
University of Novi Sad
DSpace-CRIS Repository https://open.uns.ac.rs

2022-03-18

A fully-printed electrochemical platform
for assisted colorimetric detection of
phosphate in saliva: Greenness and
whiteness quantification by the
AGREE and RGB tools

Vincenzo Mazzaracchio, Alessandro Sassolini, Kalyan Y. Mitra,
Dana Mitra, Goran Stojanović, Andreas Willert, Enrico Sowade,
Reinhard R. Baumann, Ralf Zichner, Danila Moscone, Fabiana Arduini
Elsevier

Vincenzo Mazzaracchio, Alessandro Sassolini, Kalyan Y. Mitra, Dana Mitra, Goran
Stojanović, et al. 2022. A fully-printed electrochemical platform for assisted colorimetric
detection of phosphate in saliva: Greenness and whiteness quantification by the AGREE and
RGB tools. Green Analytical Chemistry 1 (1)(100006): 1–9. doi: https://doi.org/10.1016/j.greeac.2022.100006.
https://open.uns.ac.rs/handle/123456789/32468
Downloaded from DSpace-CRIS - University of Novi Sad



Green Analytical Chemistry 1 (2022) 100006 

Contents lists available at ScienceDirect 

Green Analytical Chemistry 

journal homepage: www.elsevier.com/locate/greeac 

A fully-printed electrochemical platform for assisted colorimetric detection 

of phosphate in saliva: Greenness and whiteness quantification by the 

AGREE and RGB tools 

Vincenzo Mazzaracchio 

a , b , Alessandro Sassolini c , Kalyan Y. Mitra 

d , e , Dana Mitra 

d , e , 

Goran M. Stojanovi ć f , Andreas Willert d , Enrico Sowade 

e , g , Reinhard R. Baumann 

d , e , 

Ralf Zichner d , Danila Moscone 

a , Fabiana Arduini a , h , ∗ 

a Department of Chemical Science and Technologies, Via Della Ricerca Scientifica, Tor Vergata University, Rome 00133, Italy 
b Okinawa Institute of Science and Technology Graduate University, Micro/Bio/Nanofluidics Unit, 1919-1 Tancha, Onna-son, Okinawa 904-0495, Japan 
c ARPA Lazio, Via Salaria per L’Aquila 6-8, Rieti 02100, Italy 
d Department Printed Functionalities, Fraunhofer Institute for Electronic Nano Systems ENAS, Chemnitz 09126, Germany 
e Institute for Print and Media Technology, Chemnitz University of Technology, Chemnitz 09126, Germany 
f Faculty of Technical Sciences, University of Novi Sad, Novi Sad 21000, Serbia 
g Textile Auxiliaries Division, Zschimmer and Schwarz Mohsdorf GmbH & Co.KG, Burgstädt 09217, Germany 
h SENSE4MED, via Bitonto 139, Rome 00133, Italy 

a r t i c l e i n f o 

Keywords: 

Printed battery 

Screen-printed electrodes 

Microplate reader 

Green analytical chemistry 

White analytical chemistry 

Assessment tool 

a b s t r a c t 

Herein, we report the environmental impact quantification of a newly developed fully printed electrochemical 

device to assist a colorimetric detection of phosphate in saliva. The evaluation of the analytical procedure was per- 

formed according to the principles of Green Analytical Chemistry and White Analytical Chemistry. The standard 

method for phosphate detection relies on a reaction between phosphate and molybdate in presence of antimony 

potassium tartrate and ascorbic acid, using strong acid conditions and high volumes of reagents (100–500 mL). 

