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Wine astringency was evaluated based on the interaction of two complex matrices (red wine and saliva)
by combining localized surface plasmon resonance (LSPR) and molecular imprinted polymers (MIP) at
gold nanodisks as an alternative to sensorial analysis. The main objective of the work was to simulate
wine astringency inside the mouth by mimicking this biological system. The LSPR/MIP sensor provided
a linear response for astringency expressed in pentagalloyl glucose (PGG) units in concentrations ranging
from 1 to 140 pumol/L. The sensor was also applied to wine samples correlating well with sensorial anal-
ysis obtained by a trained panel. The correlation of astringency and wine composition was also evaluated
showing that anthocyanins may have an important role, not only for pigmentation but also in

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Polyphenols are among the most abundant compounds in the
human diet. Colour, smell and taste, amongst other sensorial char-
acteristics of food products, result directly from the presence of
polyphenols or from their collective action such as astringency.
Astringency is generally accepted to result from the interaction
between polyphenols present in food matrixes and salivary mouth
proteins, decreasing mouth lubrication and leading to dryness,
puckering and constriction of the tissues. The interactions between
polyphenol and protein are characterized by the formation of com-
plexes that might extend to larger complexes and finally lead to
precipitation. However, the initial complexation between polyphe-
nols and proteins seems more closely associated to astringency
than the later precipitation (Obreque-Slier, Lopez-Solis, Pena-
Neira, & Zamora-Marin, 2010).

Astringency is a sensorial parameter that is especially impor-
tant for wine production, determining the product quality, and
for that reason requires an accurate control. Wine polyphenols
comprise an enormous family of compounds such as anthocyanins,
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condensed tannins extracted from grapes and stable/more com-
plex derived compounds that generally result from oxidation,
degradation and even precipitation (between condensed tannins/
anthocyanins) during wine aging (He et al., 2012). Not all polyphe-
nols in wines come from the grapes; some compounds like hydro-
lysable tannins (e.g. pentagalloyl glucose) might be added during
wine production or result from their migration along the contact
between wine and oak barrels (Sarneckis et al., 2006). Astringency
of wine polyphenols has also been associated with their individual
characteristics, such as concentration, polymerization degree,
molecular weight and number of galloyl substituents of polyphe-
nols (Batesmit, 1973; Hagerman & Robbins, 1987; Kawamoto,
Nakatsubo, & Murakami, 1995).

Wine is a complex matrix due to the variety of polyphenols
directly extracted from grapes, as well as due to their ability to
undergo numerous interactions and chemical reactions changing
the overall polyphenol profile over time. Wine astringency evalua-
tion is therefore a tough task and even with the use of sensorial
analysis the results are subjective, time-consuming and expensive
(Vidal et al., 2004). Regardless of the disadvantages, sensorial pan-
els with several elements remain the most common approach to
evaluate astringency. These sensorial panels are normally com-
posed of professionals that can also be trained with several stan-
dard solutions prior to wine astringency evaluation. Despite that,
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salivary protein production also varies with the time of the day,
food consumption, diet, circadian rhythms, age, gender, several
disease states and pharmacological agents (Dodds, Johnson, &
Yeh, 2005). Therefore, the development of more effective methods
to assess astringency and understand the mechanisms of action
between polyphenols and proteins is of great importance.

Different methods have been applied to study astringency at the
molecular level based on precipitation studies between specific
proteins (gelatin, BSA, mucins,. ..) or salivary proteins and individ-
ual or mixture of polyphenols, thus evaluating the protein fraction
before and after precipitation. The direct and/or indirect quantifi-
cation of polyphenols has also been used as an alternative way to
estimate astringency’ (Caceres-Mella et al, 2013; Guerreiro,
Sutherland, De Freitas, & Sales, 2013). However, astringency does
not always correlate well with precipitation assay or polyphenol
content.

Other techniques such as SDS-PAGE (Rinaldi, Gambuti, & Moio,
2012), spectrophotometry (Simoes Costa, Costa Sobral, Delgadillo,
Cerdeira, & Rudnitskaya, 2015), fluorescence (Fia, Dinnella,
Bertuccioli, & Monteleone, 2009), nephelometry (Monteleone,
Condelli, Dinnella, & Bertuccioli, 2004), NMR (Furlan, Jobin,
Pianet, Dufburc, & Gean, 2015), DLS (Pascal, Poncet-Legrand,
Cabane, & Vernhet, 2008) and mass spectrometry (Careri,
Corradini, Elviri, Nicoletti, & Zagnoni, 2004) have also been used
to study proteins and polyphenols interactions with and without
the focus on astringency. Generally, the methods used to assess
astringency also compare the new methods with sensorial analysis
performed by a trained panel. The emergence of new technologies
allowed the study of these interactions, not just at the molecular
level, but likewise at the nanoscale through nanotechnology such
as localized surface plasmon resonance (LSPR) (Guerreiro et al.,
2014).

