Accepted Manuscript

ANALYTICA
CHIMICA ACTA

Non-invasive determination of glucose directly in raw fruits using a continuous flow
system based on microdialysis sampling and amperometric detection at an integrated
enzymatic biosensor

E. Vargas, M.A. Ruiz, S. Campuzano, A.J. Reviejo, J.M. Pingarrén

Pl S0003-2670(16)30216-1
DOI: 10.1016/j.aca.2016.02.015
Reference: ACA 234418

To appearin:  Analytica Chimica Acta

Received Date: 16 August 2015
Revised Date: 3 February 2016
Accepted Date: 10 February 2016

Please cite this article as: E. Vargas, M.A. Ruiz, S. Campuzano, A.J. Reviejo, J.M. Pingarrén, Non-
invasive determination of glucose directly in raw fruits using a continuous flow system based on
microdialysis sampling and amperometric detection at an integrated enzymatic biosensor, Analytica
Chimica Acta (2016), doi: 10.1016/j.aca.2016.02.015.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.aca.2016.02.015

Graphical Abstract

3-way

Peristaltic
pump (1)

. Microdialysis probe
Carrier (

solution Raw fruit‘

Peristaltic

connector

Enzymatic | <
biosensor =

Flow cell

Ai, o [Glucose]

t/s

Amperometric detection

pump (2)




Non-invasive deter mination of glucose directly in raw fruitsusing a
continuous flow system based on microdialysis sampling and

amperometric detection at an integrated enzymatic biosensor
E. Varga&® M.A. RuiZ, S. CampuzaripA.J. Reviej8, J.M. Pingarréf’
®Departamento de Quimica Analitica, Facultad de @@micas, Universidad
Complutense de Madrid, Avda. Complutense s/n, 2804@rid, Spain. E-mail:
pingarro@quim.ucm.es. Phone number: +34 91394436number: +34 913944329
PInBea Biosensores S.L. Parque Cientifico de Ma@idSantiago Grisolia 2, 28760

Tres Cantos, Madrid

* To whom correspondence should be addressed



Abstract

A non-destructive, rapid and simple to use sensiathod for direct determination of
glucose in non-processed fruits is described. Tingtegly involved on-line microdialysis
sampling coupled with a continuous flow system wdmperometric detection at an
enzymatic biosensor. Apart from direct determinatd glucose in fruit juices and blended
fruits, this work describes for the first time tiseccessful application of an enzymatic
biosensor-based electrochemical approach to thanvasively determination of glucose in
raw fruits. The methodology correlates, throughvymes calibration set-up, the amperometric
signal generated from glucose in non-processedsfmuith its content in % (w/w). The
comparison of the obtained results using the pregp@pproach in different fruits with those
provided by other method involving the same comiaéhiosensor as amperometric detector
in stirred solutions pointed out that there were gignificant differences. Moreover, in
comparison with other available methodologies, thisrodialysis-coupled continuous flow
system amperometric biosensor-based procedurerésagtraightforward sample preparation,

low cost, reduced assay time (sampling rate of)7and ease of automation.

Keywords: microdialysis sampling; raw fruits; continuous flogystem; amperometric

detection; glucose enzymatic biosensor.



1. Introduction

The sugar (fructose, sucrose and glucose) contenipéned fruits is correlated with
their glycaemic index. Diabetic patients often disesand worry whether it is safe for them
to eat fruit because it can contain large quastitef sugar. Glucose is a major
monosaccharide found in almost all fruits and silgabsorbed through gastrointestinal tract
to increase blood glucose levels. Moreover frygening process is closely associated with
increasing glucose levels. Thus, the glucose comiidracts great attention as an indicator of
the glycaemic index for fruits and control of theilpening process. Therefore, the
development of simple, direct, reliable and ecomainianalytical methodologies for
measuring glucose in fruits is highly desirablepigation of such methodologies in the fruit
industry can have an economic impact as well akthbanefits to end users who are diabetic
patients [1].

Although different methods based on infrared [Rlinbetric [3], colorimetric [4] and
chromatographic [5] techniques have been describedthe literature for glucose
determination in fruits, electrochemical glucoseseinsors have become an intense topic
because fast and easy detection is important snabtields such as clinical diagnostics, food
industry, and biotechnology [6]. Howewer, recendjforts are being focused on the
development of biosensors for nondestructive asst in real-time mode [7].