To deliver an eco-friendly method, we have combined a screen-printed electrode with a liquid electrolyte battery 

and inkjet-printed conductive paths to develop a fully printed device on a flexible polymer substrate avoiding the 

use of ascorbic acid and using a small amount of reagents. The printed sensor was first developed and optimized 

for phosphate detection in saliva, allowing for a detection limit equal to 26 μM and satisfactory repeatability 

(relative standard deviation value of 7.5%). Finally, the AGREE and the RGB assessment tools were applied for a 

quantitative evaluation of the proposed sensor and reference method, in agreement with the Green Analytical and 

White Analytical principles. The results demonstrated the lower environmental impact of the proposed sensor, 

as well as the suitability of this novel approach for phosphate detection in saliva. 
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. Introduction 

In 1962 Rachel Carson’s Silent Spring became one of the most in-

uential books, launching the environmental movement [1] . After, the

nvironment movement imbued several disciplines, including Analyti-

al Chemistry. In 1987, Malissa introduced the concept of the ecologi-

al paradigm in the analytical sector during the Euroanalysis VI confer-

nce [2] . In 2001, Namie ś nik introduced the Green Analytical Chemistry

GAC) model [3] applying the 12 Green Chemistry principles, formu-

ated by Anastas and Warner [4] , in analytical chemistry. About 15 years

ater, several authors [5–7] highlighted the need to exploit the princi-

les of Green Chemistry in the analytical sector, with the aim to boost

co-friendly analytical platforms, implementing analytical procedures
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he overriding goal to combine the greenness of the method with criteria

elated to its efficiency, usefulness, and practical/economic evaluation.

The easiness to follow GAC or WAC rules depends on the analytical

ethod used; for instance, chromatographic techniques require the use

f organic solvents and high-energy consuming laboratory-based instru-

entations [ 10 , 11 ]. 

In order to reduce the amount of chemicals and solvents, to minimize

aste production, and to reduce the instrumentation size, (bio) sensors

re considered well suitable to fulfill the GAC and WAC principles [11–

3] . Indeed, these analytical tools require a minimum amount of sam-

le and reagents, miniaturized equipment with low energy consump-

ion, simple sample treatment, and they are suitable for on-line analy-

is. In addition, several efforts have been recently focused on the use of
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nvironmental-friendly substrates (i.e., paper [14–16] ) and on the mod-

fication of surfaces with nanomodifiers obtained by green methodolo-

ies (i.e. using natural source reagents [17–19] ) for designing greener

bio)sensors. 

Despite several sensors are claimed to be “sustainable ”, the mere use

f an environmental-friendly substrate or the employment of a green

ynthesis is not enough to define the analytical methodology as “green ”

20] . The application of an evaluation tool able to assess the degree

f matching with the 12 GAC or WAC principles is essential to give a

uantitative evaluation of the greenness or whiteness of a new analyti-

al approach. In the last decade, several tools including Eco Scale [21] ,

ational Environmental Methods Index (NEMI) [22] , and Green Analyti-

al Procedure Index (GAPI) [23] have been developed following 12 GAC

rinciples. The aim of these assessment metrics is to combine a score or

 graphical output with a few parameters related to the greenness of the

echnique used. In detail, Eco-scale compares a standard ideal procedure

ith the newly developed, by evaluating five parameters and assigning

hem penalty points, giving an overall final score. NEMI delivers a cir-

le pictogram divided into four parts, colored in green if some criteria

re reached, while GAPI is based on five pictograms connected to five

nvironmental parameters, colored in green, yellow, or red, reflecting a

ow, medium, or high environmental impact, respectively. 

Recently, Pena-Perreira et al [24] . developed a metric system called

GREE able to deliver a simple algorithm that faces the overall green-

ess of the method in quantitatively from 0 to 1, with an easily readable

utput of a pictogram that directly refers to the 12 GAC rules. Succes-

ively, several alternative algorithms have been developed to enable a

lobal evaluation by following the WAC approach [25] ; among the oth-

rs, the RGB model fulfills the requirement of an easy-to-use and not

omplex approach for the assessment of the analytical method [26] . By

pplying the RGB algorithm, it is possible to calculate the quantitative

arameter of whiteness, giving values to evaluate how the method fits

he WAC principles. 