Considering the complexity of astringency mechanisms and
variation in astringency estimation by different approaches, these
effects suggest that for each class of polyphenol the astringency
phenomenon may be different, while the synergetic effects play
an important role. Therefore, the methods that consider the global
mechanism at the molecular/atomic level seem to be the most
suitable for astringency estimation in beverages.

Recently, LSPR sensors were reported for the detection and
quantification of biomolecules, via specific interactions due to their
high sensitivity, good reproducibility, real-time responses and
potential for label-free detection. LSPR’s are collective oscillations
of conduction electrons at confined metal nanostructures formed
from metals such as Au, Ag, Al and are typically probed by interac-
tion with light. The highly sensitive dependence of the resonance
energy on the refractive index (RI) surrounding the metal nanos-
tructure means that biomolecules adsorption on the metal sur-
roundings causes the shift of the LSPR peak wavelength, with
larger RI changes giving large shifts. Generally, antibodies are used
as biomolecular recognition elements immobilized at the surface
of a sensor. Nevertheless, new artificial antibodies also known as
molecular imprinted polymers (MIPs) have been developed to
improve the stability of sensory devices. The design of molecular
imprinted materials involves the copolymerization of monomers
and cross-linker elements in the presence of the target molecule.
After polymerization the target molecule is removed by an appro-
priate method from the polymeric matrix, leaving imprinting sites
with complementary shape, size and functional chemistry to the
target molecule, which leads to selectivity on rebinding. The inte-
gration of MIPs technology with plasmonic sensors results in a
combination of a high sensitivity biosensor method coupled with
robustness, stability and reusability features.

The main purpose of this work was to develop a sensor device
combining LSPR and MIPs to evaluate wine astringency at the
molecular/atomic level, compare sensorial and analytical wine

astringency and then correlate astringency with wine composition.
We used salivary proteins as target molecules and aqueous com-
patible monomers cross-linked in a polymer network with specific
binding sites at gold nanodisks for salivary proteins through a sur-
face imprinting process. The interactions between polyphenol and
protein used salivary proteins and pentagalloyl glucose (PGG) for
sensor calibration, followed by real wine samples analysis and
astringency estimation.

2. Experimental
2.1. Apparatus

QCM-D measurements were performed with the Q-sense E4
system (Q-sense AB) using the 7th, 9th and 11th overtones record-
ing both frequency and dissipation. AT-cut quartz crystals with a
fundamental frequency of 5 MHz were purchased from Q-sense
AB (Sweden) with gold electrodes.

SPR measurements were performed with a Biacore X system
from Biacore AB (Sweden) and gold SPR chips were purchased from
GE Healthcare.

Prior to any measurement, both QCM crystals and SPR chips
were cleaned by basic piranha solution consisting of MilliQ water
(MQ), ammonia 25% and hydrogen peroxide 30% (5:1:1) at 75 °C
for 5 min, followed by rinsing with MQ and blow dried with nitro-
gen. In order to finalize the cleaning procedure, the substrates were
treated with 10 min of UV/ozone (Kern & Puotinen, 1970).

LSPR measurements were performed in a Shimadzu UV-Vis-
NIR spectrophotometer UV-360 using a flow injection cell and
wavelength ranging from 400 to 900 nm. Extinction spectra were
collected in the absorbance mode.

Wine characterization assays were performed in an UV-vis
spectrophotometer Thermo Scientific Evolution Array UV-vis spec-
trophotometer, a HACH 2100 N turbidimeter equipped with a
100 x 12 mm cell adaptor, and a Thermo® Scientific HPLC with a
Thermo® Scientific Spectra System P4000 pump on a
250 x 4.6 mm i.d. reversed-phase C18 column (Merck®, Darm-
stadt) at 25°C; detection was carried out between 200 and
800 nm using a Thermo® Scientific Spectra System UV8000 diode
array detector; 20 pl of each sample was injected using an
autosampler Thermo® Scientific Spectra System AS3000.

2.2. Reagents and solutions

All chemicals were of analytical grade. Buffers were prepared
with MQ, additional filtering (0.2 um pore filter) and sonication
was required for both QCM-D and SPR experiments. The used buf-
fers were: 10 mM PBS (Phosphate buffered saline) pH 7, PBS with
5% Ethanol and 50 mM ammonium bicarbonate (AMBIC) supplied
by Sigma-Aldrich. PGG standard solutions were prepared in PBS
5% ethanol.

The fabrication of gold nanodisks involved the use of poly-
methylmethacrylate Mw 495,000, 4% anisole (PMMA) purchased
from Micro resist technology GmbH, poly(diallyldimethylammo-
nium chloride) (PDDA), poly(sodium-4-styrenesulfonate) (PSS)
purchased from Sigma-Aldrich, polyammonium chloride (PAX)
purchased from KemiraMilje and polystyrene (PS) colloidal parti-
cles acquired from Invitrogen.

