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Abstract

A novel whole-cell electrochemical sensor was dayvetl and applied for
sensitive amperometric detection of riboflavin. tims work, a whole-cell based
riboflavin redox cycling system was characterized ,which electroactive bacteria
Shewanella oneidensiMR-1 was employed as the biocatalyst to regenetiage
reduced riboflavin after the electrode oxidatiohisTredox cycling system efficiently
enhanced the electrochemical response of riboflawid enabled a stable current
output at poised electrode potential. Thus, a Seasamperometric biosensing system
for riboflavin detection was developed by integrgtithis whole-cell redox cycling
system with the conventional riboflavin electrocheath sensor. Remarkably, this
riboflavin biosensor exhibited high sensitivity (D3 0.85+ 0.09 nM, S/N= 3),
excellent selectivity and stability. Additionallsgliable analysis of real samples (food
and pharmaceutical samples) by this biosensor whgwed. This work provided
sensitive and practical tool for riboflavin detecti and demonstrated that the
integration of electroactive bacteria and usingoitbvards electron transfer for redox
cycling would be a powerful and promising strategyimprove the performance of

electrochemical sensing system.

Keywords: riboflavin; whole-cell; extracellular electron tisfer; Shewanella

biosensor
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1. Introduction

Riboflavin (also known as Vitaminbis a well-known water soluble vitamin and
is essential to the human health. It is the centratlule for coenzymes as flavin
mononucleotide (FMN) and flavin adenine dinucleet{@AD), which play vital roles
in series of carbohydrates, fats and protein méitabhd1]. Deficiency of riboflavin
would result in various metabolic disorder and ds&s like stomatitis and skin rashes
[2]. Meanwhile, the excess riboflavin is also theséng to human health since it is an
efficient photosensitizer and would induce oxidatdamage to tissues and DNA when
exposed to UV [3, 4]. More importantly, riboflavaannot be produced in the human
body, and has to be taken in from dietary sounggplements or medicines [2]. Thus,
developing new strategies and techniques for efiicidetermination of riboflavin
concentration is significative in forages, foodpglements quality control and clinical
diagnoses.

Although most riboflavin detection techniques aepehded on its distinctive
fluorescence characteristic [5-8], the excellemtore property of riboflavin makes it
applicable for electrochemical detection [9]. Asresult, various electrochemical
techniques have been developed for riboflavin detetion [10-16]. Most of these
riboflavin electrochemical sensors were based am ¢bnventional voltammetry
analyses including differential pulse voltammetdPY{)[10, 11], cyclic voltammetry
(CV)[12, 16] and square wave voltammetry (SWV)[1B], in which the response
current variation upon the electrode potential gears recorded. Despite the subtle

differences on the electrode potential control madtiese voltammetry sensors are
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principally based on direct riboflavin transfornuati at electrode surface upon
consecutive electrode potential change. As a resust of these reported attempts
were focused on electrode modification [11, 14,11%,20].

However, further improvement of the riboflavin deten performance through
electrode modification is difficult. Firstly, theargin effect of electrode modification
gradually becomes weak since riboflavin originatgs excellent electrochemical
activity and fast electron transfer rate [21, 23condly, the output signal in
conventional riboflavin electrochemical sensor imited by the local riboflavin
concentration as it is irreversibly consumed duefegtrochemical measurement. As a
result, new strategies should be developed andratied into conventional riboflavin
electrochemical sensor in order to improve its gl performance [10, 13, 23].

On the other hand, coupling proper reactions t@megate riboflavin after it is
registered at electrode (via oxidation/reducticactmn) may lead to repeated response
of single riboflavin molecule and enhance currentpat of respective riboflavin
electrochemical sensor. The idea of developing sadbx cycling system for signal
amplification attracts vast research interests acdordingly a wide range of
ultra-sensitive detections of diagnostic biomarkeeghogens, toxic heavy metal ions
and pesticides have been demonstrated [24-28]. WMak most of these redox
cycling systems consisted of multiple enzymes aamtbmaterials, coupled with series
enzymatic, electrochemical and chemical reactioG@®mpared with enzymatic
biosensors, whole-cell biosensors exhibit distiectadvantages as high stability,

simple preparation procedures, and also reduced |&%. Thus, design and
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construction of whole-cell based redox cycling egstis valuable for high sensitive
riboflavin detection.

