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Abstract

In this work, we present a smartphone-based mekgad enzymatic biosensor utilizing the unique
colorimetric properties of the poly(aniline-co-arahilic acid) (ANI-co-AA) composite film
coupled with horseradish peroxidase (HRP), glucoselase (GOx), horseradish peroxidase-
glucose oxidase (GOx-HRP) and tyrosinase (Tyr) emesy The enzymes are immobilized on the
composite polymer film by adsorption and they gatala reversible redox color change of the host
polymer from green to blue in the presence of teabistrate. A smartphone was applied as color
detector, for image acquisition and data handl@olorLab® android application, free of charge
software application, was used to enable easy kad display of the sensors’ response indicating
remarkable changes in the optical features. Thatsesere confirmed by the spectrophotometric
measurements. The developed colorimetric enzyniatisensors were studied and optimized in
relation to different experimental parameters. Mogr, the colorimetric enzymatic biosensors
were applied to food and pharmaceutical analysiflas been shown by these studies that the
colorimetric biosensors are promising as quick amdple tests for handheld analysis in various
fields.
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1 Introduction

Disposable sensors represent a hot topic in theingglevelopment of the biosensors due to their
outstanding features including low price, simplicéind fast response, hence are highly preferred
for replacing time—consuming centralized laboratanglysis. With billions of smartphones around
the globe, which have become part of daily lifdpes have been devoted to the fabrication of
mobile phone based devices [1,2]. In the last ydhese is a here has been an exponential growth
in the use of smartphones to improve health rebeand health care facilities [3]. In this context,
there is also a great opportunity to expand theil@dbchnology to the bioanalytical sciences and
many important advanced have been achievedTHégrefore, the incorporation of a mobile phone
into a compatible detection platform representsgh throughout alternative among the nowadays
approaches. In addition, utilizing its built-in $ugticated features, smartphone is often employed
for the ability to autonomously collect, transndisplay and organize data for fast, real-time, and
wireless point-of-care monitoring [1].

As a result, a wide applicability in biomedicalatd analysis was reported including DNA [5-7]
and protein [8,9], drugs [10], gas [11], using cwmietric [12-14], electrochemical [15,16],
fluorescent [17], and luminescent [10,18] approaci&me of them are integrated with sensors,
such as test strips, multi-well plates, microchipad hand-held detectors for applications in
healthcare diagnosis, environment monitoring, avatlfevaluation [1,2,19]. In the case of multi-
well plates, the smartphone features are expeotegptace the microplate reader as an integration
of more portable and much more cost-effective umgntation [20]. However, challenges such as
optical aberrations must be overcame as influetieesverall analytical performance of the sensor.
Some studies have been reported for optimizingiltbeination during the smartphone-based
analysis [21]. Hence, microprism or optical fiberags were employed to solve these problems
[22], but thus the sensor development lacks of kaityg When enlarging the shooting distance
[23] and capturing the “before” and “after” imagegshe array in the same experimental conditions,
the picture can be taken at a suitable distandeowitoptical aberrations.

Some smartphone-based devices are commercial lateaifar point of care testing of various
analytes using sweat, saliva and blood [24]; asdiéwgces are obtained by complex microfluidic
and wax printing techniques and costly reagentsctist for each analysis is expansive. Here, we
present a multiplexed enzymatic strip more cheaply friendly to prepare for hydrogen peroxide,
glucose and catechol detections.

Different optical signalers of the multi-well arsayhave been reportede. gold and silver
nanoparticles [25,26], ELISA substrates [27,28],potymers [29,30]. Polyaniline (PANI) is an
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extensively investigated polymer and has intrigthedscientific community due to its concomitant
chemical, electrical and optical properties [31,3Phe emeraldine salt form is a very attractive
polymer for electrical conductivity, mechanicalXieility, easy of synthesis, environment stability
and redox properties [33—37]. Moreover, it hasdhdity to change the optical properties that can
be reversible through redox and protonation-demation reactions [38]. However, its insolubility
in common solvents, which results in difficult pess abilities, has restricted its applications. To
improve the polymer solubility, co-polymerizatiohamniline with aniline derivatives was proposed
[39]. On co-polymerization of aniline witb-anthranilic acid there is the formation of a miater
having better electro-properties than their homppelrs.