Microdialysis is well known to allovin-situ sampling and sampling clean up [8]. Two
liquids of different composition are separated bseanipermeable membrane, which allows
only the transport of small molecules up to a @éeraolecular weight. During this passage,
small molecules and ions diffuse through the membrand enrich the perfusion liquid to
form a continuous sample stream, called the ditdysBhis process allows a clean sample
stream to be obtained without potentially sensatifigy substances such as cells or proteins

and as the dialysis process has a minimal effeth@surrounding fluid; it is viewed as a tool



for continuous monitoring [9]. The dialysate or Baeenriched carrier can be transported
through a flow analysis system directly to a detgecor be collected in a vial for further
analysis [10]. Optimal recovery of the analyteshe dialysate is obtained by using long (up
to 10 nm) dialysis probes in conjunction with slperfusion rates (e.g. Of& min™). Slow
perfusion rates, however, require even longer sangdriods if conventional, off-line
detection techniques are used. These drawbacHKsecanercome by using slow microdialysis
coupled to different continuous systems and fast sensitive biosensor-based detection
techniques. This coupling exhibits potential apifior automatic sampling and applicability
for monitoring analytes in all types of matricedamn-line (near) real-time measurements
[10,11].

Although microdialysis has been used extensivelythia clinical field, currently
microdialysis probes have started also to be useshmpling systems in automatic systems
related to other sample matrices (foods, seawagedsiradustrial effluents) [12]. In this
context, the combination of this attractive sangpliechnique to a biosensor detection system
is particularly convenient since it avoids the direontact of the biosensor with non-desirable
components of the matrix sample, therefore premgnts fouling and extending its stability.
Moreover, it also allows carrying out the monitgriaf an analyte in a noninvasive way for
the sample to enable the extraction function [T3king into account that, depending on
experimental conditions (perfusion flow rate, temapere, characteristics of the membrane
and physicochemical properties of the sample aatyt®) recoveries are usually below 15%,
when working with dialysis probes [14]), the micialgisis probes can find applications also
to perform dilutions "in-line" and analyse sampleish a high concentration of the analyte
[15,16]. Although microdialysis probes have beempted to different continuous systems
using amperometric detection at glucose biosengorperform glucose determination in

different samples (fermentation broth, rat brailgod, liquor, wine, wood biomass and



beverages) [11,+22], to the best of our knowledge no applicatiothi® direct determination
of glucose in non-processed fruits has been rephgee

This paper reports for the first time a non-invasmethodology suitable for the rapid,
accurate and in real-time determination of gluadisectly in non-processed fruits combining
microdialysis sampling on line with continuous fleywstem and amperometric detection at an

enzymatic biosensor without any sample treatment.

2. Experimental
2.1. Apparatus and electrodes

Amperometric measurements were carried with a singhannel amperometric
detector purchased from InBea Biosensores S.L. (lda8pain). A P-Selecta ultrasonic bath,
a Velp Scientifica Microstirrer, a Crison Basic 2@H-meter, a Philips Blender and
microdialysis probes TP-100-10, DZ-6-02 and AZ-6{#m EICOM were also used. Flow
experiments were carried out using Spetec Perin2agiid Gilson Minipuls-2 peristaltic
pumps.

A glucose commercial biosensor developed previoustyur research group [23] and
commercialized by InBea Biosensores S.L. was engalayp carry out the amperometric
detection. This biosensor is based on the glucrsmge (GOD)/peroxidase (HRP)/ferrocene
(Fc) system. A BAS MF-2052 Ag/AgCI/KCI (3 M) refaree electrode and a Pt wire counter
electrode were also employed. A-hiL glass electrochemical cell (PoBehnd a homemade
methacrylate wall-jet cell (10 mL) were employed &nperometric measurements in stirred

solutions and in the continuous mode, respectively.

2.2. Reagents and solutions



Stock 100 g [* D(+)-glucose (Panreac) solutions were prepare®.@5 mol L*
phosphate buffer of pH 7.4. All chemicals used wafr@nalytical-reagent grade and water
was obtained from a Millipore Milli-Q purificatiogystem.

Different fruits (grapes, pears, kiwis and plumserev purchased in a local

supermarket.

2.3. Procedures
2.3.1. Amperometric detection in stirred solutions

Amperometry in stirred solutions was performed ityaducing the glucose biosensor,
the reference electrode and the auxiliary electiatiethe 10-mL glass electrochemical cell
containing 10 mL of 0.05 M phosphate buffer (pH)add applying a potential value of 0.00
V (vs Ag/AgCl). After stabilisation of the baselinaliquots of the appropriate standard
glucose solution were added and the current vanationitored until the steady-state current

was reached (7 min).