Gold (flat or nanodisks) surface modification included 16-
mercaptohexadecanoic acid, 99% from Assemblon, N-
Hydroxysuccinimide (NHS) and 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) purchased from
Aldrich.

The imprinted process required thiophenecarboxylic acid
(TPCA), methacrylic acid (MAA), (vinylbenzyl)trimethylammonium
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chloride 97% (VTMA), ethylene glycol dimethacrylate 98%
(EGDMA), ammonium persulfate (AP), methyl acrylate 99% (MA)
from Sigma-Aldrich.

Bovine serum albumin (BSA) was also obtained from Sigma-
Aldrich.

2.3. Saliva collection

Saliva was collected from 20 healthy non-smoking volunteers;
with ages between 20 and 42 years old for 2 h prior any food con-
sumption (only drinking water was allowed). Saliva collection took
around 60 min. Immediately after collection, all the saliva samples
were mixed together, filtered with a syringe filter of 0.2 um size
and frozen at —20 °C, in aliquots of 100 pL. Values for dn/dc for
the saliva was carried out using a differential refractometer at
standard conditions (BI-DNDC differential refractometer
A =620 nm t =30 °C). The saliva was desalted using 4 sequential
rounds of spin concentration (~10 times up concentration) using
3 kD cut off filters and dilution in deionised water. Some aliquots
were then dried at 120 °C for 30 min and weighed to obtain the
concentration and others were diluted to the experimental buffer
conditions at a series of concentrations and dn/dc determined.

2.4. Au nanodisks fabrication

Glass slides from menzel-glass were first cleaned by acetone
wiping and O, plasma cleaning for 15 min (RF 100 watt, pressure
25 mtorr) followed by PMMA spin coating (3000 rpm, 1000 rpm/
sec? for 1 min) and 180 °C baking for 2 min to obtain a 200 nm
thick layer. The nanostructures were then prepared by sparse col-
loidal lithography. This methodology consisted on a triple layer of
polyelectrolytes - 2% PDDA, 2% PSS and 5% PAX in MQ - each solu-
tion was added to the surface for 30 s followed by MQ rinsing for
1 min and then self-assembly of charged polystyrene particles
diameter 100 nm (Invitrogen, 0.2% in MQ) for 2 min and 90 s MQ
rinsing. The substrates were carefully dried under a stream of
nitrogen gas and treated with 90 s of UV/ozone. Substrates were
then coated with 20 nm Ti by electron beam-stimulated thermal
evaporation physical vapor deposition (EB-PVD, Cryofox, Polyte-
knik AS, DK) at a deposition rate of 0.2 A/s and ion beam assisted
for the first 15 s of the evaporation (anode current 0.3 A, anode
voltage 100V and neutral current 150 mA). Tape was used to
remove the PS particles and by etching (RF 50 watt, 40 sccm oxy-
gen flow and pressure 25 mtorr, Vision 300 MK II, Advanced
Vacuum AB, Sweden) the PMMA underneath the revealed holes
in the titanium film was also removed. A second evaporation at
1 A/s, deposited 2 nm Ti as adhesion layer followed by 20 nm Au.
The Ti sacrificial mask was then removed by acetone rinsing leav-
ing on the glass surface the Ti/Au disks (2/20 nm, diameter
100 nm). Prior to biosensing experiments, the samples were
exposed to ethanol and MQ for 2 min each in the sonicator fol-
lowed by UV/Ozone for 30 min. The samples were then in MQ
water for at least 1h to reduce the gold to Au®. The procedure
for Au nanodisks fabrication is illustrated in supplementary infor-
mation, figure S1.

2.5. Imprinting procedure

The gold substrates (QCM-D and SPR chip surface or disks
nanostructures) were functionalized using 2mM 16-
mercaptohexadecanoic acid in ethanol overnight. The samples
were then rinsed with ethanol and MQ for 3 min each in a sonica-
tor to remove any unbound thiols and dried with a stream of nitro-
gen. To amine couple salivary proteins, the carboxyl terminated
thiol was activated through the addition of 400 mM EDAC/200 mM
NHS followed by MQ rinsing to remove un-reacted species. The

substrates were then incubated in saliva to allow the covalent
attachment of proteins present in saliva and the gold substrates.

Before polymerization different charged monomers were added
to the modified surface for 30 min each in the following order:
5 mM VTAC in MQ, 2 mM TPCA in 10% ethanol and 5 mM MAA in
MQ, between incubations the substrates were rinsed with MQ.

Polymerization was then initiated by adding the polymerization
mixture containing EDGMA, MA and AP 5 mM to the surface at
39 °C over-night. After polymerization, the surface was thoroughly
rinsed with MQ and the attached salivary proteins removed by
enzymatic cleavage through proteinase k 500 pg/mL at 37 °C. To
wash away the peptide fragments, PBS pH 7.4, AMBIC pH 8 and
MQ were rinsed through the surface, followed by N, drying.

