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Abstract

The utilisation of screen-printing technology allows for a mass scalable approach to producing
electrochemical screen-printed electrodes (SPEs) and the presence of a redox mediator can add new
possibilities to the electrochemical properties of the SPEs. Among the materials used as redox mediators,
cyanidoferrates polymers can be used for electro-oxidation of cysteine. In this work, different monomers
[Fe(CN)s]* and [Fe(CN)sNH;3]*" were used to produce Prussian blue (PB) and Prussian blue-Ammine
(PB-Ammine), respectively. In addition, two modification methods were compared, the drop-casting
and the incorporation of these materials into a printable ink were both used. The SPE modified by PB-
Ammine (drop-casting) has the highest electroactive area and the highest heterogeneous rate constants
are found in SPE modified by PB-Ammine incorporated into the ink. The highest value of the constant
of electro-oxidation of cysteine and lowest limit of detection was observed in the SPE modified by PB
incorporated into the ink. The studies suggest that the electrocatalytic properties of SPE modified by PB
and PB-Ammine are dependents of the availability of Fe*" catalytic sites and the faster chemical reaction

between the catalytic sites and the analyte.

Keywords: screen-printed electrodes; Prussian blue; Prussian blue-Ammine, cysteine;

electrocatalysis;
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1. Introduction

The development of screen-printed electrodes (SPEs) has become a revolution in the world of
electrochemical sensors!!?!. SPEs are planar devices, based upon multiple layers of printable inks that
simplify the electroanalytical procedure. Such electrodes allow laboratory analyses to be performed on-
site and are suitable for working with microvolumes and decentralized assays 1. Furthermore, the
ability to mass produce these screen-printed electrodes reproducibly allows their use as one-shot sensors,
alleviating potential memory effects and contamination whilst eradicating the requirement of electrode
pretreatment and preparation (electrode polishing, potential cycling etc.), as is often the case for

conventional solid electrodes (such as glassy carbon, boron-doped diamond and etc.)¢ %,

SPEs have been widely used in clinical, environmental, biological, food safety and industrial
analysis. The variety of commercials SPEs are available with an array of characteristics (i.e. different
inks, substrates and heat curing temperatures) that directly influence on their electrochemical

13361 Typically, carbon materials used as the screen-printed mediators are widely applied within

behavio
electrochemical research for the determination of biological analytes such as NADH, dopamine or
cysteine. In this sense, the analysis of the level of cysteine in the blood may reveal its deficiency and
consequently be associated with the slow growth of children, some types of edemas, skin lesions,

lethargy, liver damage, diabetes and mainly leukemia, Alzheimer and Parkinson's diseases'™'!.

The electroactive layer is the key to the transduction process in the electrochemical sensing of
molecular targets. Due to this, the electroactive coordination polymers (ECP) prepared from
cyanidoferrates(Il) deserve attention owing to the well-defined chemical behavior, stability of the film,
facility in the preparation and wide range of application. In addition, the modulation of the
electrochemical processes can be easily achieved by the strategic replacement of ligands in the complex

and consequently, the properties are transferred to the ECP!!!:12],

Prussian blue is a classic example of an ECP that can have its electrochemical behavior

modulated according to the starting complex. For example, ECP or Prussian blue analogous (Prussian
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blue-Ammine) produced from [Fe(CN)s(NH3)]*" have a shift of the electrochemical process Fe?*/Fe* to
Fe**/Fe*" to lower value when compared with the same process in the Prussian blue. The shift observed
is caused by lowering of energy levels of the HOMO orbital of the complex that is influenced by the
sigma-donor character of NH3 as ligand in the iron complex!'>!3]. This modulation can be essential for

the design of new types of sensors.

In this paper, we report the electrochemical behavior of a SPE modified with Prussian blue and
Prussian blue-Ammine produced from [Fe(CN)sNH;3]*- towards the sensing of cysteine. In addition, we
compare the characteristics of SPEs with the electroactive materials incorporated within the ink and

drop-cast upon the electrode.