2.3.2. Amperometric detection with the continuous flow system

The analytical device used for the continuous measent relied on the combination
of a microdialysis sampling system and a continuflas/ system using an enzymatic
biosensor (see Fig. 1b). The flow cell was conrtedte peristaltic pumps and three-way
connector valves were placed at the beginning cii @ the two flow channels to control the
passage of carrier or sample solution. The castieam used were 0.05 mof* Iphosphate
buffer of pH 7.4 at flows of 24 puL mih(Pump 1) and 3.61 mL miin(Pump 2). Equilibration
of the system was allowed until a stable base Viu@s reached (0.00 V vs. Ag/AgCl).
Thereafter, the microdialysis probe was manuallyjnersed in the standard solution/liquid

sample under study or inserted in the piece ofdhefruit to be analysed and the current was



continuously monitored. Subsequent measurementbeanade as soon as the baseline was

reached again.

2.3.3. Analysisin real samples

Microdialysis was used for sampling, sample clegnand dilution before on-line
injection of the samples into the continuous floygtem [8]. Microdialysis probe without
cannula was directly introduced in the fruit jui@@gn the homogenates resulting after cutting
the fruit into small pieces and blending. Converseaticrodialysis probe inside the cannula
was introduced to perform the direct determinatiothe non-processed fruits.

For comparison purposes the same samples werezadalyith the same commercial
amperometric biosensor but under batch conditiai®wing the protocol described in
Section 2.3.1. The glucose concentration in % (wia¥ calculated using the InBea protocol
with a standard calibration plot between >46° and %10° g L™ Fruit samples were
prepared by dissolving 0.7 g (pear, kiwi and plump.2 g (grape), weighed accurately, in 10
mL of 0.05 M phosphate buffer (pH 7.4).

The determination of glucose in raw fruits was aeplished using two-point
calibrations in order to reduce the assay time s&t@librations include the (0, 0) point and
therefore only the amperometric measurement of etandard solution of similar
concentration to that of the analyzed fruit (7, 26,and 59 g t for pear, plum, kiwi and

grape, respectively, which was previously measurdhe fruit juice) was required.

3. Results and Discussion
A diagram of the experimental set-up employed fo¥ tontinuous monitoring of
glucose using rapid sampling microdialysis and atioaous flow system with enzymatic

biosensor-based amperometric detection is shoviginlb). The dialysates were introduced



on-line into the flow system. Since the linear mrayailable with the commercial glucose
biosensor (3.8-250.8)0* g L™ is far below the usual glucose concentration iit$r(D.5-9.5

% (w/w)), a careful optimization of the key variablinvolved in the developed methodology
such as the type of microdialysis probe, the bibyaea design and the flow rate was required

to allow the direct determination of glucose in rawuits.

3.1. Optimization of working variables
The performance of the microdialysis probe dependseveral factors such as flow
rate, probe length and type of analyte. Therefassays to find optimal extraction conditions

for glucose were carried out.

3.1.1. SHection of the microdialysis probe

Three different types of commercial microdialysislpes (see Fig. 2) were evaluated.
The DZ-X-0Y probe showed practical problems to Heciently coupled in the continuous
system giving rise to the introduction of bubblegsiee rupture of the dialysis membrane by
overpressure. On the other hand, the AZ-X-0Y prolaes fabricated with a rigid material
which resulted in an easy rupture of the membraherwit was inserted into a solid sample
such as non-processed fruit. Furthermore, the abwemtioned probes required longer flow
system tubes connected to the inlet and outlehefprobe to enable its introduction and
correct orientation into the sample. Accordinglye tTP-X-Y probe, with a 10 mm length,
was selected for further work taking into accounat tits design and dimensions facilitated the
integration into the continuous flow system thusuieng in increased durability due to its

flexibility.

3.1.2. Optimization of the bioanalyzer design



Two different bioanalyzer designs were implementetd compared. The one
schematized in Fig. 1a comprised of a peristaltimp, the microdialysis probe and the wall
jet electrochemical cell. This simple system waarabterized using glucose standards at
concentrations between 0.4 and 2.5dnd a flow rate of 24iL min™. The upper limit of
the resulting linear range was 1.44 § (see left inset in Fig. 1a) which is still far bel the
glucose concentration found in fruits. This indezhthat, under the experimental conditions
used, the dilution capacity of the dialysis probaswnot enough to allow the direct
determination of glucose in fruits. A possible $imno would be to increase the flow rate so
that the contact time would be shorter and lessogle would be extracted, thereby decreasing
the analyte concentration in the dialysate. Howeagit was previously mentioned, high flow
rates affected adversely the stability of the ndatysis probe. Therefore, we proceeded to
change the bioanalyzer design in order to dilute gample in the system itself. This was
made by using two peristaltic pumps and a secood fthannel by placing a three-way
connector after the microdialysis probe (Fig. 1)reactor of appropriate length was also
coupled to this three way connector in order taeaxgha reproducible mixture of the diluting
solution and the dialysate. Accordingly, the flow this second channel needed to be
optimized also in order to achieve a sample dituaable to allow the direct measurement of

glucose concentration in fruits.