In parallel, non-imprinted polymer (NIP) materials which
excluded the surface functionalization with carboxyl thiol, activa-
tion of functional group and saliva coupling were prepared as
controls.

2.6. Imprinting procedure by QCM-D, SPR and LSPR measurements

Both QCM-D and SPR were performed on homogeneous gold
samples.

For QCM, during rinsing and exchange of buffers, liquid was
pumped over the sensors with a flow rate of 0.1 mL/min. For SPR,
the flow rate was set to 10 pL/min and injection volumes were
100 pL giving a maximum injection time of 10 min. The tempera-
ture was 23°C and 37°C, before and after polymerization,
respectively.

QCM experiments: First, the substrates were modified with
2 mM 16-mercaptohexadecanoic acid in ethanol overnight outside
the flow system. After achieving a stable baseline in PBS, both acti-
vation agents (NHS/EDAC) were introduced and allowed to react
for 10 min in stop flow. Secondly, after rinsing for 20 min with
PBS, saliva was allowed to interact with the surface by pumping
through the sensor surface 400 pL of saliva with a flow rate of
0.1 mL/min. The pump was, thereafter, stopped and the proteins
allowed to interact under static conditions for 1 h. The surfaces
were finally rinsed with PBS buffer until achieving stable
measurements.

Polymerization was carried out outside the flow system in the
same conditions as described before. After polymerization, a new
stable baseline was achieved in PBS at 37 °C with a flow rate of
0.05 mL/min. The removal of salivary proteins from binding sites
was achieved by pumping to the surfaces 500 pL of proteinase Kk,
stopping the flow for 2 h and rinsing the sensors with PBS buffer.

SPR experiments: These were performed in similar conditions
as QCM-D except incubation time of saliva and proteinase k which
were 10 min each and the activation by NHS/EDAC was performed
in continuous flow instead of batch mode.

LSPR experiments: These were performed in similar conditions
as QCM-D and SPR. Activation by NHS/EDAC was performed for
10 min, saliva incubated for 30 min and proteinase k for 2 h at
37 °C, all in batch conditions.

2.7. LSPR interaction measurements

The imprinted materials were placed in a home-made flow cell
(Figure S2, supplementary data). The cell consisted of a chamber
created by two glass sides held in place by a vacuum system with
the flow passing between the two glass substrates. The measure-
ments were performed in a double beam system, with a reference
(two glass slides) and a sample (glass slide/Au nanodisks glass
slide). The flow-rate was controlled by a peristaltic pump and set
to 55 pL/min.

The measurements started by collecting the LSPR extinction
spectra in PBS buffer as a baseline. Before exchanging each solu-
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tion, a spectrum was collected to obtain the LSPR peak position.
After baseline collection, saliva rebinding was achieved by inject-
ing saliva for ~20 min in continuous flow followed by 5 min of
PBS buffer. The buffer was then exchanged for PBS buffer with 5%
ethanol, in order to verify the effect of the buffer on the refractive
index change. Subsequently, increasing concentrations of PGG
solutions were injected in the chamber for 150 s followed by PBS
5% ethanol to wash weakly attached PGG molecules. The surface
rinsing with BPS 5% ethanol for 150 min would simulate the beha-
viour inside the mouth by increasing the pH values to neutral with-
out ignoring the wine effect after consumption (Brand, Fat, &
Veerman, 2009). Spectra were collected from 500 to 900 nm after
150 s in PBS 5% ethanol to assure a stable response. PGG concentra-
tions ranged from 1.0 to 140 uM. The plotted calibration curves
reproduced peak shift versus log cumulative PGG concentrations.

The measurements were carried out using the imprinted and
non-imprinted materials. Additionally, the rebinding to imprinted
materials without saliva also acted as a control.

2.8. Wine characterization

Wine samples were provided by the Portuguese organization
CVRVV, abbreviation for “Comissdo de Viticultura da Regido dos
Vinhos Verdes”, which has kindly characterized all the wine sam-
ples by sensorial analysis. Sensorial analysis was performed by a
tasting panel of three tasting specialists and one panel leader. Sam-
ples were presented to the panel blind and coded. Each tasting
expert performed the sensorial analysis and filled in a sensory
sheets with sensory attributes namely appearance, odour and fla-
vour. The overall verdict is made by all the elements and based
on their tasting records. Sensorial analysis was performed in a
proper and ventilated room at 20 + 2 °C, under natural light. Wine
astringency was classified on a scale of 1-10 with 10 being the
most astringent and 1 the less astringent wine.