Polyanthranilic acid, a carboxylated aniline bagelymer capable of self-doping, is of interest as a
soluble derivative of polyaniline [40,41].

The achievement of multiplexed colorimetric enzyimadiiosensors for three model enzymes,
namely hydrogen peroxidase (HRP), glucose oxid&@xJ, and tyrosinase (Tyr), based on
poly(aniline-co-anthranilic acid) composite polynaerd mediated by a smartphone camera readout,
is reported. The co-polymer of aniline and antHiaracid was synthesized by chemical route on
both polyester microplates and strips and was éantised for the immobilization of the enzymes by
adsorption. The spontaneous redox reaction of pdli{co-AA) via the enzymatic reaction and the
consumption of the substrate (hydrogen peroxideécagle and catechol, respectively) results in a
color change from green to blue. Therefore, the/matic reaction can be optically monitored.

Since glucose and polyphenol determination plays an important role in clinical and
environmental fields [42-45]. The glucose monitoring is a valuable tool for thenagement of
diabetes patients. Diabetes is a worldwide diselhse affects hundreds of millions of people.
Fortunately, with a careful diet and appropriatedio&tions, the complications of diabetes can be
greatly reduced. These treatments involve the eoatis monitoring of blood glucose levels so that
they can intervene promptly if they become too higie concentration range of glucose in clinical
samples is 5-30 mM. Moreover, the glucose measuremsealso useful in food analysis. Food
samples (fruit juices, soft and energy supplyingnidr etc.) generally have higher glucose
concentrations than clinical samples around 500 riNerefore, the application of an extended
linearity biosensor is necessary. During the lastade, glucose biosensor technology including
point-of-care devices has made glucose measurefasinteasy and inexpensive. However, there
are continuous advances in research related t@¢hievement of accurate and reliable glucose
monitoring.

Phenolic contaminants are known as major efflugmtgluced by various chemical and metal
processing industries and cause severe pollutiograindwater. They have been recognized as
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toxic substances and endocrine disruptors. Forethresson, the determination of phenolic
compounds in environmental matrices, including aap surface water, has become a matter of
great concern and scientific interest. Furthermpheenols present in vegetables and fruit (grapes
and grape skins) and in many derivatives, such iag,wlive oil, coffee and tea, are powerful
antioxidants, against low density lipoproteins,hricy cholesterol, carrying out an important
protective action on our arteries, in the prevenid atherosclerosis and cardiovascular diseases.
Therefore, the monitoring of catechol concentrgtianrmicromolar range, as indicator of phenolic
compounds becomes of fundamental importance fors#étfety of the environment and for food
quality.

Here, we present a colorimetric multiplexed platfoapplied for their direct determination from
different food and pharmaceutical samples. It wasahstrated, not only the enhanced optical
signals given by the enzymatic reaction at the ({@d-co-AA) composite film, but moreover the
assisted film formation that serves as matriceslferenzyme immobilization. The achievement of
a single use and disposable colorimetric biosehasrseveral advantages due to its low cost, mass
production, simplicity and portability. This new m@pach can be a useful tool for practical
analytical applications in screening tests invajvpolyphenol and glucose determination and could

be extended for future handheld configurations.

2 Material and Methods
2.1 Chemicals

Aniline (ANI), anthranilic acid (AA), tyrosinase {f) from mushrooms (Type II; 2085 U/mg),
horseradish peroxidase (HRP) (Type II; 210 U/mg)cgse oxidase (GOx) from Aspergillus niger,
(Type 1I-S; 26820/g), N-hydroxysuccinimide (NHS), -efhyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC), catechol, hydrogen peroxideusoh (30% w/w), D(+)glucose, mannitol,
maltose, fructose, ascorbic acid, aspartic acid; acid, sodium peroxodisulfate and 96-wells
microplates were purchased from Sigma Aldrich yltalww.sigmaaldrich.com). Sodium chloride,

sodium acetate trihydrate, nitric acid and hydrodhl acid were purchased from Merck (Italy,

www.merck.com).

