x10°
8.0x10°
0z 00 02 04 06 08 10
Potential (V)

Fig.6. Cyclic voltammogram of CoFe-NG in the presence of

0.5, 1, 2, 3 mM glucose addition in Surine

cathodic current from -0.2 V to +0.4 V and anodic current from
0.0 V to +0.80 V. By examining the faradic process, the
amperometric response of CoFe-NG in Surine is shown in Fig.
7a, similar to that of CoFe-NG in AUM. In Fig.7b, the
calibration plot of CoFe-NG in Surine was calculated the
sensitivity, estimated to be 476.67 pA.cm2.mM? with the
excellent correlation coefficient of 0.9974, showing superior
performance in this environment. All experiments were
repeated separately 3 trials with the relative standard deviated
of 3.0 % RSD, evaluated at 2 mM
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glucose concentration. Furthermore, the calculation of limit of
detection (LOD) was 37.7 UM based on signal-to-noise ratio of
3, suggesting an appreciable sensing range of glucose detection
in urine for non-enzymatic biosensing catalyst.

D. Interference Study

The fabricated electrode was further assessed by cyclic
voltammetry from -0.2 V to 1.0 V versus Ag/AgCl at the scan
rate of 50 mV.s' on RDE 900 rpm rotating speed for
evaluating possible interference. In normal urine, excessive
chemical species include Cl- ion, acetaminophen (AP), ascorbic
acid (AA), and uric acid (UA) can potentially secreted from the
body. Fig.8a shows CVs at 2 mM glucose concentration by
using CoFe-NG in AUM in the absence and presence of 0.1 M
ClI" ion. The result implied an excellent tolerance to chloride
ion on the as-prepared bimetal. Similarly, Fig. 8b and 8c show
no difference of 2 mM glucose detection in the presence of 0.1
mM AA, and 0.02 mM UA, respectively. Consequently, the
developed catalysts could provide an excellent anti-AA and
anti-UA properties in urine. Furthermore, Fig. 8d exhibits a
slightly increasing oxidation current of 2 mM glucose
detection, from +0.30 V to +1.0 V in the presence of AP,
attributable to pain relief medicine. Overall, the CoFe-NG has
shown excellent anti-interference property toward AA, UA,
and CI ion, providing a promising result for future non-
enzymatic glucose sensor.

IV. CONCLUSION

We investigated the use of bimetallic CoFe catalyst in the
development of non-enzymatic glucose sensor in urine. Two
supporting materials (carbon and N-doped graphene) were
applied to load 10% metal catalyst. Based on amperometric
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response, CoFe-NG exhibited superior performance to CoFe-C.
Especially in Surine, CoFe-NG provided an outstanding
performance with the sensitivity of 476.67 pA.cm2.mM* with
R? of 0.9974 from 0 to 3.25 mM glucose detection.
Furthermore, the limit of detection of 37.7 uM glucose and
excellent anti-interference property toward AA, UA, and CI
ions, providing a promising results for future low-cost, non-
enzymatic glucose amperometric based sensor in urine.
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24/12/59 |erigan1sneaas P59/017 -4,360.00 63,300.55 4,360.00

10/1/60 Jenladwasn P59/018 -1,087.00 62,213.55 1,087.00

11/1/60 Jenladwasn P59/019 -1,675.50 60,538.05 1,675.50
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5/1/60 A&dsLAdl P59/020 -11,982.79 48,555.26 11,982.79
20/1/60 e ld=an P59/021 -195.70 48,359.56 195.70

8/1/60 A lddasn P59/022 -2,634.00 45,725.56 2,634.00
15/1/60  Jeridganisneaaadg P59/023 -2,283.38 43,442.18 2,283.38
11/4/60 ATAANITNARAY P59/024 -7,379.47 36,062.71 7,379.47
18/4/60  Janida&1iineu P59/025 -369.00 35,693.71 369.00
20/4/60  |Arid@a&ifineu P59/026 -653.00 35,040.71 653.00
20/1/03  |eaeauunusiaiia P59/027 -31,200.00 3,840.71 31,200.00

06/15/60 |Amauunusinii4 P59/28 -41,600.00 (37,759.29)]  41,600.00

5 300,000 | -337,759.29 | (37,759.29)[ 124,800.00 18,631.20 | 194,328.09 337,759.29
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)
<.