Theoretically, the whole-cell based redox cyclirygtem can be realized in two
manners based on whether the redox species areladcyia cell oxidation or
reduction. Dissimilatory metal-reducing bacterBhewanella oneidensiss the
promising candidate for such redox cycling as it capable of bidirectional
extracellular electron transfer [30, 3§hewanellacells could transfer the endogenous
electron to the electrode via sequenced cytochramesding CymA, MtrA, MtrB
and MtrC/OmcA and flavins when the positive elede@otential is poised (more
positive than -0.4 Ws. SCE), known as outwards EET [32, 33]. Meanwhiles t
process could also be reversed and finally redaedumarate at cell periplasm with
cathodic electron when negative electrode poteasal0.6 V Ys. SCE) was poised,
which is known as inwards EET [30]. Remarkably, tidirectional electron transfer
betweenShewanellacells and electrode is controlled by the redox e shift of
flavin when it interacts with outer-membrane cytaches (MtrC/OmcA)[34]. Thus it
is feasible to desigBhewanellebased riboflavin redox cycling systelm.our previous
work, we developed a riboflavin cycling system liase Shewanellanwards electron
transfer, in which negative potential (-0.6v¥. SCE) was selected to allow riboflavin
to be reduced by the electrode. The reduced riwofldnen transferred the electron to
Shewanellacells via its inwards electron transfer and fipaleduced fumarate to
succinate with the aid of fumarate reductas8lewanellgoeriplasm. This electrode

reduction and cell oxidation process enabled rinifl cycling, which increased the
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response current and allowed the development a@badlavin amperometric sensor
[23]. Here, we postulate that tdewanellaoutwards electron transfer capability also
can be adopted for riboflavin cycling system (byispw the electrode at positive
electrode potential), in which the endogenous sdecfrom Shewanellametabolism
could be used to continuously reduce the electmdized riboflavin.

In this work, electroactive bacter@a oneidensi®R-1 (served as the biocatalyst)
and its outwards electron transfer capability wedepéed to construct a whole-cell
based riboflavin redox cycling system. CV analysese conducted to study the effect
of Shewanellacells and microbial endogenous electron on thectrelehemical
behavior of riboflavin. Meanwhile, the feasibilibf using this redox cycling system
integrated electrochemical cell for the stable ammypetric discharge was investigated.
Riboflavin amperometric sensor basedSimtewanelleoutwards electron transfer was
then developed. The detection range, sensitivijecsivity and stability of this
riboflavin amperometric sensor were studied. Furttuge, riboflavin in spiked
authentic samples, pharmaceutical and food samysdes tested using the developed

sensing system to evaluate its potential applinatio

2. Materialsand Methods
2.1. Bacteria strainsand cultivation conditions

Shewanella oneidensMR-1 (ATCC 700550) was cultivated in LB broth (g0
tryptone, 5 g/L yeast extract (Oxoid, UK), 5 g/L@lapH=7.2) at 30°C in a shaking

incubator (ZWY-100H, Shanghai Zhicheng Analyticastrument Manufacturing Co.,
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Ltd., China) with 150 rpm [35, 36]. The bacteriarevbarvested by centrifugation with
5000 rpm for 10 minutes (Avanti J-E, Beckman CaultéSA) and washed with M9
salt medium (1 g/L NELCI, 0.5 g/L NaCl, 17.8 g/L N&PQ,*12H,0, 3 g/L KHPQ,,
0.0111 g/L CaGl 0.12 g/L MgSQ, pH=7.0 [37]) for three times to remove bacterial
metabolites and re-suspended in the fresh eletér@¢M9 salt medium with 10 mM
sodium lactate as carbon source, bubbling nitroigenl5 minutes before use) to
desired density [38, 39]. All chemicals were of Isieal grade and were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Chimdg¢ss otherwise indicated.
2.2. Electrochemical setup

All the electrochemical analyses were conducteth @iHI660E electrochemical
workstation (Chenhua Instruments Co., Ltd., Shangtina). Three-electrode
electrochemical system assembled in a 15 mL cytabtborosilicate glass bottle was
adopted for electrochemical analyses and electroicla® biosensor measurement.
Carbon cloth with geometry size of 1 cm x 2 cm waed as working electrode, a
platinum wire electrode and saturated calomel midet (SCE, +0.243 Ws.
SHE)(Chenhua Instruments Co., Ltd., Shanghai, Ghivere used as counter and
reference electrode, respectively. Bacteria susggmbnd fresh electrolyte (12 mL)
were inoculated into the electrochemical cell flacerochemical characterization or
biosensing. Cyclic voltammetry (CV) analyses wesaducted from -0.8 V to 0.1 V
with scanning rate of 5 mV/s. The amperometric yse8 were conducted at the
constant potential of 0 V with sample interval ofsgécond. Constant slow rate