3.1.3. Optimization of the hydrodynamic variables

Both the perfusion (peristaltic pump 1) and dilatippump 2) flow rates should be
considered. However, the perfusion flow rate was amiimized but fixed at 241L min™
which was the lowest value that the employed puowdcprovide with the used tubes. This
flow rate was high in comparison with those norpnaked in microdialysis (0-5.0 uL min

1) [24]. However, the use of lower flow rates woldd meaningless in this case because it



would entail a larger extraction of the analyte aodsequently an undesired lower analyte
dilution in the dialysate [14]. Moreover, at théested perfusion flow rate, the stability of the
microdialysis probe was shown to be adequatevad ibe described below.

In order to optimize the flow provided by pump 2ed for dilution and transporting
the dialysate to the flow cell, calibration plotsr fglucose were constructed at flow rates
between 0.37 and 3.61 mL rffinThe steady state currents were measured afteeiising
the probe in standard solutions of increasing glacooncentration. Fig. 3 shows as the
biosensor response was highly dependent on thgsdial flow rate. The sensitivity was
remarkably larger with the lower flow rates dudte longer enzyme-catalyzed reaction time.
On the contrary, the range of linearity was narmoeed the sample throughput decreased
with respect to the use of higher flow rates [28]th the aim of making possible to measure
glucose in a wide concentration range, a flow @t8&.61 mL mifnt was selected for the
peristaltic pump 2. It is important to note thatstlvalue allowed the levels of glucose
concentrations in fruits were included within thange of linearity provided by the

bioanalyzer.

3.2 Sability studies
The developed bioanalyzer comprised two disposabieponents the microdialysis

probe and the enzymatic biosensor. Therefore jféfterie of both components was checked.

3.2.1 Glucose biosensor stability

Different aspects concerning the stability of tiéegrated glucose biosensor were
evaluated.

The repeatability of the continuous flow amperometneasurements was tested (Fig.

4). Twenty repetitive measurements of a 40 gdlucose standard solution yielded a RSD

10



value of 7.0% thus pointing out the good stabilitiy the bioelectrode under the used
hydrodynamic conditions.

Moreover, the lifetime of one single glucose bicsenwas evaluated by performing daily
amperometric measurements for a 40 gdlucose solution. After using, the biosensor was
stored in phosphate buffer 0.05 M of pH 7.4 at 4 T@e results obtained (not shown)
demonstrated that the commercial biosensor usadhasrometric detector in the bioanalyzer
was operative for about 10 days. During this peabtime an average of 90 samples could be
analyzed with the same biosensor. It is interedtingote that other enzyme biosensors based
on similar electrode configurations and immobiliaatstrategies exhibited different storage
stabilities (from 10 days for a lactate oxidase DMRP/Fc L-lactic acid biosensor to 20
days for an ethanol biosensor using alcohol oxid@seD)/HRP/Fc). Therefore, it can be
concluded that the stability of the enzymatic sysse=ems to play a determinant role in the
storage stability of the developed biosensor in mamson with the small Fc leakage
(although the mediator was immobilized in excess exhibits low solubility in water [26])

occurring from the electrode surface.”

3.2.2 Microdialysis probe stability

Regarding the stability of the microdialysis protiee results obtained with 3 different
probes demonstrated that, under the selected dptiomalitions, each microdialysis probe
could be used an average of 20 days without obsgmiembrane rupture.

All these results led us to conclude that the twspasable components of the

bioanalyzer could be continuously used with mininsk of failure for one week.

3.3. Analytical characteristics of the continuous flow methodol ogy

11



Under the optimized working conditions, the analgticharacteristics shown in Table
1 were obtained for glucose standards. The limitgleiection (LOD) and determination
(LOQ) were calculated according to thesgm and 1&s,/m criteria, respectively, where m is
the slope of the linear calibration plot andisthe standard deviation of the blank current
which was calculated as the current value meas206d before the glucose measurement.

Given the well-known interference of ascorbategatl reoxidize HRP [27], and its
high concentration in fruits, the potential inteeiece of the ascorbic acid with the developed
biosensor was evaluated prior to the analysisafgamples. Since glucose has been reported
to be between 30 and 6,300 times more concentthted ascorbic acid in kiwi, pear and
grape juices [28,29] the amperometric signals mlediby the developed biosensor for a
glucose concentration of &10° g L' and that measured for a mixture solution containin
the same glucose concentration plus a 29-timesrloamcentration of ascorbic acid (810°
g L™ glucose + 2.210* g L' ascorbic acid) were compared. The results obtainetshown)
demonstrated that this latter was only 3.2% laran the amperometric measurement
obtained with no ascorbic acid. These results cmefil the great selectivity and the low
detection potential required by the developed liisseensure the absence of any significant

interference from the presence of this common a#iyuoccurring acid in fruits.