In this scenario, focusing on the low energy consumption of minia-

urized equipment, printing technologies have been exploited for the

abrication of numerous eco-friendly electronic devices, including elec-

rodes [27] , batteries [28] , solar cells [29] , and flexible displays [30] ,

or achieving lower energy consuming miniaturized devices. In the field

f energy storage, the battery technology based on zinc, manganese

ioxide, and a mild zinc chloride electrolyte is among the most envi-

onmentally friendly and promising printed batteries. 

Indeed, this battery configuration does not require strong acid solu-

ion, and it can supply voltage scaled in multiples of 1.5 V and a current

f up to 1 mA when using a metal-free carbon-based current collector

31] . 

Regarding the requirement of small amount of samples and chemi-

als, printing techniques including screen printing, inkjet printing, and

D printing have allowed the re-design of the electrochemical cell with

he advantages of miniaturization of the electrochemical cell with re-

uiring of few μL of sample for the analysis. Usually, the screen-printing

echnique has been used to massively fabricate the electrodes, while the

nkjet printing technology has been employed for the production of ap-

lication specific customized printed electrochemical sensors [32] and

or the modification of the printed sensors with nanomaterials [33] , as

ell. 

Furthermore, the use of printed components is a useful approach,

specially if the electrochemical components can assist electrochemical

eaction, because it could prevent the use of oxidizing/reducing agents

nd therefore boost the greenness of the measurement. 

Herein, we report for the first time the greenness evaluation of an en-

irely printed sensor device, taking the detection of phosphate in saliva

s a case study. The device consists of a screen-printed battery and a

creen-printed electrode connected by customized inkjet-printed con-

uctive paths to assist colorimetric detection by reducing the chemical.

Phosphate is an essential component involved in biological reactions

or maintaining the normal homeostatic control of the cells [34] . The
2 
evel of phosphate concentration in adult human serum is comprised

f between 0.81 and 1.45 mM in serum [35] and 5 to 14 mM in saliva

 36 , 37 ]. High phosphate levels allow for hyperphosphatemia with acute

r chronic renal failure, while low levels (hypophosphatemia) have been

bserved in the case of e.g. hyperthyroidism [38] . Phosphate in saliva

orks as a buffering agent of the fluids within the oral cavity, repairing

namel/dentine and preserving the health of the teeth. 

In literature, several methods have been reported for the determi-

ation of phosphate using different techniques, including chromatog-

aphy, ultraviolet − visible (UV − VIS), fluorescence, and electroanalysis

39–42] . Among them, the standard method is based on colorimetric

etection and remains the most employed in every field. This method

eveloped by Murphy and Riley [43] relies on the formation of a blue-

olored a-Keggin anion, the ammonium phosphomolybdate, as a result

f the reaction between phosphate and molybdate, ascorbic acid, and

ntimony potassium tartrate in strong acid conditions. The amount of

hosphate is determined spectrophotometrically because its concentra-

ion is proportional to the blue color of the analyzed sample. The draw-

acks of this method include turbidity interferences, as well as the use of

igh strong acid conditions, and preparation of fresh ascorbic acid solu-

ion every day, failing with the purpose to deliver an analytical method

ith the characteristics stated by the 12 GAC principles or the more

ecent 12 WAC principles. 

In this work, we evaluate the suitability of the entire printed de-

ice to accomplish the reduction of the phosphomolybdate and avoid

he use of ascorbic acid, demonstrating that this device is suitable for a

ustomized detection of phosphate in saliva samples. 

Furthermore, we evaluate and quantify the sustainability of the new

latform according to recently developed AGREE and RGB-model as-

essment tools [ 24 , 26 ]. 

. Experimental section 

.1. Apparatus and reagents 

Amperometric measurements were performed using a portable Palm-

ens Instrument (PalmSens, The Netherlands) in connection with a

ersonal computer. The inkjet printer Dimatix Materials Printer 2831

DMP-2831, Fujifilm Dimatix Inc., USA) was used for the printing of

lectrically conductive paths. A screen-printed battery (EKRA E2XL) was

sed to apply the voltage potential necessary for the reduction of phos-

homolybdate complex. Spectrophotometric measurements were per-

ormed by a microplate reader iMark (Biorad, USA). Sulphuric acid 95–

8%, ammonium heptamolybdate tetrahydrate, potassium antimonyl

artrate, potassium chloride, sodium chloride, calcium chloride, and

otassium dihydrogen phosphate of reagent grade were purchased from

igma-Aldrich. 