2. Experimental

2.1. Chemicals

Sodium nitroprusside (Naz[Fe(CN)sNO].2H>O) was purchased from Acros Organics. Iron(III)
chloride, hydrochloric acid (HCI, 36.5-38%), potassium chloride (KCl), acetic acid (CH3CO2H, 99.7%)
and sodium acetate (CH3CO;Na) were purchased from Synth. Sodium iodide (Nal) and ethanol
(CH3CH20H) were purchase from Merck. Ammonium hydroxide (NH4OH, 28% m/v) and L-cysteine
hydrochloride (HSCH>CH(NH2)COOH.HCI) were purchased from Sigma-Aldrich. All chemicals were
of analytical grade and used without any further purification and the aqueous solutions were prepared

with ultrapure water (>18MQ cm) obtained from a Milli-Q Plus system (Millipore).

2.2. Synthesis of Nas[Fe(CN)sNH;3].3H>0

Sodium amminepentacyanidoferrate(Il) was prepared by addition of 6.0 g of sodium nitroprusside
in 40 mL of ammonium hydroxide in an Erlenmeyer. The mixture was stirred until the complete
solubilization of Naz[Fe(CN)sNO].2H>0. The Erlenmeyer was covered with aluminium foil and the top
of the flask covered with cotton to allow the gas to exit. The solution was kept at room temperature,

without stirring and in the dark for 3h, turning into dark yellow. Then, 6.0 g of Nal was added for
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precipitation of a yellow solid. Finally, ethanol was slowly added to complete precipitation of the solid.
The final product was filtered, washed with ethanol and dried under vacuum until constant weight. Yield:
87%. Elemental analysis calculated for CsHoFeNeNa3O3 (325.98 g mol!): C 18.42%, H 2.78%, N

25.78%. Found: C 18.51%, H 2.69% and N 25.37%.

2.3.8Synthesis of the ferric cyanidoferrates polymers

Ferric hexacyanidoferrate(Il), known as Prussian blue (PB) and ferric pentacyanidoferrate(Il) (PB-
Ammine) were prepared by chemical method. It consists in adding FeCl; in excess (4.102 mol L) to a
solution of potassium hexacyanidoferrate or sodium amminepentacyanidoferrate (1.102 mol L!) under
stirring. After 15 minutes, PB or PB-Ammine was precipitated in acetone and it was isolated by

centrifugation.

2.4.Modification of the electrodes

The bare screen-printed electrodes (SPEs) were fabricated as described previously!!*!>]. The
modified SPEs by ECP were prepared by two different methods. Firstly, 5.0 uL of suspensions of PB
(2.0 mg mL ") and PB-Ammine (2.0 mg mL") were drop-casted upon the surfaces of SPEs, which were
subsequently left to dry overnight under vacuum at room temperature. The modified electrodes produced
by the drop-casting method were labeled SPE/PB and SPE/PB-Ammine. Secondly, 10% (m/m) of PB
and PB-Ammine were incorporated into the carbon-graphite ink (product code C2000802P2; Gwent
Electronic Materials Ltd., U.K.) and used in the same printing process of the bare SPEs. The modified
SPEs fabricated via the second method were labeled PB-SPE and PB-Ammine-SPE. After the
modification, the SPEs were activated by applying 25 voltammetric cycles from -0.2 V to 0.6 V vs SCE
in a solution of HC1 0.1 mol L™! containing KC1 0.1 mol L at a scan rate of 50 mV s™'. Afterwards, the

electrodes were dried in an oven at 60°C for 1 hour.
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2.5.Electrochemical measurements

Cyclic voltammetry (CV) measurements of SPE/PB and SPE/PB-Ammine were carried out using
a Palmsens Emstat (Palmsens, Netherlands) potentiostat. CV of PB-SPE and PB-Ammine-SPE were
performed on an AUTOLAB modular electrochemical system (ECO Chemie, Utrecht, Netherlands)
equipped with a STAT 12 module and driven by NOVA 2.1 software. The bare or modified SPE were
used as working electrode, a saturated calomel electrode (SCE) as reference electrode, and a platinum
wire as auxiliary electrode. Acetate buffer (ABS, pH=6) containing KCl and HCI/KCI (pH=1) solutions
were used for the stability measurements. Oxygen was removed by bubbling nitrogen for approximately

10 min through the solution before each electrochemical measurement.