All chemicals were of analytical reagent grade avete used as received without any further
purification. All solutions were prepared using arabbtained from Milli-Q Water Purification

System (resistivityl8 MQ cm) (Germany, www.merckmillipore.com). Polyestémfwas obtained

from MacDermide (Italy, www.autotype.macdermid.com)




2.2 Instrumentation

iMark™ Microplate Absorbance Reader was purchagedh fBiorad (Milan, Italy, www.bio-
rad.com). Scanning electron microscopy (SEM) amalygas carried out using Gaia 3, Tescan

(Czech Republic, www.tescan.com). Infrared measargsnwere performed using IR Shimadzu

Scanning spectrometer (model 8400S) in the ranGeBMWO0 cm® with an ATR module (diamond
prism supported by a ZnSe lens) and a resolutighaoi * (Japan, www.shimadzu.com).

The images were acquired with an android smartpliegeipped with 16 megapixel camera) and

analyzed by ColorLdb Google Play Store android application (www.plapgie.com). The data

were processed using Origin 8 pro software (OrigimlNorthampton USA, www.originlab.com).

2.3 Multiplexed colorimetric enzymatic biosensors pomio
2.3.1 Preparation of poly(ANI-co-AA) composite film

The co-polymerization of aniline and anthraniliadawas firstly performed onto 96-well micro-
plates by chemical oxidation mixing 900 pL of 100Amaniline solution with 100 puL of 50 mM
anthranilic acid solution in 1.0 M HCI. 50 uL ofighsolution was mixed with 50 pL of 100 mM
sodium peroxodisulfate solution in 1.0 M HCI. Aftérat, 100uL of this solution was dropped
using a micropipette in each well of the microplakbe polymerization was allowed to proceed
overnight €16 h) at 4 °C. During this period, the microplataswcovered to avoid any evaporation
of the solution. Then, the wells were washed thieees with distilled water to remove the
unreacted solution.

To realize co-polymer modified strips, a polyestabstrate was cut into 2x6 cm size sheets and
immersed in the polymerizing solution in the expemntal conditions as previously described. The
overload polymerizing solution adhering on the acef of the substrate was removed by washing
with Mili-Q water. The modified strip was storedder dry condition at room temperature for
further use. For all the experiments, square-shageding elements with dimension of 1x1%cm
were prepared by cutting the larger sensor sulestrat

The co-polymer modified surface was characterizeddanning electron microscopy.

2.3.2 Enzymatic biosensors

The co-polymer modified surfaces were used as glatffor HRP, GOx, GOx-HRP and Tyr
enzyme color sensors. 100 pL of each enzyme soluti6.1 M PB pH 5.0 were dropped on the co-
polymer modified wells and left to incubate ovehitig: 16 h) at 4 °C. In particular, we used for the
realization of hydrogen peroxidase and glucosednisgr 12.5 U/mL of HRP or of GOx, for GOx-
HRP bi-enzymatic approach 12.5 U/mL of each antA0L of Tyr in the case of tyrosinase.



In order to realize the enzymatic strips, the ctaper modified strips were immersed in the
enzymatic solutions at the same concentration teetthe wells and left to incubate overnight at 4
°C. The solutions were then discarded; the weltsthe strips were washed thoroughly three times
with PB pH 5.0.

The modified enzyme/poly(ANI-co-AA) composite platins were then stored in dry conditions at

4 °C prior to use in order to preserve the enzycrativity.

2.3.3 Biosensor measurements

Various concentrations of the analytes (hydrogewmée, glucose and catechol) were prepared in
0.1 M PB pH 5.0 and a volume of 100 was directly dropped on the biosensor wells or200n

the biosensor strips for 2 min for each hydrogemxide and catechol substrates, and 8 min in the
case of glucose. The sample solutions were theowethand the color change was measured by
Microplate Absorbance Reader or smartphone cantsetheameasurable response of the biosensor
toward analyte quantification.

The control experiments were performed in the sgnoeedure using the co-polymer film in a
solution free of analyte gpas well as the response of the sensor with ngne@dS’). Therefore,

the signal is attributed by subtracting the valtithe analyte generated colored wells or strips wit
that of the blank.

In order to study the non-specific response oflimsensors, experiments were performed using
solutions of mannitol (Man), maltose (Mal), fruato@ru), ascorbic acid (Asc), aspartic acid (Asp),
and uric acid (Ua).