.2. SPE preparation 

Screen-printed electrodes (SPEs) were manufactured using the pro-

edure reported in our previous articles [ 44 , 45 ]. Because in this work

he electrodes are only devoted to apply the reduction potential, the

nal configuration encompasses a working electrode and a reference

lectrode, as well. In detail, a graphite-based ink (Electrodag 421) from

cheson (Milan, Italy) was used for printing the working electrode, and

 silver ink (Electrodag 477 SS) for the pseudo-reference electrode. A

ray colored dielectric pasteD2070423P5 from Gwent Electronic Ma-

erials (Pontypool, UK) was used for the insulating layer to define the

urface area of the working electrode. The substrate was a 125 μm thick

exible and transparent polyester film (Autostat HT5) obtained from Au-

otype Italia (Milan, Italy). The electrodes were printed on the polyester

lms containing 48 sensors. The diameter of the circular-shaped work-

ng electrode was 0.3 cm, resulting in a geometric area of 0.07 cm 

2 . 
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.3. Manufacturing of printed battery 

The screen-printed 1.5 V one-cell battery was developed on a 100 μm

hick flexible and transparent polyethylene terephthalate (PET) film

Melinex 401 CW from Pütz GmbH + Co. Folien KG, Taunusstein, Ger-

any). The current collector electrodes were deposited using the ink

lectrodag PF-407C (Henkel Loctite). The zinc and manganese diox-

de pastes (Sigma-Aldrich) were formulated in-house for the printing of

bout 6 cm 

2 anode and cathode electrodes. A gelled aqueous zinc chlo-

ide (ZnCl 2 ) electrolyte was formulated and employed together with a

ber-based separator, keeping the battery integrity and allowing for the

onic transportation between the anode and cathode of the battery. A

ouble-sided glue tape was applied within the lamination process to en-

apsulate the entire battery. The two current collectors protrude beneath

he encapsulation. For manufacturing the entire stack of the printed bat-

ery, a batch-wise deposition of the functional layers was accomplished

sing screen-printing and the subsequent drying process using the 3D-

icromac AG microDRY unit (2 m long drying zone that was set at

10 °C). The overall thickness of the battery after encapsulation was

bout 800 μm. In typical shelf storage conditions, the capacity of the

attery decreases by 10–0% each year, which is similar to the round

ells consisting of this material system [46] . 

.4. Developing conductive paths between SPE and printed battery 

To obtain the electrical connections between the printed battery and

he electrodes, a silver (Ag) based nanoparticles ink (Silverjet DGP 40LT-

5C from Advanced Nano Products Inc.) was also deposited on the same

n-coated 100 μm thick PET substrate (Melinex 401 CW from Pütz

mbH + Co. Folien KG, Taunusstein, Germany) with the laboratory-

ased DMP-2831 inkjet printer. The printer typically utilizes a DMC-

1,610 cartridge having 16 nozzles, that offer a nominal 10 pL drop

olume from each nozzle. The special characteristic of such printer is

he capability to generate printing resolutions from 100 dpi to 5080 dpi

equivalent 254–5 μm drop space), which would result in achieving the

equired dimension of the printed feature corresponding to an ink. In

ur case, the Ag ink was printed and post-treated with the following pa-

ameters: 725 dpi printing resolution (35 μm drop space), 5 inch H 2 O

eniscus pressure, 5 kHz jetting frequency, 35 °C cartridge temperature,

0 °C substrate temperature, 1 mm print height, 12 optimized nozzles

or jetting the ink and sintering of the printed pattern in a convection

ven at 130 °C for 30 min. The digital print pattern was systematically

esigned by optimizing the track length, width, and orientation of the

onductive paths related to the position of the printed battery and elec-

rodes. 