These samples were chemically characterized in terms of: total
phenolic content (TPC) determined by UV absorbance at 280 nm of
the absorbance capacity of phenolic rings (Somers & Ziemelis,
1985) (1 mm optical path cell); total proanthocyanic tannins deter-
mined by Bate-Smith reaction which consisted on the acid hydrol-
ysis of condensed tannins, at 100 °C for 30 min, to form the
respective anthocyanins (Ribéreau-Gayon & Stonestreet, 1966);
tannin power to determine the polyphenols capacity to precipitate
bovine serum albumin (BSA) measured by nephelometry (Freitas,
1995); dialysis index to determine the complexity degree of
polyphenols (Glories, 1978; Mateus, Proenca, Ribeiro, Machado, &
Freitas, 2001); free anthocyanins determined by adaptation of
the bisulphite method (Somers & Evans, 1977) and monoglucosidic
anthocyanins determined by HPLC (Roggero, Larice, Rocheville-
Divorne, Archier, & Coen, 1988).

The colour characteristics, were evaluated by the red colour
index (RCI) at A520nm, colour index (CI) A420+A520
+A620 nm, measuring directly absorption at 420, 520 and
620 nm (1 mm optical path), and CIELab colour coordinates (L*,
C*, H*), where L* is the lightness, C* the chromaticity and H* hue,
measured by direct absorption (2 mm optical path) and deter-
mined by ColorWin-MSCV® Coordinates software.

LSPR sensor was used to evaluate the astringency of wine sam-
ples, expressed in PGG. Astringency determination was performed
similarly to the LSPR interaction measurements, but instead of
interacting saliva with PGG, the interaction was made directly with
real wine samples diluted 20-fold. Saliva was injected for ~20 min
in continuous flow for rebinding, thus followed by 90 s in PBS buf-
fer. Sensor devices regeneration was carried out by incubating the
surface in 100 pL proteinase k over-night at 37 °C.

2.9. Statistical treatment

The statistical data analysis was performed by the principal
component analysis (PCA) with the Addinsoft XLSTAT software,
using standardized values as input, calculated as (Valueparameter -
— Averageparameter)/Standard deviationparameter)-

PCA was applied to a data set of 13 attributes (total phenolic
content, proanthocyanic tannins, tannin power, dialysis index, free
anthocyanins, monoglucosidic anthocyanins, colour coordinates,
red colour index, colour index, sensorial astringency and analytical
astringency). Data on the different attributes was used to charac-
terize the 9 wine samples. PCA analysis explains the differences
between wines by means of different attributes indicating which
variable contribute most for the obtained differences.

2.10. B-1,2,3,4,6-Penta-0-galloyl-d-glucopyranose (PGG) synthesis

PGG was synthesized from tannic acid according to the method
of Chen and Hagerman (Chen & Hagerman, 2004). Briefly, 5.0 g of
tannic acid was dissolved in 70% methanol in acetate buffer
(0.1 M, pH 5.0) at 65 °C for 15 h. After this time, the pH of the mix-
ture was immediately adjusted to 6.0 with NaOH. Methanol was
then removed by evaporation under reduced pressure at <30 °C
and extracted with 3 volumes of diethyl ether and 3 volumes of
ethyl acetate. The ethyl acetate extracts were combined and evap-
orated. The resulting suspension was centrifuged, and the precipi-
tate was redissolved by heating in 2% methanol solution. PGG
precipitated as the solution cooled to room temperature and was
collected by centrifugation. PGG was washed twice with an ice-
cold 2% methanol solution and once with ice-cold distilled water.
The final material was lyophilized to yield a white powder with
an overall mass yield of 23%. The purity of the obtained PGG was
assessed by HPLC analysis and 1TH NMR spectroscopy. PGG was
generously provided by the Chemistry and Biochemistry Depart-
ment of Faculty of Sciences of Porto University.

3. Results and discussion
3.1. Molecular imprinted materials

Astringency measures the interaction between proteins and
polyphenols in wines, meaning that an astringency sensor should
have saliva proteins as biorecognition element. But an astringency
sensor should also hold a stable sensing layer, in order to have a
wide lifespan and little storage requirements. In addition, there
are different proteins on saliva interacting with polyphenols, and
therefore the sensing layer should also reflect such complex com-
position. Thus, the development of a biomimetic surface that could
allow reproducing a saliva surface on-site would be of interest.

In this regard, molecularly-imprinted materials are well-known
by their ability to generate biomimetic surfaces, offering good sta-
bility and ability to recognize the imprinted target molecule
(Whitcombe et al., 2011). So, surface imprinting was established
on a gold support having as template the complex saliva matrix.
Rebinding was established when needed with the saliva sample,
followed by interaction with wine polyphenols. The response of
the sensor was checked specifically against PGG and expressed in
PGG equivalents (calibrated by the interaction between salivary
proteins and PGG).