magnetic stirring (200 rpm) was adopted duringdleetrochemical analyses. All the
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potential described in this work is versus SCE smlgtherwise indicated. To maintain
the sterile condition during the analyses, borcaié bottle, carbon cloth electrode,
platinum electrode, stirrer, mediums and all theeotglassware were autoclaved at
121 °C for 30 minutes. The SCE was sterilized by wipiwith 70% ethanol and air
dried in the biosafety cabinet before use. There #hectrochemical cell was
assembled in the biosafety cabinet and operatéigtdty sealed condition to avoid
contamination.
2.3. Riboflavin sensor construction and sample analyses

After bubbled the cell suspension with nitrogen I&6rminutes, the amperometric
analytical system was set-up using the above thlesrode system with a poised
potential (0 V). The system was first dischargethaut riboflavin addition to enable
baseline current response. The riboflavin (Sigmarah, USA) contained water
samples or real samples (GfL) were then spiked into the system and the
corresponding current increments were monitorede Tiboflavin concentration
depended current response was studied by conselgusitding riboflavin contained
water samples from 2 nM to BV with an interval of 300 seconds. Linear fittin§ o
the current increment with corresponding riboflagoncentration was then conducted
to calculate the detection sensitivity of the ribein electrochemical sensor. The
biosensor selectivity was tested by adding a giugitamins (vitamin b, bz, bs, bg
and h,(Biosharp, China), 10QM for each vitamin sample) and mineral salts (keCl
CaCh and MgC4, 1 mM for each mineral salt) mixture after rib@fla (100 and 500

nM) addition in consecutive amperometric analySds biosensor storage stability
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was investigated by comparing the performance adéasors which were preserved in
the 4°C refrigerator for different time period (10 days total). Vitamin tablet, B
complex tablet (By-Health Co., Ltd., China) and krplowder (Beingmate Co., Ltd.,
Hangzhou, China) were adopted as the typical stdndample for real sample
measurement. To minimize the influence of tempeeatfiuctuation, all the
electrochemical analyses were conducted in a teatyercontrolled room (30t 2
°C).
2.4. Riboflavin quantification with HPLC

Riboflavin quantification with HPLC was performed described elsewhere [40]
using an Agilent HPLC system (Agilent 1290, AgilebtSA) equipped with Agilent
C18 analytical column (4.6 mm x 150 mmyubBn particle size) and a fluorescence

detector. Samples were filtrated through a Qu2@filter before injection.

3. Resultsand Discussion
3.1. Riboflavin cycling with endogenous electron of Shewanella

In most conventional riboflavin electrochemical sers, the riboflavin is
irreversibly oxidized at electrode surface and offiesutput signal is thus generated
(Fig. 1a). Since riboflavin is the essential elestshuttle ofShewanelle&EET [41-43],
it would be theoretically applicable to utilizEhewanellacells to charge the
electrode-oxidized riboflavin with the endogenousckon released from lactate
metabolism. This charging process might enableflebim repeated registration and

amplify the electrochemical response (Fig. 1b).@dmgly, a novel whole-cell based
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riboflavin redox cycling system was developed bgpérsingShewanellecells in the
electrolyte for three-electrode system (Fig. S1).

To verify the feasibility of applyingshewanellacells and its outwards electron
transfer for riboflavin redox cycling, CV analysesre conducted in thiShewanella
integrated three-electrode system, together witte ledectrode (only riboflavin and
electrode) and riboflavin free (onl$hewanellaand electrode) control (Fig. 2a).
Magnetic stirring (200 rpm) was applied to impravaoflavin diffusion. When only
riboflavin was added in the system, the correspundlV curve (red curve) showed a
pair of reversible peaks centered at around -0.4@-iy. 2a), which is the typical
electrochemical characteristic of riboflavin at trali conditions [10, 41, 44]. The
Shewanellacells alone did not show obvious CV peak, indiggtithe residual
riboflavin concentration in th8hewanellasuspension was low (Fig. 2a). Impressively,
the CV curve of riboflavin wittBhewanellacells and lactate transformed to the typical
sigmoid anodic curve with midpoint potential of 46.V (consistent with the CV
response of riboflavin) and was fitted with Monadekics (blue curve, Fig. 2a)[45].
The evolution of riboflavin CV curve from symmetulicpeak to sigmoid shape
indicated that stable anodic discharge via ribaflavas established, which was the
evidence of the continuous microbial rechargingribbflavin after its electrode
oxidation (Fig. 1b) [46]. Meanwhile, the height péak currentif) with Shewanella
cells was higher than that only with riboflavinX7+ 0.4vs.2.0 = 0.1pA).