.5. Phosphate measurement using the developed analytical tool 

The phosphate measurements were carried out following three steps.

0 μL of heptamolybdate 1 mM prepared in 0.1 M H 2 SO 4 and phosphate

t the selected concentrations were added onto the surface of the SPE,

hen a potential equal to − 1.4 V for 3 min was applied to the solution

hrough the printed battery. After that, the electrochemical-treated so-

ution was added to the well of a microplate and the absorbance was

easured at 831 nm. 

.6. Spectrophotometric phosphate measurement 

The spectrophotometric measurements were performed following

he procedure reported in the literature [47] . The stock solution of phos-

hate was added to the double-distilled water in order to obtain 5, 10,

nd 40 μM as final concentrations. 1.5 mL of the reagent mixture (pre-

iously prepared by mixing 45 mL of heptamolybdate (76.8 mM), 5 mL

f potassium antimonyl tartrate (0.1 M), and 200 mL of sulphuric acid

4.5 M)) were added to 50 mL of each standard solution and then mixed

or 15 min. After that, the reduction of the phosphomolybdic complex
3 
as obtained adding the ascorbic acid solution (1.5 mL of 0.31 M aque-

us solution) as a reducing agent. The absorbance was measured after a

urther 10 min resting time at 831 nm. For saliva detection, the relative

mount of mix reagent and ascorbic acid were scaled to work with a

eal sample volume of 1 mL. 

.7. Phosphate detection in saliva samples 

The saliva samples were obtained from volunteers, by passive droll

ollection into 2 mL tubes. Subsequently, 20 μL were diluted 1:5 v/v

ith the working solution i.e. 1 mM of heptamolybdate in 0.1 M H 2 SO 4 

o obtain a phosphate concentration within the linear range, considering

he physiological value (c a. 5 mM). The application of the potential by

he printed battery allows the reduction of the formed phosphomolyb-

ate complex. Finally, the absorbance was measured at 831 nm. 

.8. Tool used in eco-friendly aspect evaluation 

The Excel spreadsheet used for assessment according to WAC princi-

les was based on the template developed by Novak et al [9] ., whereas

he AGREE Python software was downloaded from the website link

https://mostwiedzy.pl/en/wojciech-wojnowski, 174,235–1/AGREE". 

. Results and discussions 

.1. Configuration 

The detection of phosphate in water sample relies on formation of the

hosphomolybdate complex. In detail, the reference method uses 50 mL

f the sample, 1.5 mL of the mix reagent constituted of 45 mL molyb-

ate 0.0768 M, 200 mL sulphuric acid 4.5 M, and 5 mL tartrate 0.1 M,

ollowed by the addition of 1.5 mL ascorbic acid 0.4 M [47] . To execute

n eco-friendly analysis, several commercial kits propose the use of a

icroplate with reduced volumes (1–200 μL) to decrease the amount of

ample as well as of the chemical reagents needed [ 48 , 49 ]. However, for

he production of the colored phosphomolybdate complex, the addition

f ascorbic acid is mandatory to provide a chemical reduction. In agree-

ent with the principles stated by GAC [8] and WAC [9] , we focused

n the prevention of the waste as well as the reduction of additional

eagents, with the overriding goal to reduce the employment of chem-

cals. Motivated by this issue, herein we report a phosphate detection

eplacing the chemical reduction with a chemical-free electrochemical

eduction of the phosphomolybdate complex by using a printed system,

till obtaining a blue compound optically monitored for the detection of

hosphate in low volume of saliva samples and chemicals. This electro-

hemical miniaturised system encompasses a printed primary battery,

 printed sensor produced by screen printing technology, and electri-

ally conductive paths connecting the battery and sensor device printed

y the inkjet printing technology. After the happened reaction between

he customized low volumes of standards (or sample) and molybdate, 80

L of the resulting solution are dropped onto the electrochemical cell.

he press of the battery contacts allows for the application of a reductive

otential ( − 1.4 V vs. Ag/AgCl) with the ascorbic acid-free production

f the colored complex. Next, the absorbance of the complex was mon-

tored using a portable microplate reader ( Fig. 1 ). 