The first stage of the imprinting process consisted of attaching
the proteins from saliva to the gold surface. This was made by
nucleophilic substitution on the carboxyl terminated functional
group of the thiol compound with the primary amine groups in
the proteins. For this purpose, the gold surface was first modified
with a carboxyl terminated thiols over-night, allowing the gold/
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thiol bonding and the ordered packing of the long fatty acid chains
and Van der Vaals interaction. The coupling agents (NHS/EDAC)
were added to the surface, activating the thiol carboxyl groups
through the carbodiimide chemistry, leading to the formation of
amine reactive NHS esters. These esters are very reactive with pri-
mary amines on the exposed surface of proteins, forming stable
amide bonds that result in protein covalent attachment to the
surface.

The imprinted material is obtained next by growing a polymeric
structure around the adsorbed proteins and removing the proteins
from the so formed polymeric moulds. Such moulds should corre-
spond to specific recognition sites on the polymeric matrix, with
the combination of complementary shape, size, orientation and
chemical affinity to the target molecule. Surface imprinting was
the approach taken herein, to increase the number of rebinding
sites formed and facilitate protein removal. The stability of the
imprinted polymer was enhanced by adding TPCA to the surface
with proteins (before polymerization), ensuring that the polymer
formed next would bind covalently to the transducer support.
The affinity between each protein and its binding site was
enhanced by adding two opposite charged monomers (VTAC,
MAA) to the substrate holding the protein covalently attached,
these charged monomers established strong electrostatic and Van
der Vaal's interactions with the proteins, while participating in
the polymerization stage, thereby promoting complementary
mould with charged positions (protein recognition is expected to
rely on its shape and also on its complementary charged positions).
The polymerization took place on the previous surface containing a
mixture of neutral monomer (MA), cross-linker (EDGMA) and ini-
tiator (AP). Such polymeric material is expected to create two dis-
tinct chemistries: the areas around the proteins and the overall
material. The recognition sites (areas with imprinted proteins)
are the ones where the charged monomers remained, providing
the region with the chemical complementarity of proteins. More-
over, the other locations on the polymer surface are neutral in
terms of charge, avoiding competition with binding sites and sub-
sequently leading to an increased selectivity of the polymer to rec-
ognize the imprinted proteins.

After polymerization, the proteins embedded on the polymer
were removed by enzymatic digestion. Proteinase k was added
for 2 h at the optimal temperature of 37 °C to digest the proteins
at the binding sites. The broad cleavage specificity of proteinase
k resulted in several protein fragments which were then washed
away by thorough rinsing with AMBIC and MQ. Simultaneously,
non-imprinted materials were also produced exactly in the same
way with exception of the protein covalent attachment step, to
act as experiment controls.

The imprinted polymer materials resulted in complex sensing
surfaces based on the large variety of proteins in saliva which were
then characterized by QCM-D, SPR and LSPR before the wine sam-
ples analysis.

3.2. Characterization of saliva layer by QCM-D and SPR measurements

Molecular imprinted polymers specific for salivary proteins
were characterized by the combination of QCM-D and SPR
experiments.

The QCM-D experiments were performed on a flat gold chip
measuring frequency and dissipation shifts over time. Prior to the
start of the measurements the gold surfaces were chemically mod-
ified with carboxyl terminated thiol. The surfaces were then placed
in the QCM-D chamber with a constant flow in order to initiate the
covalent immobilization of proteins from saliva. Fig. 1A shows the
saliva immobilization step which consisted of: a) the activation of
the carboxyl terminated thiol by NHS/EDAC injection and; b) cova-
lent binding of salivary proteins. The imprinting step was per-

formed outside the chamber over-night at 39 °C. The substrate
was then replaced in the chamber until reaching a stable baseline
at 37 °C and c*) exposed to proteinase k for 2 h with stop flow.

Surface activation slightly decreases frequency and increases
dissipation, whereas the salivary proteins induce a large and irre-
versible protein attachment of ~50Hz reducing the frequency
and increasing dissipation. After the imprinting step, QCM-D mea-
surements were also performed to evaluate the protein removal
step. Proteinase k induces an increase in frequency of ~25Hz
and a decrease in dissipation, indicating that only salivary proteins
are being removed from the polymer material.

According to Fig. 1B, the comparison dissipation versus fre-
quency shows the relationship between mass adsorbed per unit
mass on gold with changes in rigidity. During protein attachment
we can see a linear behaviour in the beginning of the process which
becomes slightly curved until the end, indicating possible confor-
mational changes of the protein layer or change in the hydration
state. During protein removal the AD/AF value is linear and signif-
icantly constant when compared to the attachment step support-
ing the idea that the kinetics for protein removal is slower and
does not involve conformational changes.