#alAs9n15 : MRG5980159 Weydhidurniaui 693-0-02858-4
i WurdinsuiAis 513

Ju-tau-il| 518115 #1939 su Lald| AvLLida Anauunu a1y anldwan AiEa 574
Juilszanal
(¥n) enladdne 220,000 78,000.00 36,000.00 | 108,000.00 | 222,000.00
suilszanaaawida 243,605 | -253,120.36 (9,514.92) - - | (5,255.08)] (5,296.48)] (10,551.56)
HaRAILAALANN 20,568.80 | -58328.09 - - 20,568.80 | (58,328.09) -

12/5/2560)5u13u0207 2 a1n &na. R59/02 100,000 62,240.71

12/5/2560|51u13u9207 3 310 &M, R59/03 122,000 184,240.71

31/12/59 |eanidedudin R59/04 253.72 184,494.43

15/06/60 |emauunueini 1 P60/01 -13000.00 171,494 .43 13,000.00

30/06/60 |eviaaasLafl P60/02 -28355.43 143,139.00 28,355.43

30/0760 Jeidaaunaaad P60/03 -120.00 143,019.00 120.00

3/10/60 ARALUNUNIAT 2 P60/04 -52000.00 91,019.00 52,000.00

11/9/60 P GEERDGERIY P60/05 -1598.00 89,421.00 1,598.00

11/9/60 AMIFANaADY P60/06 -1350.00 88,071.00 1,350.00

10/8/60 AMIFaNaany P60/07 -169.00 87,902.00 169.00

23/09/60 Jeidgnaaad P60/08 -2004.50 85,897.50 2,004.50

18/09/60 |e1d=asn P60/09 -2568.00 83,329.50 2,568.00

28/09/60 |enlddasn P60/10 -2653.60 80,675.90 2,653.60

11/12/60 |eidga&riineu P60/11 -879.99 79,795.91 879.99

19/12/60 |e1idaansiadl P60/12 -9299.58 70,496.33 9,299.58

13/12/60 |e1daan P60/13 -1979.50 68,516.83 1,979.50

21/12/60 |enldaas P60/14 -2698.54 65,818.29 2,698.54

7/1/61 A lddan P60/15 -550.00 65,268.29 550.00
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2/1/61 ARALUNUNAT 3 P60/16 -13000.00 52,268.29 13,000.00
8/1/61 ANTRANAADY P60/17 -1337.50 50,930.79 1,337.50
16/01/61 |e1xdaan P60/18 -1090.00 49,840.79 1,090.00
18/01/61 |e1daan P60/19 -6264.85 43,575.94 6,264.85
27/05/61 Jeanigasiineu P60/20 -652.00 42,923.94 652.00
9/7/61 Amidganeaay Lab P60/21 -239.00 42,684.94 239.00
11/6/61 A ldsan P60/22 -2172.90 40,512.04 2,172.90
24/8/61 Aldaan aunsidau P60/23 -16021.76 24,490.28 16,021.76
12/6/61 Aldaan An P60/24 -5235.12 19,255.16 5,235.12
13/6/61 Aldaan duadaciiu P60/25 -8553.00 10,702.16 8,553.00
12/2/61 _ |ersouaziiedng P60/26 -3000.00 3,000.00
1/10/61 aFilndnsAudana P60/27 -18000.00 18,000.00
30/6/03 aanidadusin 279.00 10,981.16
31/12/03  |eanidedusin 351.20 11,332.36
2/7/03 aantiiadurn 152.72 11,485.08
534 243,605 | -253,120.36 (9,514.92) 78,000.00 61,823.88 | 113,296.48 | 253,120.36
gananll -
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