.2. Optimization 

After the configuration of the printed device was optimised, several

ther parameters including applied potential and time of the applied

otential were investigated. 

.2.1. Study of applied potential 

To detect the blue phosphomolybdate complex, the applied potential

or its reduction was investigated, studying it in the range from − 1 V to

 1.8 V. As shown in Fig. 2 A, a low absorbance was obtained at − 1 V
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Fig. 1. Scheme of the designed platform for phosphate detection in saliva. 

Fig. 2. Optimization of working conditions namely: Applied potential (A), Applied potential time (B), Heptamolybdate concentration (C), testing [PO 4 
3 − ] = 250 μM 

in H 2 SO 4 0.1 M + KCl 0.1 M. (D) Study of selectivity. 
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o  
nd − 1.2 V, while higher absorbance was recorded when the potentials

ncreased up to − 1.8 V. However, low repeatability, with a relative stan-

ard deviation (RSD%) equal to 31% and 30% for − 1.6 V and − 1.8 V,

espectively, was obtained at these high applied potentials. Lastly, when

 potential of − 1.4 V was applied, an RSD% equal to 10% was obtained,

nderlining good repeatability, with a good absorbance signal. For this

eason, this last potential was chosen for the following measurements. 
4 
.2.2. Optimization of time of applied potential 

To accomplish a sensitive measurement, the time needed for the re-

uction of the complex was evaluated, by applying the different poten-

ials with the external potentiostat. As expected, at the increase of the

ime we observed an increase of sensitivity, until reaching a plateau.

owever, the increase of the sensitivity is associated with the increase

f RSD % values, equal to 26% and 14%, respectively for 240 s and 300 s;
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Fig. 3. (A) Picture of the developed printed electrochemical platform on flexible polymer, (B) Calibration curve obtained testing phosphate standard solutions at 

different concentrations. 

t  

a

3

 

t  

e  

a  

b  

a  

0  

t  

c  

1  

t

3

 

c  

u  

u  

f  

o  

t  

w

3

 

o  

F  

e  

w  

3  

m  

r  

(

3

 

a  

Table 1 

Comparison of the phosphate detection for saliva samples using the proposed 

and reference methods. 

Phosphate detected (mM) 

saliva sample Our method Reference method Physiological Value [50] 

1 4.1 ± 0.5 4.8 ± 0.3 

4.8 ± 1.1 2 5.1 ± 0.6 5.3 ± 0.2 

3 6.0 ± 0.3 6.2 ± 0.4 
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n  
hus, 180 s was the time selected as a compromise between sensitivity

nd repeatability ( Fig. 2 B). 

.2.3. Molybdate concentration 

The concentration of molybdate plays a crucial role in the forma-

ion of the complex, which does occur only at strong acid pH. Because

ach mole of phosphate requires 51 mol of H 

+ , the concentration of the

cid needs to be largely in excess in respect to the phosphate, not to

e the limiting factor. Being 1 mM the concentration of molybdate usu-

lly adopted [42] , three molybdate concentrations were tested, namely

.5 mM, 1 mM, and 1.5 mM. The highest absorbance signal with satisfac-

ory repeatability (RSD% = 7%) was obtained using molybdate 1 mM,

onfirming the data of literature also in this novel configuration. Thus,

 mM was selected to assess the interference study and analytical fea-

ures in standard solution and saliva samples, as well ( Fig. 2 C). 

.3. Interference study 

To evaluate the selectivity of the developed system, different ions in-

luding sodium, potassium, and calcium were tested at concentrations

sually found in saliva [50] . In detail, the analytical tool was tested eval-

ating the response of sodium, potassium, and calcium ions at three dif-

erent concentrations equal to 10, 15, and 20 mM ( Fig. 2 D). The absence

f absorbance signal in presence of the ions at the different concentra-

ion levels reveals the capability of the molybdate to react selectively

ith phosphate in the selected optimised working conditions. 