The electroactive areas of the SPEs were determined via cyclic voltammetry in 1.0 mmol L' of

[Ru(NH3)6]** and 0.1 mol L' KCI at different scan rates, according to the Randles-Sev¢ick equation
(Eq.1):
i, =2.69 x 10° n%AD%Cv% (1)
The heterogeneous rate constants of the SPEs, k”, were presented determined using the Nicholson
method by the following equation (Eq.2):

1

o= |10 () o[- (50)am] @

were i, is the peak current, n is the number of electrons transferred in the electrochemical process, A is
electrode area, D is the diffusion coefficient (9.10 x 10 cm? s™! for [Ru(NH3)s]*"), C is the redox probe
concentration and v is the applied voltammetric scan rate, R the gas constant, and T the temperature of

the solution, o is assumed to correspond to 0.5, AE} is peak-to-peak separation!*!®)

Page 6 of 21



15

16

17

18

19

20

21

2.6.Cysteine detection

Electrochemical detection of cysteine was carried out in the same conventional three-electrode
electrochemical cell. Chronoamperometry measurements were performed at applied potential of 0.8 V
vs. SCE, upon successive additions of 0.1 mol L' L-cysteine hydrochloride stock solution, under N
atmosphere. Acetate buffer solution (0.1M, pH=6.0) containing 0.1 M KCIl was used as supporting

electrolyte.

3. Results and Discussion

3.1.Electrochemical properties of the screen-printed electrodes

The electrochemical behavior of the bare and modified SPEs was investigated by cyclic
voltammetry and is depicted within Figure 1. The bare SPE does not exhibit any redox peaks. After 30
voltammetric cycles (Fig. S1), the capacitive current increases, probably due to the alterations in the
surface area and roughness of the electrodes. Functional groups, impurities, defects and edge plane-like
sites on the graphite present in the ink also contribute to alterations within the double-layer

capacitancel!”-8],
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Figure 1: Comparison between the cyclic voltammograms of the bare SPE and modified: PB-SPE, PB-
Ammine-SPE, SPE/PB and SPE/PB-Ammine in 0.1 M ABS (pH = 6.0) and 0.1 M KCl at 50 mV s!.

All the modified SPEs exhibit two well-defined pairs of redox peaks ~ + 0.12 and + 0.80 V vs.
SCE, which are ascribed to the electrochemical process between Prussian white (PW) to PB (Fe**/Fe**

— Fe?'/Fe’"), and PB to Belin green (BG, Fe?'/Fe*" — Fe*'/Fe*"), respectively. The composition of the
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modified SPEs is associated with the “insoluble” form of the ferric cyanidoferrate, synthesized from
excess of Fe**. The “insoluble” form can be converted to the “soluble” after performing cyclic
voltammetry experiments in KCI, because of the insertion of K* in the interstitial sites of the PB!’]. The
reduction and oxidation reactions of “soluble” (Eq. 1 and 2) and “insoluble” forms of PB (Eq. 3 and 4)

as described as follow!(?"!:

KFel'[Fel(CN)¢] + K* + e~ - K,Fel!l[Fe!l(CN),] (1)
KFelll [FeH(CN)()] N KZFeH[FeH(CN)é] + Kt + e” ()
Fell[Fe'(CN)¢]s + 4K* + 4e~ - K, Fell[Fel'(CN)] 3)

Felll[Fe""'(CN)]3 + 3Cl™ — K, Fell'[Fe(CN)]5Cls + 3e™  (4)

As described by the Eq. 1-4, the electrochemical process of Prussian blue is mediated by the
transport of K and CI into and out of the film to maintain the electroneutrality. Thus, the redox processes
of the modified electrodes are not surface-confined and depend on the diffusion of the ions into the
structure of the materials. This is confirmed by the non-linear correlation between the peak current and

the scan rates, as presented in Figures S.2-S.5.