3.4. Determination of glucose in real samples

The analytical usefulness of the developed bioamealywas evaluated by determining
glucose in three different types of real samplast fuices, blended fruits and raw fruits. No
statistically significant differences were obsernmdween the slope values of the calibration
plots constructed with glucose standards and thieraion graphs obtained for blended red
plum spiked with increasing concentrations of ghescand for different blended fruits (pear,

red plum, green kiwi and white grape) containindfedent known endogenous glucose

12



content. Accordingly, we could conclude that nangigant matrix effects existed indicating
that the microdialysis sampling was also effectfee sample clean-up [30]. Therefore,
glucose quantification could be accomplished bypsninterpolation of the measured current

from the samples into the calibration plot cong&dovith glucose standard solutions.

3.4.1 Determination of glucose in blended fruits

Glucose was determined in a homemade green Kiwob#mne The continuous flow
amperometric signals measured in the non-dilutedotine were interpolated in the two-
point calibration plot constructed by triplicate asering of 40 and 80 g'Lstandard glucose
solutions (Fig. 5).

The same sample was analyzed by applying a methbdated by InBea S.L. that
used the same biosensor as amperometric detecstirried solutions. This method involved
the addition of 5QuL of the 20 times diluted kiwi smoothie (in phosthauffer 0.05 M pH
7.4) to an electrochemical cell containing 20 mLpbbsphate buffer 0.05 M pH 7.4 and
interpolation of the measured steady state cuirgata glucose calibration plot constructed
over the 4.810°-9.0x10°% g L™ concentration range. Results from four replicaftiesded
mean glucose concentrations of (39.8 + 0.9)'gith the continuous flow method and (38 +
2) g L using InBea’s method, the confidence intervals\geialculated for a significance
level of 0.05. A comparison of the mean values iobth with both methods, after checking
that there were no significant differences betwten standard deviations values, indicated
that the experimental Student t value (2.461) waaller than the tabulated one (2.776) for a
significance level of 0.05, thus demonstrating ahsence of significant differences between

the results obtained by the two methodologies.
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In addition, glucose was determined by using tlevftontinuous mode in a plum
smoothie spiked with 5 and 10 @ of glucose. Mean recoveries of (102 + 19) andPB)
% were obtained, respectively, with the confideimbervals calculated fan = 0.05 (n = 4).
These results demonstrated fairly well the usefidre the developed bioanalyzer for
the reliable determination of glucose in smootlwighout any sample treatment.
Moreover, with the aim to verify that the microgisis probe behaved similarly when glucose
was measured in standard solutions and fruits,ngtlavel of concentration, the relative
recovery “RR” parameter was evaluated. RR is anomapt parameter in quantitative
microdialysis expressing the relative performantevhich the analyte has been extracted
from the sample as the extraction fraction [10katraction efficiency [15]. RR, in %, was

calculated using the following expression [31]:

RR,% =%x1oo )

m
where G and G, are the analyte concentration in the dialysate #ed sample,
respectively.

RR values were calculated in glucose standardisokitwith concentration ranging
between 10 and 90 g'iby introducing the microdialysis probe in the simins and collecting
the corresponding dialysate using phosphate bufgrH 7.4 as perfusion fluid. Glucose
concentration was calculated by amperometry inestisolutions at the InBea'’s biosensor.

For the estimation of the RR values in the blenfdeitls, the glucose concentration in
the samples (§ was determined using the continuous flow methgdnkerpolation of the
amperometric signals obtained from the non-dilud&hded fruits into the calibration plot
constructed with glucose standard solutions over ¥ to 80 g L' concentration range.
Moreover, a similar protocol to that describeddbrcose standard solutions was employed to
calculate the concentration in the dialysateg (©llected upon introducing the microdialysis

probe in the blended fruit.
14



The results obtained in these studies are sumndanzd&able 2 with the confidence
intervals calculated for 5 replicated and for andigance level of 0.05. As it can be deduced
from this Table, the mean RR value obtained in ddehfruits (2.4 £ 0.2) was not statistically
different than that calculated with glucose stadda{2.43 + 0.05) §p, 0.132; ta, 2.776)
demonstrating that the glucose extraction efficyeat the microdialysis probe is similar in
the standards solutions and blended fruits.

Furthermore, the glucose concentrations in blenfeils were also calculated by
applying the mean RR value obtained in standardtisols (2.43 + 0.05) over the dialysate
concentration determined by amperometry in stis@ldtions. The results are shown in Table
3, where the concentration values obtained by tbatimuous flow mode using the
bioanalyzer are also included.