Furthermore, the sigmoid shape of the CV curve iespla stable anodic
amperometric response to riboflavin might be ol#diat positive electrode potential

10
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(more positive than -0.4 V)[47]. Compared with anftmetry analyses, amperometric
analysis showed tremendous advantages for biosedssign [48]. Thus, the
amperometric response of riboflavin under differeanditions (with or without
Shewanellacells) was compared (Fig. 2b). Based on the CMyaaa (Fig. 2a), an
electrode potential of 0 V was selected to guarafitdly riboflavin oxidation and
retain the small background current of direct etectiransfer viaShewanella'sOM
cytochromes [49]. According to the i-t curve mongt, strong current increment (~1.3
HA, 100 nM riboflavin) upon riboflavin addition wasbtained in the electrochemical
cell with Shewanellacells (blue curve), while only weak response (42 h00 nM
riboflavin) with large fluctuation and fast decay tiboflavin was observed in that
without Shewanellecells (red curve). Furthermore, the response ntiseon became
stable, indicating riboflavin can quickly reach e&dequilibrium during amperometric
discharge and microbial rechargirgis worth to note tha®. oneidensi®R-1 is also
able to produce low level of riboflavin. Howeven gignificant riboflavin production
could be detected during the amperometric detegiioness by HPLC analysis, which
was due to the poor nutrient of electrolyte (M9 enal salt medium supplemented
with sodium lactate) and the short test time (adbdO0 minutes per sample).
Moreover, the current incremenAlf to exogenously added riboflavin sample was
calculated based on baseline extraction, which@sdd exclude possible interference
of accumulated microbial produced riboflavin. THere, the influence of the
microbial riboflavin production could be eliminatedhese results implied that
sensitive amperometric detection of riboflavin plicable by applyingShewanella
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cells and its endogenous electron for riboflavitiose cycling.

3.2. Biosensing system development and optimization

Next, a whole-cell electrochemical biosensing syster amperometric detection
of riboflavin was developed

SinceShewanellacell was adopted as the biocatalyst, the operaiowlition, cell
density and physiological status would influence Bhewanellaelectrochemical
activity and thus biosensor performance. Accordiogorevious work,Shewanella
oneidensisMR-1 is a kind of mesophilic bacteria with optimgiowth temperature
around 30°C [50] and optimal pH of about 7.0 [51], the electiemical sensor was
thus operated in the temperature-controlled roodn 43 2 °C) with phosphate buffer
contained electrolyte (pH= 7.0) to maintain thetreduypH during analyses. The cell
density optimization was conducted by comparingahgerometric response (M
riboflavin) of the biosensor with cell density ramg from ODyoo= 0.05 to 2. The
biosensor with cell density of QR=1.5 (~1.5 + 0.1x1D CFU/mL) performed
superior than other cell density (Fig. S2a). Talgtthe influence of cell physiology,
Shewanellecells with different cultivation time (5 hours &) hours) were harvested
and re-dispersed to QE=1.5. The biosensor performance with bacteria fdifferent
growth stage was then compared. It was found tletebsor with cells cultivation
time of 16 hours showed highest response (Fig..S2h)s, temperature of 3C, pH
of 7.0, OQw= 1.5 and cultivation time of 16 hours were fixedr fthe later
experiments.