The biosensor wells and strips were used for singée Each analysis was repeated at least 5 times

using various enzymatic biosensors.

2.4 Data and quantitative image processing

Although the color change can be easily examinedaked eye during the analyte detection, after
the reaction took place, an android-based smartphwas used as color detector, for image
acquisition and data handling for quantitative gs@s$. A ColorLaB android application, free of
charge software application, was used to enablg aagd clear display of the sensors’ response
indicating remarkable changes in the optical festuiThe average green and blue values of the
enzyme modified wells and strips were automaticaljculated by the application via the “Eye
dropper” feature, which provides different paramethat could be assessed from the image. The
HSV (Hue, Saturation, and Value) data is a cylicalricoordinate, which correspond to the color
appearance parameters described by: Hue (H), Satu(&) and Value (V) [40,46]. The model was

6



explained in detail in a previous work [14]. Hueswaund to be more suitable in retrieving a direct
correlation between the analyte concentration aedcblor change as the wells were turning from
green to blue with increased concentration of theyde. The smartphone images were captured at
a fixed distance (60 mm) from the gadget's screepréoent the parallax error and with the
flashlight of the smartphonef obtaining response in order to minimize amblgfit interferences
that may result in false reading§he image-processing algorithm initially determities center of
each color spot to calculate the mean pixel intgrafi 20 neighboring pixels. ColorL&@ndroid
application converted the pixel intensity of acqdiimages by an image processing algoritfime
AHue values calculated as (Hse Huesiank) is then plotted against the analyte concentration

The results were confirmed by the spectrophotometrieasurements using a Microplate

Absorbance Reader at 655 nm.

2.5 Sample analysis

Preliminary experiments for the determination ofét analytes in commercially available samples
were also performed. All real samples were fiséfed (0.45 pum) and diluted (1:200) in 0.1 M PB
pH 5.0 for further standard additions of the aredytThe samples analyzed were: red and white
wine, pear juice, pomegranate fresh juice, pharotaxd formulation consisted of sachets of 15 g
(D-Mannitol, Vaccinium macrocarpum cranberry) which were dissolved in 50 mL Milli-Q
distilled water. The biosensor response was theéerméed by colorimetric measurements under

the same conditions used for the calibration plots.

3 Resultsand Discussion

The main objective of this work was to design nplétked colorimetric enzymatic biosensors

coupled with smartphone as transducer for screeamajysis. The colorimetric biosensor were

studied and optimized with respect to several exptal parameters in order to find the best
conditions for the sample analysis. The protocebives in the following steps: a) aniline and

anthranilic acid chemically co-polymerization on ethpolyester substrate; b) enzymes

immobilization; c) spotting sample solutions; d)cuibation with samples; e) capture of the

colorimetric change using the smartphone's camad)aevaluation of data handling via a specific

application (Fig. 1). The smartphone-based mictepéand strips approaches are shown in Figure
1S.

Figurel



3.1 Co-polymer spectroscopic and microscopic charaztgion

Aniline and anthranilic acid were chemically coyukrized using sodium peroxodisulfate as
oxidant onto the microplate wells and the stripslescribed in the Materials and Methods section.
The most plausible structure of the co-polymemhisven in Fig. S2 A.

Firstly, the aniline and anthranilic acid co-polyimation was studied by ATR-IR spectroscopy.
The representative spectrum of poly(ANI-co-AA) tsos/n in Fig. S2 B in the frequency range
from 600 to 4000 cit. PANI is characterized by the presence of a cheriatic peak at 3414.00
cm * assigned to the stretching N—=H bond. The peal84125 cm' is due to the C-H stretching
vibration. The peak at 1481.47 this attributed to N=Q=N stretching [47]. The absimp peaks

at 819.88 (C-H), 1109.07 (C-N), and 1303.88 (C-Hi) ¢ are assigned to C—H bending vibration
out of plane, stretching vibration of C—N bond, &eH bending, respectively [48]. The peaks at
1564.27 and 1637.55 ¢hare due to C=0 stretching of carboxylic acids.

Fig. S2 B shows the ATR-IR spectra of the presarid@=0, C-O and OH in the spectra of PANI
which demonstrates the successfully co-polymeonatif the aniline with anthranilic acid.