As it is clearly seen, the statistical comparisetween mean values for each type of
sample obtained either directly with the continudimny method or indirectly using
amperometry in stirred solutions with the glucosesénsor, allowed us to deduce that no
significant differences (t values were calculatesihg paired data, withe}, 0.085, being
lower than ¢, 3.182). These results demonstrated once againtbamicrodialysis probe
behaved similarly in terms of analyte extractiorthban glucose standard solutions and
blended fruits.

Fig. 6 shows the regression plot constructed watta drom both methodologies. The
resulting linear least-squares regression graph @r9992) yielded a slope value of (0.98 +
0.03) and an intercept of (1 £ 1). As expected,dbkelation found was highly satisfactory
since the confidence intervals (at a significareeel of 0.05) for the slope and intercept
included the unit and the zero values, respectiviigse results indicated that the continuous
flow method involving the bioanalyzer did not exhilsystematic errors and can be

successfully used for the reliable determinatioglo€ose in blended fruits.

15



3.4.2 Direct determination in raw fruits

In order to perform the direct determination ofaglse in non-processed fruit pieces, a
correction factorK, related to the different extraction efficiency tife analyte with the
microdialysis probe in solid and in blended frai, well as a conversion factor between the
concentration units used with standard solutioh fyand those commonly used to describe

the glucose content in fruits (% (w/w)), were cédted.

3.4.2.1 Factor K determination

Calculation of the K factor correction was neededalbtain the glucose concentration
simply by interpolation of the corresponding cutremeasurement into the calibration plot
constructed with glucose standard solutions. Tktofavas defined as the ratio between the
measured current in the raw fruid) @nd the current measured in the blended fr)it (i

K=t @
Ib

To determine the K factor, the piece of fruit wagded into two halves. One of them
was blended and used to measure the corresponaiipgrametric signal ) as described in
the previous section. On the other hand, the mialggls probe was inserted in the other fruit
half by means of a cannula to prevent rupture efrtticrodialysis probe (Fig. 7a), and the
measured current was used to obtain thalue. An example of the recorded amperograms
for a white grape sample is displayed in Fig. 7&.itAcan be observed, there was a noticeable
difference between the heights of both amperomsigials which depended on the physical
condition of the fruit. Table 4 summarizes the meafues of the K factor for each fruit
which were calculated from data obtained by perfogrdifferent determinations for each
piece and using -B different fruit pieces. It is important to rematkat no significant

differences in the measurements were observed Wigemicrodialysis probe was inserted in

16



different parts of a same piece of fruit as wellfas different orientation angles of the
membrane and therefore for different depths.

Data given in Table 4 show an acceptable reprodiigilm the factorK determination
considering the simple and direct experimental apph used. Moreover, we could conclude
that this correction factor was a parameter charestic for each type of fruit according to the

uniqueness of its physical properties.

3.4.2.2 Conversion factor g L™ to % (w/w)

The glucose content in fruits is commonly expresse® (w/w). However, when the
continuous flow methodology using microdialysis posampling was employed to perform
this determination, the glucose content in the gietcfruit could not be directly obtained in
these units since the standard calibration ploteeve®nstructed in g t and the sample
weight is unknown. Therefore, the equivalence betwglucose content in g'tand % (w/w)
was calculated. In order to do that the glucoseentration in blended fruits was determined
in g L™ by the continuous flow method using the bioanalyxeile the amperometric method
in stirred solutions using the InBea’s biosensos wpplied to determine it in % (w/w) since
in this latter case it is also possible to knowftiié weight.

The correlation found between both set of resgltshown in Figure 8a (r = 0.998)
according to the equation:

[glucose], % (w/w) = (0.162 + 0.00€)lucose], g ['— (0.2 £ 0.2) (3)
which can be used to exchange the glucose contentranits both in standard

solutions and blended fruits.

3.4.2.3 Direct determination of glucose (in %, w/w) in raw fruits

17



The determination of % glucose in non-processeitsfruas carried out by introducing
the microdialysis probe (inside the cannula) in@riaus points of each raw fruit and
recording the current as a function of time. Glecgsiantification in % (w/w) was made

using the following expression (4):

if
[glucose], % (V%v) = I—{< x[standard (4)

where j and g are the current values measured in the piece tfdna in the glucose
standard solution, respectively, and K is the meamection factor value characteristic of
each type of fruit (see Table 4). The obtainedItesising the continuous flow method with
the bioanalyzer and applying equation 4 are sunmedrin Table 6. Moreover, they are
compared with those given in Table 5 using the mBeethodology. It is important to
mention that the values obtained are in agreeméhttine range of glucose content reported
in fresh fruits (0.59.5 % (w/w)).