The formal potential values of these processes (Ei2) at the modified electrodes are presented in
Tables S7-S8. The lowest values of E12 of the SPE modified with PB-Ammine reflects the weaker n-
acceptance character of the NHj3 ligand when compared with CN", consequently Fe* has a higher charge

density facilitating the oxidation of this metal3].

To study the electron transfer properties and determine the electroactive areas (4,) of the bare
and modified SPEs, cyclic voltammetry was carried out in the presence of the outer-sphere redox probe

hexaammineruthenium(IIl) in 0.1 M KCI, Figure S.6.
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The electroactive areas of the PB or electroactive coordination polymers can be modulated by
the utilisation of different monomers. Recently, an improvement of the 4, of the PB produced from
pentacyanidoferrate complexes by drop-casting and potentiostatic methods was reported! 122!, PB
polymers with fcc structures are produced from hexacyanidoferrates complexes. The substitution of one
CN- to N-heterocycles ligands as isn (pyridine-4-carboxylate)?!), mpz (N-methylpyrazinium)!'?! and ppt
(5-(4-pyridil)-1H-1,2,4-triazole-3-thiol)[!!) promotes loss of symmetry and crystallinity of the polymers.
Thus, the higher electroactive area of SPE/PB-Ammine produced can be associated to its structural
defects. On the contrary, the PB-Ammine-SPE presents the lower electroactive area, due to its decreased

dispersibility in the carbonaceous matrix compared to the PB-SPE.

According to Table 1, the modified electrodes produced by the drop-casting method present
larger electroactive areas, because of higher amount of the PB and PB-Ammine utilized and it reflects
in the heterogeneous rate constants (k”). The increase of the peak-to-peak separation in the
voltammograms (Table S.9) indicates the slower electron transfer after the modification of the
electrodes. The ferric cyanidoferrates polymers have partially blocked the interfacial charge transfer of
the redox probe. The faster heterogenous electron transfer from the redox probe to the PB-Ammine-SPE
is also atributed to the low dispersibility of this material and better exposure of the conductive carbon

material used in the ink.

Table 1: Electroactive areas and heterogeneous rate constants of the SPEs

Electrode Method A, (cm?) k' (em s
SPE 0.0718 1.91x 107
PB-SPE ink” 0.0892 1.00 x 107
PB-SPE-Ammine ink” 0.0466 1.28 x 1073
SPE/PB drop-casting 0.0829 1.02x 107
SPE/PB-Ammine drop-casting 0.0992 0.23x 107

“incorporation of ECP into the ink
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3.2.8tabilities of the modified screen-printed electrodes at different pH

The stabilities of the modified electrodes were investigated by cyclic voltammetry in 0.1 M ABS
(pH 6.0) containing 0.1 M KCI and in 0.1 M HCI/KCI (pH 1.0), according to Figures S.7-10. The
percentages of PB or PB-Ammine film in function of the scan is showed in Figure 2. The lower stability
of the modified SPEs at pH 6.0 compared to pH 1.0 was as expected, due to the affinity of OH™ ions for

Fe(1I1I) at pH close to 7.0, breaking the Fe?*<(CN)-Fe** bond 2!,

100-‘ -.. = pH10 100 = = pH10
-
904 o '--..... . * pHB.0 l.-... ® pHEO
. pLLTT 904 o amy
804 o. Ll ....-. . .... l...l.
L] L] L]
7o) ... LT T .“.-..- 804 Oo.... lll-..-
»
c ] -'- [ ®og, . ll....-
£ 60 . E Sosy, i,
= ] . = oy ol 1
X 50 Se., ~9 %o, g,
3 1 ., S ®,
] s 60 - o,
404 LT %0,
] L 198 '.o.
20 LT 50+ 0....
b ®%%00e, 'og,
] LTI hd
204 A oo 40 C
T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
scan scan
| = pH1.0 100 - wm = pH=1.0
10— . pHED B o pH=6.0
L]
'.. Ll l-n-nn-n--n-“. 804
80 . ¢
‘e 804 o
l. L]
50 o. 704 .O.
E 7 . E L)
—_ . = L)
= ., = 0 %oy
S .'o = ..‘.
404 '-._ 50 "-
. »,
", o0,
R T 404
o, 000
20 900000, i T
LT D ."“.0..
B 30 .
S e B e e e e T T T T T T T T T T T
0 Bl 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 80
scan scan