Moreover, SEM technique was used to verify the aniline anthramilic acid chemical co-
polymerization. SEM images are shown in Fig. S2: @modified polyester substrate; D)
poly(ANI-co-AA) modified polyester substrate in aptzed experimental conditions. It is possible
to observe that the film obtained is uniform on skstrate, therefore showing its possible use as a

rapid colorimetric assay.
3.2 Enzymatic assays

3.2.1 Hydrogen peroxidase biosensor

The HRP biosensor was optimized with respect tersé\experimental conditions such as enzyme
immobilization, pH buffer and substrate incubatione.
In order to find the optimal amount of enzyme imntizbd and the incubation time with substrate,
poly(ANI-co-AA) sensors were modified with 5 U/mL2.5 U/mL and 25 U/mL enzyme solutions,
prepared in 0.1 M PB buffer pH 5.0, and incubate@,e&b and 8 minutes with the,8,. It was
observed that this reaction depends not only ordineentration of hydrogen peroxide and enzyme
activity, but also on the reaction time, and catuce dramatic changes in optical properties theat ar
visible by the naked eye. Therefore, the substrae left to react as the color was changing from
green to blue in accordance with the substrate exdrettion. For this purpose, the experimental
parameters were chosen taking into considerati@n Abhsorbance signal differencaAbs =
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AbsS—-AbsS) between 10uM (AbsS,) and OuM H,0, (AbsS) and the best reproducibility in
terms of % Relative Standard Deviations (% RSDpJmeasured by spectrophotometric analysis.
The results showed that 12.5 U/mL of HRP and 2 ofiranalyte incubation time ensured an
optimum of the colorimetric response which werentiselected for further experiments (data not
shown).

To assess the influence of the pH variation, tiieiehcy of the HRP/poly(ANI-co-AA) sensor was
tested with hydrogen peroxide solutions prepare@linM PB in the pH range from 5.0 to 8.0. The
best results both in terms of sensitivity and repidbility were obtained at pH 5.0 measured by
spectrophotometric analysis (Fig. S3).

A biosensor response at optimized parameters wdained in presence of ;B in the
concentration range from 25 to 500 uM. A linearrefation in the range 25-2QM H,0, with a
limit of detection (LOD= 3§an/Slope [49]), of 35.6 uM by spectrophotometric gse and 51.2
1M by ColorLal§ smartphone application were obtained (Fig. 2 A, B)

Figure 2A
Figure 2B

3.2.2 Glucose oxidase biosensor

In order to realize the glucose biosensor, 12.5lUB®Wx solution prepared in 0.1 M PB buffer pH
5.0 was dropped on the co-polymer film for overmighysical adsorption. After washing with PB,
the biosensor was further incubated for 2 minutgglucose solution concentration ranging from 25
to 500 uM. The biosensor response was tested iMOPB in the pH range from 5.0 to 8.0. The
better response was obtained at pH 5.0 measursgdnirophotometric analysis (data not shown).
Thus, 0.1 M PB pH 5.0 buffer was selected for fertaxperiments.

A linear range was achieved in the 25-200 uM rangle LODs of 95 uM by spectrophotometric
analysis and 109 pM by ColorL&smartphone application, respectively (Fig. 3 A, B)

Figure3 A
Figure3B

In order to increase the sensitivity of the glucbgesensor, for the following experiments, GOXx-

HRP bi-enzymatic system was applied. Both enzymesems were co-immobilized at the

polymeric modified wells in an equal ratio (12.5ml)). The color change was due to the enzymatic

product with co-polymer interaction. The optimahcgon time in the case of the bi-enzymatic
9



system was found to be higher (8 min) than HRP{@dly-co-AA) alone (2 min). This effect could
be probably due to a higher total enzyme conceotraompared to HRP alone as well as the steric
hindrance in the protons speed exchange involvabddmolyaniline color change. Upon exposure
to glucose solution, the sensors show two calibnaturves in the range of 25 - 2Q®1. The
equations obtained by both spectrophotometric amakrtphone application analysis are described
below: AA (u.a.) = 0.0002 x [Glu] (WM)R?=0.993;AHue (u.a.) = 0.12 x [Glu] (UM)X?=0.97. The
LODs were 27.7 uM by spectrophotometric analysid 48.4 uM by ColorLaB smartphone
application, respectively (Fig. 4 A, B).