Considering the high values of dissipation obtained herein and
that proteins form non-rigid layers, the accurate quantitative anal-
ysis using dissipation and frequency values should be calculated by
the Voigt viscoelastic model. The model was applied to analyze the
measured changes in frequency, Af, and dissipation, AD, for con-
stant values of bulk fluid density, bulk fluid viscosity and protein
layer density in order to extract information on layer thickness
(m), shear elasticity (Pa) and viscosity (kg/ms). The thickness and
density parameters are not independent variables, therefore the
model generates pares of thickness and density values (Q-tools
software 2.0.6, Q-sense AB). These two parameters allow the calcu-
lation of the total Voigt mass of the film (layer density times effec-
tive thickness), which includes both protein and water mass.
However, to calculate the effective film thickness, the layer density
needs to be independently known. In order to calculate the effec-
tive density of the protein layer, additional information on the pro-
tein mass is required and it can be obtained by an independent
measurement as SPR. The SPR mass can be calculated based on
the change in the resonance angle via Eq. (1)

dc A0

mSIJr = d%kl _ e*Zd/Idemy (1)
where d (m) is the effective thickness of the film obtained from
QCM-D modelling, dc/dn (kg/m?) is the inverse refractive index
increment for the adsorbed molecule, k (deg™!) is the sensitivity
factor of the system, A0 (deg) is the change in resonance angle
and lgecay (M) is the decay length of the evanescent field. The values
for k and lgecay where assumed according to the values obtained by
Malmstrom et al. (Malmstrom, Agheli, Kingshott, & Sutherland,
2007) whereas dn/dc was calculated using the experimentally
determined value of 0.173 mL/g.

SPR measurements, Fig. 2, allowed the dry mass quantification
of protein layer covalently immobilized (without considering
water molecules) which was then used to calculate the effective
density.

The QCM-D modelling provided the effective thickness of the
protein layer for a given density. The dry protein density was set
to 1330 kg/m?> (Hook et al., 2002), and the initial guess for the layer
density, generating a result for the effective thickness and layer
density used to calculate the total Voigt mass. The combination
of Voigt mass and SPR mass through Eq. (2) allowed the calculation
of the effective density of protein layer.

o Myoigt (2)
p layer = “mgpg Mypiget —MspR
Pprotein Pwater
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Fig. 1. QCM-D measurements (A) showing the change in frequency and dissipation shifts during the imprinted process on the Au nanodisk (a) activation of the Au surface (b)
saliva adsorption (¢*) introduction of proteinase k in the system at 37 °C and stop of the flow rate (c**) restart of flow rate for saliva removal. (B) QCM-D data plotted as change
in dissipation versus change in frequency for saliva adsorption and removal. The arrows indicate the experimental flow.
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Fig. 2. SPR experiments of the molecular imprinting process. (a) Activation of the Au surface (b) saliva adsorption (c) polymerization of molecular imprinted material (d)
saliva removal by proteinase k at 37 °C.

The effective layer density obtained by Eq. (2) was then used in The covalent attachment of salivary proteins on a gold surface
QCM-D modelling to obtain a new layer thickness and density in a showed a thickness of ~14 nm, which is reasonable for a mono-
continuous iterative process until convergence was reached. The layer of mixed proteins (Warkentin, Walivaara, Lundstrom, &
mass and thickness obtained by QCM-D and SPR for the salivary Tengvall, 1994). The layer indicated high hydration with ~89%
protein layer are summarized in Table 1. water, following the trend that larger proteins result in more
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Table 1
Summary of results obtained from QCM-D and SPR measurements for saliva
immobilized on Au surface.

Viscoelastic model

Layer properties Saliva adsorption

Mqem (wer), NE/cm? 1476 £ 176
Mspr (DRy) NG/CM? 167.6 £0.9
Calculated Thickness, nm 143+1.8
Calculated Density, kg/m> 1029.3 +3.3
Layer Hydration level 89%

Raw data

Layer properties Saliva adsorption Saliva removal

RUspr 1885 +31 —1454+313
SPR, ng/cm? 154.6 £2.5 -1193 £25.7
Af QCM, Hz —52.7+28 24507
AD QCM(x10°°) 6.15+0.1 -2.0+0.8

hydrated protein layers. The salivary protein layer (which contains
a mixture of proteins including many glycosylated proteins
(Guerreiro et al., 2016)) showed a density of 1029.3 £ 3.3 kg/m°,
which corresponded to the mass ratio of water to protein of 8
(Malmstrom et al., 2007). The combination of QCM-D and SPR
has allowed quantifying the properties of the salivary proteins
layer formed when covalently attached to a gold surface. Addition-
ally, salivary proteins removal was also followed as can be seen by
the raw QCM-D and SPR data, indicating that most proteins were
not trapped on the molecular imprinting polymer which is essen-
tial to further protein recognition during rebinding events. Model-
ling of the QCM-D data during protein removal did not fit the
experimental data probably due to the non-continuous nature of
any remaining protein.