12
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The riboflavin concentration depended responsedetsrmined by consecutively
adding riboflavin (2 nM ~ 5000 nM) to biosensor teys with an interval of 300
seconds. As shown in Fig. 3a, a step-wise currantement with noteworthy
concentration dependence was observed under sivecasgction of riboflavin. A
linear dependence with a high sensitivity of 0.0210.0023 pA/nM at low
concentration range (2 nM ~ 100 nM) was determifyd 0.0211x— 0.0102, R*=
0.9984). When the added riboflavin concentratiors waer 100 nM, there was a
decrease in the current increment to riboflavincemtration. The limit of detection
(LOD) was estimated to be 0.8%.09 nM by equation: G3d/S (at a signal-to-noise
ratio of 3, S/N= 3), wheré is the standard deviation of blank samples, Stedion
sensitivity (slope of calibration curve) [52, 53he detection sensitivity (21.1 nA/nM)
and LOD (0.85 nM) are superior to most of the régemeported riboflavin
electrochemical sensors (Table S1). Meanwhile, nodsthese previous riboflavin
sensors relied on sophisticated electrode modiicatiike nanoparticles/nanotubes,
graphene, ionic liquid and their composite) to ioy& the electrochemical response of
riboflavin [12, 14, 19, 20, 53, 54]. These designdfer from the high cost (for
example, noble metal catalyst like gold nanopatiohay be used) and tedious
preparations (multiple procedures required to mythe electrode with composite
material). More importantly, riboflavin was irresdnly registered in these modified
electrode and the thus a relative low sensitivigreweached. In contrast, adoption the
biocatalyst ofShewanellacells reduces the cost and helps to establisthadlavin
redox cycling system, which enables the repeateajistration of riboflavin and
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improved the sensitivity. Furthermore, It is alsorth to note that the analytical
performance obtained here just based on convehteeetrode (bare carbon cloth),
which might be further improved with sophisticate@ctrode modification. These
results proved that integratirghewanellecells and its outwards electron transfer to
conventional riboflavin electrochemical sensor éesbamperometric detection of

riboflavin, and significantly improves the ribofliabiosensing performance.

3.3. Analytical performance and Application in real samples

The selectivity, stability, accuracy and reproduitipof the developed biosensor
were investigated before it was applied for reahgi@ measurement.

Riboflavin analogues (vitamin plbs, bs, by and ko, with 100uM for each sample)
and common mineral salts (FgQCaC} and MgC}, 1 mM for each sample) existed in
food samples were chosen as possible interferentes evaluate the
selectivity/interference resistance of this biosenk was observed that interferences
addition did not result in significant current clyancompared with the control
(baseline current) (Fig. S3), which indicated thhis biosensor showed good
selectivity to riboflavin. Meanwhile, the amperometcurrent response (current
increment from baseline) to riboflavin {@IM) with mixed interferences (8.6A)
showed no significant difference with that of rileein alone (8.9pA), which
substantiated that this biosensor had excelleetference resistance.

The stability is an important consideration for gudtal application of biosensor.
The stability of this developed biosensor was es&d by comparing the individual

14
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current output of parallel prepared biosensors wifferent storage duration (at’€
refrigerator). It can be found that low temperatst@age did not significantly reduce
the biosensor activity (Fig. 4). Biosensor outpiginal slowly decayed during the
continuous storage and around 85% output was estaifter storing at 4C for 10
days. The accuracy and reproducibility were ingegéd by analyzing the water
samples spiked with authentic riboflavin (Tablelifould be found that the biosensor
quantification results were consistent with spikaahcentration. For water sample
with riboflavin concentration from 1020 nM, the recovery obtained by this
biosensor assay was between 90.0% and 97.5%, mgpljie biosensor has good
accuracy. Meanwhile, the corresponding coefficiehwariation was between 1.9%
and 6.2%, indicating the good reproducibility o thiosensor. These results indicated
that as developed biosensor is highly reliabletierdetermination of riboflavin in the
aqueous samples.

Since the riboflavin analysis is of great significa both in food industry and
medical application, vitamin tablet, B complex &tb&and milk powder were selected
as the representative real samples for biosensgiicapon. The riboflavin
concentration determined by the developed biosemss compared with HPLC
results and manufacture’s declaration (Table 2yds found that the quantification
results determined by the developed biosensor w@nsistent with that obtained by
HPLC analysis and manufactures’ declaration. Moegoyossible interferences in
these real samples did not significantly affect tleeection accuracy, although the
ingredients of these samples are quite complicafbdse results suggested that the
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biosensor developed here was robust enough foapgdications.

Conclusion

In this work, S. oneidensi®R-1 cell was integrated into riboflavin electrechical
system and its outwards electron transfer capghilas adopted for riboflavin redox
recycling, in which endogenous electron generateoimf Shewanella lactate
metabolism was applied for the regeneration of eeduriboflavin. Based on this
integrated system, a sensitive amperometric biasefts riboflavin detection was
further developed. The developed biosensor showed LOD, high sensitivity,
excellent stability and was successfully applied rfeal sample measurement. This
work demonstrated the promise for utilizing its waitds electron transfer for redox

cycling and signal amplification, which might adeMnconcept for biosensor design.
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491 Table 1. Analysis of water samples spiked with authentioftdin.
492

493 Riboflavin Determined by COV (%)* Recovery (%)
494 spiked (nM) biosensor (nM)

495

496 10 9.71 3.9 97.1

497 50 46.9 5.4 93.8

498 80 7 5.6 96.2

499 100 97.5 6.2 97.5

500 120 107.9 1.9 90.0

501

502 * COV: coefficient of variation (a 3)
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503 Table2. Analysis of riboflavin in commercial pharmaceutiaad food samples.