Figure4 A

Figure4 B
For an analytical chemistry application where thledivity of the sensing system is crucial, the as
prepared bi-enzymatic assay (GOx-HRP)/poly(ANI-caA}&olorimetric response was evaluated in
the presence of different interfering substancetiding mannitol (Man), maltose (Mal), fructose
(Fru), ascorbic acid (Asc), aspartic acid (Asp)d amic acid (Ua). Two different concentrations
were used: (i) 200 uM, which is the upper limitrfrahe glucose calibration plot and (ii) 5-fold
more concentrated solution, in order to prove tlpecHicity of the biosensor. The color
modification was assessed by both spectrophotoenatrd smartphone readout. As can be seen
from Fig. S4, theAHue (Hue% — Hue%) value of Man, Mal, Fru, Asp and Ua remain the sdar
both concentrations with a maximum % RSD of 4.2.iBgreasing the glucose concentration, a
remarkable blue shift in the Vis spectra corresjpondo the emeraldine base enzymatic generated
conversion was observed. In the case of ascorliic (Asc), it was found a visual color change
from green to light yellow which corresponds to tleeicoemeraldine form of the undoped
polyaniline [50]. The % RSD obtained for Asc inner of AHue value at the modified GOx-
HRP/poly(ANI-co-AA) for both concentrations was lewthan 10%. This demonstrates that the

colorimetric sensor possesses high sensitivitycamdbe employed for practical applications.

3.2.3 Tyrosinase biosensor

The optimal concentration for the Tyr/co-polymemgmsite film was found to be 40 U/mL for

overnight reaction onto the polymer modified suditstr For 12.5 U/mL enzyme concentrations little
change for different catechol concentrations watsiobd, whereas for 100 U/mL tyrosinase the
wells colour were changing to dark blue in thetfig® s. Therefore, an intermediate enzyme
concentration solution (40 U/mL) was tested anddufse further experiments. The biosensor

response was tested in 0.1 M PB in the pH ranga B® to 8.0. The best results were obtained at
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pH 5.0 measured by spectrophotometric analysis (dat shown). Thus, 0.1 M PB pH 5.0 buffer
was chosen for further experiments. The modifidestate was washed three times with PB pH 5.0
buffer solution and subsequently the sensor wasdes the presence of different concentrations of
catechol ranging from 2.5 to 200 uM in 0.1 M PB Pl at room temperature. The optimal reaction
time was found to be 2 min, since th&bs (AbsS-AbsS) was two times higher than that of 1 min,
whereas for 3 min reaction time the increase inahsorbance value was only of 13%. The data
were compared taking into account the absorbanicesaf 10 uM catechol and O uM catechol in
0.1 M PB pH 5.0. Therefore, 2 min was chosen faithfer experiments.
It can be seen from Figure S5 that the HSV cootdsare automatically calculated by the “Eye
Dropper” feature of the ColorL&smartphone application just by pointing the cursorthe
specific well from the microplate. With camera reat] a trade-off between the ease of use and
limit of detection was expected. Therefore, theitlioi detection was compared using smartphone
based-visual determination with absorbance spexipys
By subtracting the absorbance (Aps&nd Hue (Hue§ value of the blank from the signal of the
catechol generated colored wells, two calibratimsp(2.5-50uM catechol) were obtained with the
following equationsAA (u.a.) = 0.001 x [Catechol] (LMIR?=0.98;AHue (u.a.) = 0.78 x [Catechol]
(LM), RP=0.96, respectively (Fig. 5 A, B). Although in thase of catechol, a slightly lower limit of
detection (LOD) of 12.3 pM, was obtained in the ecasf smartphone analysis, by
spectrophotometric analysis a LOD of 16.2 uM watemheined. The uM limit of detection for
catechol is promising as colorimetric detectioretdfan equipment-free method of analysis.

Figure5A

Figure5B

3.3 Reproducibility and stability of multienzymatic emsors

In order to test the reproducibility of the propgddBosensor, at least 5 determinations on different
biosensors were assayed for each concentratiotharaverage % RSD was calculated. The results
show good reproducibility with 8% intra-coefficieott variation.