Figure 2: Comparison between the percentages of films in function of the number of scans at pH 1.0
and 6.0 of the modified electrodes: incorporation of ECP into the ink: A) PB-SPE, B) PB-Ammine-SPE,
drop-casting: C) SPE/PB and D) SPE/PB-Ammine.

It is well known that the stability of the ferric hexacyanidoferrates polymers can be increased by
electrochemical and thermal activations. These processes decrease the structural defects caused by the
coordination of OH™ to Fe*" during the formation of PB or PB-Ammine and remove water present within
the crystals. However, the lability of the NH; ligand favours the exchange to H,O or OH™ 23! at pH 6.0,

affecting the structure of the SPEs modified with PB-Ammine and explains their lower stabilities.
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The stability of the ferric cyanidoferrates polymers is also dependent on the method of deposition,
due to the difference in availability of the ferric ions which can react with OH". In addition, the “soluble”
form of PB is reported as the most stable one. From electrochemical activation, the “insoluble” form of
Prussian can be converted in to “soluble” form by insertion of K* in the interstitial sites’>*]. However,
only the superficial layers of PB are able to be converted, due to direct contact with the KCI solution!!*.,
It can explain the higher stability and more effective activation of the modified SPEs by drop-casting

than the modification with the ink. In the other method, PB and PB-Ammine crystals are in the bulk of

the electrode, entrapped in the carbonaceous matrix, presented as “insoluble” form.

3.3.Electrocatalytic properties

To determine the effect of pH on the electro-oxidation of cysteine at the bare SPE, cyclic
voltammetry experiments at different pH in the presence of the analyte were performed (Figure S.11).
The electrochemical oxidation of cysteine (RSH) to dissulfide cystine (RSSR) on the bare SPE surface

is proceed by Eq.5-7:
RSH -» RS™ + H* (5)
RS™ > RSe+e” (6)
2RS ¢ - RSSR (7

As it can be seen in Figure 3, the peak current increases with the pH. At higher pH deprotonation
of RSH (pKa = 8.37) occurs producing RS-, which is oxidized to RSSR via formation of sulfide
radical®!, explaining the better response at pH 6.0. The lower peak potential at pH 6.0 is also explained
as function of the deprotonation of cysteine. According to Fei and co-authors, at alkaline medium, the
oxidation peak shifts to more cathodic potentials!*’]. However, detection of cysteine in alkaline solution
affects the stability of the ferric cyanidoferrates polymers. In our previous report, it was demonstrated

that acetate buffer solution is the best choice for electrochemical experiments using modified electrodes

Page 12 of 21



1

2

10

with PB and analogues coordination polymers, causing small alterations in its structure!'?!. In this sense,

pH 6.0 is more appropriate for cysteine detection.

2.5

2.04

0.5

Figure 3: Plot of peak current of cysteine electro-oxidation at the bare SPE versus pH, in 1 mM cysteine
and 0.1 M KCI/HCI (pH 1.0) or 0.1 M ABS/KCI (pH 3.0, 5.0 and 6.0), at 5 mV s\

The electro-oxidation of cysteine at the bare and modified SPEs was compared by cyclic
voltammetry at the chosen pH. Upon addition of cysteine, a pronounced increase of the current density
was observed for the modified SPEs, due to the electrocatalytic activity of the PB and PB-Ammine

toward the oxidation of the analyte, Figure 4 .
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Figure 4: Comparison between the cyclic voltammograms of the bare SPE and modified: A) PB-SPE,
B) PB-Ammine-SPE, C) SPE/PB and D) SPE/PB-Ammine in the absence and presence of 1 mM of
cysteine. All the measurements were performed in 0.1 M ABS (pH =6.0) and 0.1 M KCl at 5 mV s\,