.4. Analytical features 

The analytical features were evaluated with different concentrations

f phosphate standard solutions using the printed system shown in

ig. 3 A. A linear correlation up to 1000 μM described by the following

quation y = (0.00020 ± 0.00001) x + (0.107 ± 0.006), (R 

2 = 0.969)

as observed as depicted in Fig. 3 B. The detection limit, calculated as

 𝜎B /m (where 𝜎B is the standard deviation of blank measurements and

 is the slope of the regression line) was found equal to 26 μM. The

epeatability was assessed by testing a solution of phosphate 250 μM

 n = 6), obtaining a satisfactory RSD % value equal to 7.5%. 

.5. Phosphate detection in saliva 

In the last years, efforts have been devoted to search the design of

nalytical tools for biomarker detection using non-invasive sample col-
5 
ection. Among several biological fluids, saliva has been recognized as an

ttractive diagnostic medium for the easiness of sampling and the pos-

ibility to find relevant biomarkers. For instance, in the case of cystic

brosis, lactate dehydrogenase activity, lipids, and proteins, chlorine,

odium, calcium, and phosphate are established as useful biomarkers

n saliva [51] . For this reason, the analytical tool here developed was

ested in saliva, exploiting its capability to require a low sample volume

nd carry out the measurement on-site, being a candidate as a point of

are diagnostics. The accuracy of the measurement was evaluated by

easuring three different samples of saliva with the developed tool and

he standard method [47] ( Table 1 ), obtaining a good agreement using

he green developed analytical tool in respect with the analysis carried

ut by using the reference method with high consumption of chemical

eagents. 

.6. Method assessment 

.6.1. AGREE metric system 

AGREE is a recently introduced green metric system based on the

onversion of method parameters correlated with each of the 12 princi-

les of GAC into greenness scores [24] . For each principle, the algorithm

valuates the performance of the proposed analytical method by assign-

ng a score. The scores are pre-defined by an inflexible model and are

niquely generated, ranging from 0 to 1 depending on the accordance

f the method with the principle. Which, however, depends on the esti-

ation of the input parameters to insert in AGREE software. 

By taking into account this algorithm, an evaluation of the proposed

ensor for each GAC principle gave the results summarized in Fig. 4 ,

here the overall score is depicted by the classical AGREE clock-like

raph with intuitive red-yellow-green color representation. 

The final score of the AGREE evaluation highlights the higher green-

ess obtained by the proposed sensor ( Fig. 4 B), compared to the one
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Fig. 4. Evaluation of the AGREE performances by a clock-like graph representing the overall score in the middle section. The performance of the method in each of 

the 12 GAC principles is depicted in the external crown, explained with a red-yellow-green color scale. (A) Reference method, (B) proposed printed sensor. 

Table 2 

Scoring values obtained by the reference method and the proposed sensor, for each one of the 12 principles of the GAC, according to 

the AGREE assessment approach. 

Green Analytical Principle Reference method Score Sensor method Score 

1. Direct techniques Batch analysis few step 0.3 Analysis At Line 0.6 

2. Minimal sample size (ml) 1 0.09 0.02 1.0 

3. In situ measurement Off line 0.0 At Line 0.33 

4. Step numbers 6 step 0.4 Less than 3 1.0 

5. Automated and miniaturized Manual, not miniaturized 0.0 Manual, miniaturized 0.5 

6. Derivatization Not present 1.0 Not present 1.0 

7. Waste generation (ml) 53 0.16 0.1 1.0 

8. Multianalyte (number of analytes in 1 h) 2 (30 min for 1 sample) 0.12 20 (3 min for 1 sample) 0.68 

9. Energy minimized < 0.1 kWh 1.0 < 0.1 kWh 1.0 

10. Renewable reagents No 0.0 No 0.0 

11. Toxic reagents (g) 0.528 g Sulphuric acid 0.002 g Antimonyl tartrate 0.0 0.784 mg Sulphuric acid 0.8 

12. Safety for operator Corrosive Toxic for aquatic life 0.6 Corrosive 0.8 
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btained by the reference method ( Fig. 4 A). As shown in Table 2 , this