The results provided by both methodologies weretissitzally compared by
constructing the corresponding regression plot.(8m. An r value of 0.999, with slope and
intercept values of (1.02 + 0.02) aneD(1 + 0.1), respectively, indicated that both meto

led to statistically similar results.

It is worth to mention also that the damage madthénfruit by the introduction of
microdialysis probe inside the cannula is so minhithat besides being invisible by the eye
has not been shown to produce a fast developmenblafs and fruit rottennesthese results
demonstrated the successful applicability of theettgned methodology, based on coupling a
continuous flow system with fast sampling microgsd and selective biosensor-based
amperometric detection, as non-destructive appraaphovide on-line monitoring of glucose
directly in raw fruits in a reliable manner thugling potentiality foron-site assessment or

inspection of quality parameters even in unpickedd.
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4. Conclusions

This work described for the first time a microdsly sampling, which also provided
on-line sample clean-up, coupled with flow contins®et-up and amperometric detection at
integrated enzymatic biosensor for the direct deiteaition of glucose in non-processed fruits
without any sample preparation. This new analyt&ydtem has demonstrated to possess
adequate sensitivity to track directly the concaidn of glucose in raw fruits in a non-
destructive way with a lag time of less than 20 rincluding standard calibration). The
methodology exhibited great robustness and can dvansageously compared to other
reported methods in terms of cost and assay titimajnation of stability problems, direct
application to the sample without pretreatment ammated analysis for on-line monitoring.
The simplicity of the developed methodology andyesdaptability make it a versatile tool for
routine analysis in the food industry or to perfoomsite determinations, a feature that
cannot be considered for the existing methods baseelectrochemical (bio)sensors which
therefore would allow, apart from determinationfrinit juices and beverages, the real-time
glucose monitoring even in unpicked fruits usingos-destructive protocol, thus allowing to
left the fruit maturing in the tree until the opahtime of collection arrive. Moreover, taking
into account the excellent performance of the dged approach which demonstrates its
great potential as non-invasive technique for gdecoassessment, other interesting
applications such as glucose determination atréiffiedepths in the meat, to ensure freshness
and microbiological quality, or evaluation of huméssues healthiness through glucose

content could be also envisioned.
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Table 1. Analytical characteristics obtained for glucosanstards with the bioanalyzer with

the bioanalyzer set-up shown in Fig. 1b

Parameter Value
Linear range, g 3.0-80
Slope, nA g L 2.18 +0.02
Intercept, nA 1+1
r 0,9996
LOD, g L* 0.9
LOQ, g L* 3.0
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Table 2. Mean RR values calculated in blended fruits andlitose standard solutions{(C
was determined by applying the continuous flow muodh the bioanalyzer while Lwas

calculated by amperometry in stirred solutions).

Cm, gLt Cg gLt RR, % (n = 5) Mean RR, %
1 10 0.25 +0.03 25+0.3
2 18 0.44 +0.02 2.4+0.1
3 20 0.49 + 0.04 2.4+0.2
Standards 4 25 0.64+0.01  2.55+0.04 (2.43+0.05)
5 45 1.01+0.01  2.25+0.03
6 60 1.48+0.03  2.47 +0.04
7 90 2.1+0.2 2.4+0.2
Pear 5+1 0.122+0.005  2.4+0.1
Blended GreenKiwi 21.6+0.8  0.49 +0.04 23£02 54400
fruits Red plum 24 +1 0.60 +0.02  2.50+0.08
White grape 63+2 16+0.1 25+0.2
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Table 3. Glucose concentration determined in blended fiiritsy L) calculated by applying
the mean RR value obtained in standard solutionthdoG values using amperometry in

stirred solutions and the continuous flow mode whig developed bioanalyzer.

Blended fruit Amperometry in stirred solutions Bralyzer
50+£0.2 51
Pear
(RSDy=3 = 1.7%) (RSDy=3 = 7.8%)
o 202 21.6+0.8
Green Kiwi
(RSDy=5 = 6.3%) (RSDy=5 = 2.9%)
24.8+0.8 24 +1
Red plum
(RSDy=5 = 2.5%) (RSDy=5 = 4.9%)
_ 64 4 632
White grape
(RSDy=5 = 5.2%) (RSDy=5 = 3.2%)
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Table 4. Mean K factor values calculated for different tyyué fruit.

Fruit Mean K value
0.53 +0.02
Pear
(RSD1=42 :107%)
o 0.78 +0.03
Green Kiwi
(RSDh=27=11.3%)
0.65 +0.02
Red plum
(RSDh=33=10.6%)
_ 0.59 +0.02
White grape

(RSDh=45=9.5%)
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Table 5. Glucose concentration determined in blended fioytshe continuous flow method

using the bioanalyzer (in g™ and by amperometry in stirred solutions using daB®

methodology (in w/w %).