For better understanding of the electro-catalytic oxidation of cysteine on the surface of the

modified SPEs, cyclic voltammetry experiments at different scan rates in presence of 1.0 mM of this

analyte were performed, Figure 5.
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Figure 5: Cyclic voltammograms of A) PB-SPE, B) PB-Ammine-SPE, C) SPE/PB and D) SPE/PB-
Ammine in presence of 1.0 mmol L at various scan rates. All studies were performed in 0.1 M ABS
(pH = 6.0) and 0.1 M KCl. Insert: plot of ip versus v'’? and plot of ipa/v'’? versus v.

The catalytic oxidation peak current (ipa) increases linearly in function of the square root of the

scan rate (v'?) in all modified electrodes, indicating that the electro-catalytic processes are controlled by

diffusion of cysteine at the studied scan rate range in all modified electrodes, as can be expressed by Eq.

8-11 for the PB-SPE (ink), PB-Ammine-SPE (ink), SPE/PB (drop-casting) and SPE/PB-Ammine (drop-

casting), respectively. In addition, characteristic shapes of a catalytic electrochemical process (ECcat)

were observed by plotting the scan rate normalized current (ipa/v'’?) versus scan rate, confirming the

electro-catalytic efficiency of the ferric cyanidoferrate polymers.

1 1
I1(uA) = 13.7 + 1.9vz(mV s~ 1)z

1 1
I1(uA) = 8.5+ 0.7 vz(mV s 1)z

(8)

©)
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I(uA) = 4.5+ 2.5vz(mV s™1)z (10)

1 1
I(uA) = 3.2+ 10.5vz(mV s 1)z (11)

Cysteine (RSH) can be electro-oxidized to dissulfide cysteine (RS-SR) by Fe*" ions in the PB or
PB-Ammine structures, which is reduced to Fe?". The generic reaction for cysteine oxidation on the

surfaces of the modified SPEs has been proposed as follows:!?728!

KO S
Fe3* + 2RSH =35 Fe?* + RS — SR+ 2H* (9)

To compare the kinetic of the chemical reactions between the Fe** ions in the PB or PB-Ammine
modified SPEs and cysteine, chronoamperometric experiments in the presence of different
concentrations of the analyte were performed, Figure 6. The heterogeneous rate constants, kons of these

reactions were determined according to Eq. 10.
R S 1
ot = y2 3 = 12 (Kops CE)2 (10)
0

where 7car 1s the catalytic current of the modified SPEs in the presence of cysteine, /o is the limiting
current in the absence of cysteine and y = k,,sCt (Cis the bulk concentration of cysteine and tis the

elapsed time)!??],
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Figure 6: Chronoamperograms of A) PB-SPE, B) PB-Ammine-SPE, C) SPE/PB and D) SPE/PB-
Ammine in 0.1 M ABS at pH 6.0 different concentrations of cysteine. Inserts: Curves of ica /ip versus t
” for the same concentrations of cysteine, and plot of the slopes of these curves versus the square root
of the concentrations of cysteine.

The heterogeneous rate constants were obtained from the linear plots of icar /io versus t'?. Then,
graphs of the slopes of these curves were plotted as a function of the square root of the concentrations
of cysteine ([cyst]"?). Finally, koss were calculated from the slopes of these graphs, resulting in values
0f 9.4x10?,3.6x10%,3.7x10" and 3.1x10' L mol! s”! for PB-SPE (ink), PB-Ammine-SPE(ink), SPE/PB
(drop-casting) and SPE/PB-Ammine (drop-casting), respectively. The modified SPEs by the
incorporation of the materials in the ink presents lower stability due to more exposure of the Fe’".
However, the high availability of these sites increases the heterogeneous rate constants for cysteine

electro-oxidation at PB-SPE and SPE-PB-Ammine. The faster kinetics of the chemical reactions
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between the Fe*" ions in the PB-SPE and cysteine is attributed to the better distribution of this material
and its higher electroactive area. To compare the performances of the modified electrodes for sensing of

cysteine, chronoamperometric experiments were carried out.