s mainly a result of the lower volume of generated (toxic) waste (i.e.,

oint 7), minimal sample size (i.e., point 2), step number (i.e., point

), miniaturization (i.e., point 5), and toxic compound used (i.e., point

1). Furthermore, both methods avoid the use of renewable materials

r reagents (i.e., point 10), derivatization (i.e., point 6), and have low

onsumption of energy (i.e., point 9). 

.6.2. WAC evaluation model 

The concept of WAC can be considered as an extension of the green

etric approach and takes into account other criteria in addition to the

reenness [9] . By applying these principles, the evaluation based on

he WAC approach allows for a deeper analysis in terms of analytical

erformances and practical benefits of a proposed method. 

The evaluation of this new approach can be performed by a Red-

reen-Blue (RGB) model, based on the classification of the 12 new prin-

iples divided into three areas (i.e. red, green, and blue) [26] . 

In detail, starting from four parameters grouped in the color “green ”,

elated to the greenness, the model adds four criteria grouped under

he “red ” area, related to analytical performances, and four under the

blue ” area, related to practical benefits (Table S3). By applying the RGB
6 
odel, an algorithm sums up the scores obtained by the method for each

f the three areas/colors, giving the final average number of “whiteness ”

hat quantifies how much the method fits the WAC principles. 

Evaluator that uses this method is encouraged to be flexible and to

djust the assessment for an objective evaluation. According to the con-

iderations of the authors [26] , we attributed different scores for each

f the 12 parameters, reported in Tables S1 and S2, to evaluate the

arameters affecting the environmental impact and the practical ben-

fits. In detail, we evaluated the analytical performances of the sen-

or by the red color area of the RGB model taking into account that

he analytical performances of the reference method were considered as

00 score. 

Therefore, the scores values of the sensor-based method have been

efined following a criterion of proportionality e.g. in the case of half

nalytical performance 50 was reported as score. 

In the case of the greenness, 100 is established for a method charac-

erized by zero waste production or energy consumption, while in the

ase of blue area, 100 is attributed to a method with the requirement

f a hand-held instrument or an easiness to use. In detail, tables report-

ng these scores allow for easily method assessments [52] ; in fact, as

hown in Table S3, the developed method is characterized by a lower
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Fig. 5. Visualization of the evaluation results 

according to the RGB method for the reference 

method (A) and proposed sensor (B). 

n  

o  

p  

i  

a  

h

4

 

c  

o  

a  
umber of hazardous pictograms and waste amount. Finally, focusing

n the blue area of practical benefits, the developed sensor gives better

erformances in terms of cost, time efficiency, and portability. Taking

nto account all the parameters, the application of the WAC approach

ssigns an average score to the proposed sensor equal to 87, which is

igher than the reference method’s score equal to 73.1 ( Fig. 5 ). 
7 
. Conclusions 

In this work, a cost-effective and miniaturized fully printed electro-

hemical device has been produced to assist the colorimetric detection

f phosphate, with the aim to fulfill the principles stated by the GAC

nd WAC. AGREE and RGB model assessment tools have been applied
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o evaluate the greenness and the whiteness of the proposed sensor com-

ared to the reference method. The combination of a screen-printed bat-

ery and electrodes, inkjet-printed conductive paths, and the concept of

mperometry allows for an ascorbic acid-free detection of phosphate in

aliva samples, lowering the amount of used reagents. These features

ave been evaluated by the assessment tools, giving a final quantifica-

ion of the improved environmental and sustainability aspect compared

o the reference methods, paving the way to develop printed electro-

hemical devices for green measurements. 
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