Claimed by Determined Determined "

. oV Recovery

Sample manufacture by HPLC by biosensor
(%) (%)
(mg) (mg) (mg)

Vitamin 1.4 1.3 1.3 11.4 92.9
tablet
VB
complex 4.2 4.2 4.3 5.9 102
tablet
Milk 0.63 0.60 0.57 12.8 90.4
powder

504 * COV: coefficient of variation (a 3)
505
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Figure L egends

Figure 1. Schematic of (a) conventional electrochemical esystfor riboflavin
detection; (b)Shewanellacells (biocatalyst) integrated riboflavin electnemical
sensing system developed in this studygRhdicates reductive riboflavin, RBF

indicates oxidative riboflavin.

Figure 2. (a) Cyclic voltammetry curves of riboflavinShewanellacells, and
Shewanellacells with riboflavin (riboflavin addition is 50@M, scanning rate is 10
mV/s); (b) Amperometric response of riboflavin withh without Shewanellacells
(working electrode was poised at 0 V). Arrows iradés riboflavin injection. Inset is

the enlarged view of the selected area.

Figure 3. (a) Biosensor current output with consecutive twoldi of riboflavin

(baseline was subtracted); arrows indicates riboflanjection. (b) Current increment
with increased riboflavin concentration and coroesping calibration curve. Inset is
the enlarged view of low concentration range. Therebars were calculated from

three individual experiments.

Figure 4. The storage stability of the developed biosensystem. The error bars

were calculated from three individual experiments.
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Highlights

- Riboflavin cycling systenbased orShewanella oneidensis and its outwards electron transfer
was investigated.

- An amperometric biosensor wifhewanella endogenous electron was developed for riboflavin
detection.

- Allow LOD (0.85%£0.09 nM) and high sensitivity (211+0.00231A/nM) was achieved.
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Figure S1. (a) Photograph ofShewanella cells integrated riboflavin amperometric
sensing system. The red arrow indicates the tuybidaused by planktonic
Shewanella cells which acted as biocatalyst for riboflavircharging; WE: working
electrode (carbon cloth electrode); RE: referentectmde (saturated calomel
electrode, +0.243 \Ws. SHE); CE: counter electrode (platinum wire electodb)
SEM images of the carbon cloth (WE) after biosemisassembly, indicating certain
amount ofShewanella cells attached to the electrode surface duringeaampetric

analysis.
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Figure S3. Interference influence on the biosensor currenpuut0’ in X-axis
means no addition, and the current was consideydidesbaseline. ‘RF+M’ means
riboflavin (1 pM) with mixed interferences (contains all vitamiaad mineral
salts listed below). Vitaminibbs, bs, by or b, added was 10QM, mineral salt
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Table S1.Comparison of recently reported riboflavin elechremical sensors.

Electrode” Modification EC method* LOD Linear range Sensitivity Ref.
nAenM™

PGE dsDNA DPV 0.9mM 1.3 mM-0.19 mM3.08x10° [1]

GCE p-AMTa film DPV 454nM 1@M -90pM 0.11 [2]

GCE Cr doped ShONP  DPV 0.11 mM 0.2 mM -0.1 mM 0.047 [3]

GCE OLA-NiO-MWCNT DPV 1nM 9nM-559mM 0.489 [4]

GCE PT nanotube DPV 3nM 10 nM — gl 1.03 [5]

Gold ssDNA-Mo$%- DPV 20nM  25nM-2.25mM 0.83 [6]
Graphene

GCE dsDNA-AuGNP- LSV, SWV 6 nM 6nM-0.3mM 4.0 [7]
MWCNT-0Fe,03

CP MnG, DPV 15nM 20 nM — UM** N/A [8]

CcC None AMP 22nM 5nM-100nM 85 [9]

100nM - 10pM 41
GCE MWCNT/[BMPi]PF DPV 47nM 26 nM-1.3M 8.27 [10]
CcC None AMP 0.85nM 2nM-100nM 21.1 This work

* PGE: pencil graphite electrode; GCE: glassy cadieotrode; CP: carbon paste; CC: carbon cloth
*DPV: differential pulse voltammetry; SWV: squareave voltammetry; LSV: Linear scanning
voltammetry; AMP: amperometry

**|inear with logarithm of concentration
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