[Glucose], g [*

[Glucose], % (w/w)

Pear

Green Kiwi

Red plum

White grape

7.0£0.3
(RSDj=0 = 5.8%)
25+ 1
(RSDh=o = 5.2%)
16.0 +0.8
(RSDy-11 = 7.5%)
59 + 1
(RSDy-10= 4.0%)

1.00 + 0.05
(RSDh=14 = 8.2%)
3.6+0.1
(RSDy=15= 6.0%)
2.03 + 0.09
(RSDj=15 = 8.2%)
9.5+0.2
(RSDh=20 = 4.6%)
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Table 6. Glucose concentration in raw fruits in % (w/w) ngsithe bioanalyzer with the

continuous flow mode and the InBea methodologygiaimperomewtry in stirred solutions.

Bioanalyzer InBea
09+0.1 1.00 £ 0.05
Pear
(RSD-|:5 = 84%) (RSD1:14 = 82%)
o 3.0+£05 3.6+0.1
Green Kiwi
(RSDy=5 = 12.7%) (RSDh-=15= 6.0%)
20+0.1 2.03+0.09
Red plum
(RSDh=10= 8.4%) (RSDh-=15= 8.2%)
_ 10.0+0.8 95+0.2
White grape
(RSDy=3 = 3.1%) (RSDh=20 = 4.6%)
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Figure captions
Fig. 1. Different types of bioanalyzer set-ups evaluatadiie direct determination of glucose

in fruits.

Fig. 2. Types of commercial microdialysis probes assayEtX-0Y (a), AZ-X-0Y (b) and

TP-X-Y (c).

Fig. 3. Dependence of the amperometric responses obtaisied the bioanalyzer set-up
shown in Figure 2b with the flow rate of Pump 2 flucose standard solutions of increasing
concentration. Carrier solution: phosphate buff@50mol L* pH 7.4; flow rate pump 1: 24
uL min™; Eap = 0.00 V vs. Ag/AQCI. Error bars estimated as thple of the standard

deviation (n = 3).

Fig. 4. Successive amperometric responses obtained forl40giucose with the bioanalyzer
set-up shown in Figure 2b. Carrier solution: phasgtbuffer 0.05 mol £ pH 7.4; flow rate

Pump 1: 24 uL mit; flow rate Pump 2: 3.61 mL miin E,, = 0.00 V vs. Ag/AgCI.

Fig. 5. Amperometric responses obtained in the continutmys fmode with the bioanalyzer
set-up shown in Figure 2b for 40 and 80 §dlucose standard solutions and the non-diluted
kiwi smoothie. Carrier solution: phosphate buffe@@®mol L* de pH 7.4; flow rate Pump 1:

24 uL mir*; flow rate Pump 2: 3.61 mL mifp E;p = 0.00 V vs. Ag/AgCl.

Fig. 6. Correlation plot between the results obtained hia tetermination of glucose in

blended fruits using the continuous flow methodhwiite developed bioanalyzer and those
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provided by amperometry in stirred solutions witle inBea’s biosensor and applying the

mean RR value calculated with standard solutioata(ffomTable 3).

Fig. 7. Microdialysis probe used to perform the direchtowuous flow determination of
glucose in raw fruits (a). Amperogram recordedraftéroducing the microdialysis probe in
blended and different places of non-processed vdrpe pieces (b). Other conditions are

similar to those given ifig. 5.

Fig. 8. Correlation between the glucose concentratioerdehed in blended fruits in gL
and % (w/w) (a), and between the glucose conceémtraialculated in % (w/w) in blended
fruits by using the continuous flow mode with thevdloped bioanalyzer and the InBea

methodology by amperometry in stirred solutions (b)
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Fig. 1

Carrier
solution

Microdialysis

Peristaltic pump Flow cell Waste

probe

500 Inlet ——,
3 5‘ Outlet

400 E !
< 3004
c
T 200

1007 Membrane

o : T . T :

00 05 10 5 20 25 30

[glucose], g L

b)

Reactor

Flow cell Waste

Peristaltic Microdialysis

pump (1) probe

3-way connector

Carrier
solution

Peristaltic

pump (2)

33



ACCEPTED MANUSCRIPT

Fig. 2

-
il
l_l__

L
et

......

.l_l_l_l_l_'
.l_l.l.l_l_I

S

34



Fig. 3
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Fig. 5
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Fig. 6
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Fig. 8
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Highlights:

- First electrochemical biosensor applied to non-invasively determination of glucose
directly in raw fruits.

- On-line microdialysis sampling coupled to an amperometric enzymatic biosensor.

- Versatile tool for routine analysis in the food industry with a sampling rate of 7 h™.

- Feasible to perform on-site assessment or inspection of quality parameters.