The enzyme-modified co-polymer assay showed goedadipnal stability maintaining 95% of the
initial response after 1 month of storage in drgditon at 4 °C. Moreover, 36 strips were stored in
a thermostatic oven at 37 °C for one month. Thtepssof each enzyme biosensor were measured
every week incubating with 100M of glucose and kD, solutions and with 5uM catechol
solution. TheAHue value after four weeks was decreased of arédor glucose biosensor, 4 %

for H,O, biosensor and 8 % for catechol biosensor with @eispo the first measurement. This
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confirms that the enzymatic biosensors have a gbalility. It can be attributed to the excellent
biocompatibility of the enzymatic system with theeolymer network.

The results confirm good analytical performancéhef proposed colorimetric sensors related to the
good entrapment of the enzymes at the poly(ANI-@9-Aites on the multi-well and polyester

substrates which greatly boost the colorimetripoese of the robust network system.

3.4 Enzymatic strips

To test the performance of the detecting enzyntatisensors realized in strip format, experiments
were carried out with HRP/poly(ANI-co-AA), GOx-HR#y(ANI-co-AA) and Tyr/ poly(ANI-co-
AA) modified strips. A significant change color wabserved. The depths of the color changes
were analyzed and normalized using image processaglting in quantificable concentration
measurements. Calibration plots for hydrogen peliase, glucose and cathecol was reported in Fig.
6. The obtained LODs were 11 uM for hydrogen peroxide, 20 uM faunaglse and 2.4M for
catechol, respectively.

Figure6 A

Figure6B

Figure6 C

3.5 Real sample analysis

The as-prepared biosensors were tested for catemhdl glucose determination in several
commercially available samples: red and white wipear juice, pomegranate fresh juice and
pharmaceutical product. The determinations wereemaing the standard addition method and
results are displayed in Table 1. The color modtfan was assessed by the two analytical methods.
Although, by the presence of the reducing agentherreal samples.€. ascorbic acid) the part of
the blue emeraldine base form of the polyaniline lsa converted to the reduced form of yellow
leucomeraldine [50,51]. Therefore, a supplementuitraction of the signal obtained at the
unmodified co-polymer matrix in the presence of thal sample ($) was performed. Hence, the
AAbs andAHue were directly related to the enzymatic coneersf the substrate retrieved in the
sample by the standard addition method. Moreoverthie 1:200 dilution step of the samples,
interference reactions were avoided, as the enzgafigtreaction of the substrates is specific for
threshold analyte concentration. For catechol detetion, the recovery factors between the two
methods were relatively close to 100 %, showing thare were no significant interferences from

the other compounds present in the samples. Tless#ig reveal that as-prepared smart biosensors
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can be effectively used for sensing applicationglo€ose and catechol (polyphenol) in foods and

pharmaceutical formulations and potentially in bgptal fluids.

Tablel

4 Conclusion

This concept showed a vivid colorimetric responsenf light green to dark blue specifically to
three analytes named hydrogen peroxide, glucoseaedhol. Additionally, the sensing responses
were visualized by employing two analysis metholst ttranslates measured UV spectra and
camera smartphone readout into numeric color valirestly related to analyte concentration and
therefore to color perception. The biosensor has shown to exhibit good sensitivities as uM
levels of catechol were detected visually withimi. In addition, the biosensor was tested in the
presence of hydrogen peroxide by using the HRP-fieodco-polymer system or coupled with
GOx enzyme for glucose detection. Finally, the ¢raff between the easy of use and limit of
detection was quantified by analyzing the data iobth by smartphone readout compared to
spectrophotometric ones. In the case of catechel,LLOD was 14+2 uM for both techniques,
whereas in the case of hydrogen peroxide and ghutttes LOD improved by less than using the
ColorLal® smartphone-based analysis. Real sample analysis pegormed for catechol and
glucose determination and good recovery factorsewsstained. According to the results here
reported, the fabricated strips presented satmfiacinalytical performance. The reproducibility
achieved for the realized platforms were acceptaiimg into consideration that all the fabrication
steps are handmade. Moreover, enzymatic biosemnsalized in strip format provide not only a
promising analytical method for the label-free data of hydrogen peroxide glucose and catechol
but also an easy and an attractive route for thineéu fabrication of smart biosensors with many
potential applications for screening teStherefore, the platforms developed for the poinusé
guantification of multiple analytes represents anowvative approach to reduce time, cost and
sample volumes. As the fabrication process is iitgple and the materials used are inexpensive,
the platforms proposed in this work, after furtbptimization, could be successful marketed.
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Figure captions

Figure 1. Scheme of the multiplexed enzymatic assayaniline and anthranilic acid chemically
co-polymerized on the polyester substrate; b) emsymmobilization by spotting the solutions
onto the substrate; b) incubation with samplescapture of the colorimetric change using the
smartphone's camera and evaluation of data handkng specific application.