3.4.Chronoamperometric detection of cysteine

Aiming cysteine detection, Figure 7 displays the choronoamperometric responses of bare SPE,
SPE/PB (drop-casting), SPE/PB-Ammine (drop-casting), PB-SPE (ink) and PB-SPE-Ammine (ink)
after successive additions of cysteine in 0.1 mol L' ABS and 0.1 mol L' KCI at pH 6.0. As it can be
seen in Figure S.12, with an applied potential of 0.8 V vs SCE, the SPEs showed linear responses in the

ranges presented in Table 2.

400

—— SPE/PB-Ammine

1 —SPE/PB

—— PB-Ammine-SPE

3009 —— PB-SPE
——SPE

200+

Aj (A em?)

100

I T T i 1 N T N I T T
50 100 150 200 250 300 350
time (s)

Figure 7: Chronoamperograms of the bare and modified SPEs: PB-SPE, PB-Ammine-SPE, SPE/PB and
SPE/PB-Ammine in 0.1 M ABS at pH 6.0 and 0.1 M KCI after successive additions of 0.1 mol L
cysteine. Applied potential of 0.8 V vs SCE.

Table 2: Comparison of the amperometric responses of the modified electrodes

Electrode Linear dependence R?  Linear range LOD
"PB-SPE Ai(uA) = 7.03x1073 [cyst](uM) +2.80  0.99  200-600 uM  45.1 uM
“PB-Ammine-SPE Ai(uA) =3.61x1073 [cyst](uM) + 1.58  0.99  300-800 uM  102.4 uM
'SPE/PB Ai(pA) = 4.24x1073 [cyst](uM) +5.55  0.99  300-700 uM  70.2 uM

'SPE/PB-Ammine  Ai(pA) = 4.89x1072 [cyst](uM) +3.58  0.99  100-500 uyM  58.6 pM

*incorpomtion of ECP into the ink, Tdrop-casting
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The electro-oxidation of cysteine at the surface of the modified SPEs begins with the
deprotonation of this molecule, which is diffused from the bulk solution to the electrode surface. On the
PB or PB-Ammine modified SPE surface, the deprotonated cysteine is oxidized by the Fe*" ions in the
PB or PB-Ammine in an electro-catalytic process. The performances of the electrodes towards detection
of cysteine are dependent on the stabilities of the electrodes, the electron transfer from the modified
electrode to the analyte, the availability of the ferric ions and the kinetics of the chemical reaction
between the catalytic sites and the analyte. Comparing the different ferric cyanidoferrates and the
modification methods, the lower detection limit was obtained at the PB-SPE, due to its high electroactive
area and availability of Fe*" catalytic sites. In addition, the incorporation of a non-conductive material
as PB in the ink allows a less pronounced decrease of the heterogeneous electron transfer rate than the
drop-casting method. Although PB-ammine electrochemical potentials are shifted to lower values than
PB, the PB-ammine transfer rate is lower than PB (see Figure S.13). This feature can explain the

differences observed in the oxidation of cysteine (kobs) and in the sensing of this analyte.

4. Conclusion

Ferric cyanidoferrates polymers, PB and PB-Ammine, synthesized from different monomers
[Fe(CN)s]* and [Fe(CN)sNHs]* were used to modify screen-printed electrodes. The modification was
performed by two methods, the drop-casting and the incorporation of the materials in the ink used in the
screen-printed process. The SPE modified by PB-Ammine (drop-casting) has the highest electroactive
area. However, the highest heterogeneous rate constants are found in SPE modified by PB-Ammine
incorporated into the ink. All of them have catalytic behaviour to electro-oxidation of cysteine, but the
highest value of kops and lowest limit of detection was observed in the SPE modified by PB incorporated
into the ink. These results suggest that the electrocatalytic properties of SPE modified by PB and PB-
Ammine are dependents of the availability of Fe** catalytic sites and the faster chemical reaction between

the catalytic sites and the analyte.
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