Figure 2. Response of the HRP/poly(ANI-co-AA) sensonr-() in the presence of hydrogen
peroxide solutions in 0.1 M PB pH 5.0 analyzed hyMicroplate Absorbance Reader at 655 nm
(e); B) ColorLal’ smartphone applicatiom): inset: corresponding calibration ploEach point

was repeated at least 5 times using various hydrpgeoxidase biosensors.

Figure 3. Response of the GOx/poly(ANI-co-AA) sensoi-&) in the presence of glucose in 0.1
M PB pH 5.0 analyzed by A) Microplate Absorbanceatke at 655 nme():; B) ColorLatf
smartphone applicatiomy; inset: corresponding calibration plots. Each paiat repeated at least

5 times using various glucose biosensors.

Figure 4. Response of the GOx-HRP/poly(ANI-co-AA) sensor-$) in the presence of glucose in
0.1 M PB pH 5.0 analyzed by A) Microplate AbsorbarReader at 655 nme) B) ColorLalf’
smartphone applicatiom]; inset: corresponding calibration plots. Eachnpevas repeated at least

5 times using different glucose biosensors..

Figure 5. Response of the Tyr/poly(ANI-co-AA) sensor{S) in the presence of catechol in 0.1 M
PB pH 5.0 analyzed by A) Microplate Absorbance Read 655 nm«); B) ColorLalf smartphone
application @); inset: corresponding calibration plots. Eachnpavas repeated at least 5 times

using various tyrosinase biosensors.

Figure 6. Calibration plots analyzed by ColorLbmartphone applicatiors) HRP/poly(ANI-co-
AA) sensor; B) GOx-HRP/poly(ANI-co-AA) sensor and Tyr/poly(ANI-co-AA) sensor realized

by enzymatic strips. Each point was repeated at B&imes using various biosensors strips.
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Table 1. Real sample analysis using the enzyme-based poly¢AMA) sensor by microplate
Absorbance Reader at 655 nm and ColorLab® smargphpplication. Each analysis was repeated

at least 5 times using different sensors.

Enzyme Sample Elisa rez(:lrc:]el\sl )(655nm) Smart(?:&r;eApp Rec((gziry*
a 2.36 2.05 87
GOX bl 3.13 3.34 107
+ b2 0.68 0.73 107.
HRP c 1.90 1.74 91
1.96 1.99 101
a 0.49 0.43 87
bl 1.15 1.21 105
Tyr b2 1.58 1.52 96
C 0.45 0.47 104
0.36 0.39 108

a — Pharmaceutical sample, b — Fruit juice (b1 appiice, b2 - pomegranate fresh juice); ¢ — Red
wine; d — White wine.
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Figure 6

A)

B)

25
| AHue (u.a.)=0.112 x [HO,/uM
204 R=0.98
3 151
<)
$ 104
I
<
54
04
0 5 100 150 200
[H,0,]/uM
20 A Hue (u.a.)=0.09 x [Glucose M
R=0.94
—~ 15-
©
3
3 10
T
<
54
0-
o 50 100 150 200

[Glucose]/ uM



Figure 6
C)

A Hue (u.a))

A Hue (u.a.)=0.736 x [CatecholjaiM
R =0.97

0 2 4 6
[Catechol] / uM

10




Highlights

» Colorimetric enzymatic assay based on poly(aniioeanthranilic acid) composite film is
developed.

* Smartphone-based visual enzymatic assay for sorgapiplications.

* A colorimetric multi enzymatic assay for hydrogesrgxide, glucose and catechol detections.

» Application to spiked food and pharmaceutical sa®pVas successfully performed.