3.3. LSPR combined with MIP sensor

To understand the interaction within salivary proteins and pen-
tagalloyl glucose (PGG) molecular imprinting, stabilized polymers
were combined with Au nanodisks arrays. First, Au nanodisks
(diameter 100 nm and 20 nm height) were fabricated on glass sub-
strates through hole mask colloidal lithography (Fredriksson et al.,
2007). Briefly, PMMA polymer is spin coated on the clean glass
samples to give a 200 nm thick layer followed by polyelectrolytes
assembly. Basic electrostatic self-assembly to adsorb the charged
polystyrene particles 100 nm (PS) onto the oppositely charged sub-
strate by random sequential absorption (Adamczyk, Siwek,
Zembala, & Belouschek, 1994). The repulsion within negatively
charged polystyrene particles contributes to particle adsorption
with similar short range distance between them. A Ti film of
20 nm was then evaporated by physical vapour deposition (PVD)
to generate the hole-mask. Prior to 2 nm Ti and 20 nm Au evapora-
tion by PVD, PS particles were removed and the exposed PMMA
was etched away by Reactive-ion etching (RIE). The last step was
the mask lift-off with acetone to create Au disks. Au disks were
always cleaned prior to the sensing experiments. The molecular
imprinted polymer was developed based on surface imprinting,
in the same approach as for QCM-D and SPR experiments. Salivary
proteins were covalently immobilized on the surface through
amine coupling, followed by electrostatic interaction with the
charged monomers and thiol monomer individually. The next step
involved the molecular imprinting polymerization under mild con-
ditions. Enzymatic protein digestion by proteinase k was used to
remove the salivary proteins from the imprinting sites. The
imprinting steps on Au disks were controlled by optical extinction
spectroscopy. In parallel, and by excluding the salivary protein
immobilization step, non-imprinted materials (NIP) were pro-
duced for control purposes. The imprinted materials (MIPs) and

NIPs were used for salivary proteins rebinding followed by PGG
interaction.

The fabricated Au disks showed a LSPR peak position of
697 + 3 nm, before any chemical modification and in PBS pH 7.
The small variation in the initial peak position for different sensor
surfaces did not represent a problem for sensing because it is in the
same spectral region and the detection would be based on peak
shifts rather than peak positions. The subsequent modification
steps of the Au disks were followed by LSPR, and can be seen in
Fig. 3A. The covalent attachment of salivary proteins onto Au nan-
odisks induced an average peak shift of 7.3 £ 1.1 nm, showing more
effectiveness than physical adsorption of saliva. This result sug-
gested that during physical adsorption proteins may undergo con-
formational changes, and one protein molecule might occupy a
larger surface area than an unfolded protein. The high peak shifts
of saliva proteins resulted from the refractive index increase close
to the metal nanostructure providing a red shift of the plasmon
peak. The formation of polymer around the nanostructures pro-
vided a blue shift of 1.4+ 0.7 and a red shift of 3.5+ 1.3 nm for
MIP and NIP, respectively. The blue shift verified for the MIP might
result from some protein loss during polymerization considering
that NIP showed a red shift which is still inferior to the total shift
obtained by the MIP. The enzymatic digestion of salivary proteins
by proteinase k resulted in the blue shift for both materials
whereas peak shift for NIP materials were negligible with
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Fig. 3. (A) Molecular imprinting of saliva on Au nanodisks (¢ 100 nm) followed by
LSPR. Disks (Blue square), Disks/salivary protein (orange triangles), Disks/salivary
proteins/Molecular imprinted polymer (green circles) and Disks/salivary proteins/
Molecular imprinted polymer/Enzymatic proteins removal by proteinase k (purple
diamonds). (B) LSPR calibration curve obtained for the interaction rebind salivary
proteins and PGG, for the imprinting sensor materials with and without saliva
rebinding. Inset: linear relation of peak shift versus log PGG concentration.
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0.4 £0.02 compared to 2.8 +0.7 nm for MIP. These results were
consistent with the QCM-D and SPR, showing efficient salivary pro-
teins removal. At this stage both imprinted and non-imprinted
materials were ready to be applied in the interaction studies.

The first rebinding was performed by incubating salivary pro-
teins for ~20 min with the sensing surface in continuous flow. In
this, the refractive index increased around the metal disks provid-
ing a red peak shift of 1.75 +0.76 and 0.75 + 1.12 nm for MIP and
NIP, respectively. The absolute peak shift for saliva digestion is
slightly lower than the rebinding, indicating that for MIP ~65%
binding sites were occupied by salivary proteins. Considering the
NIP material, even though rebinding seems to some extent large,
the rebinding is inconsistent resulting in unsystematic non-
specific binding. The interaction with PGG was then carried out
for 150 s in continuous flow followed by another 150 s of PBS 5%
ethanol rinsing before taking the spectra. The interaction was
established between salivary proteins and PGG solutions with
increasing concentrations, ranging from 1.0 up to 140 uM. The
response showed a linear red shift variation with the increasing
concentrations. Fig. 3B displays the spectra shifts that corre-
sponded to different PGG concentrations: the lowest PGG concen-
tration corresponded to the grey curve and the highest
concentration to the blue curve. The peak shift obtained for the
lowest concentration was 0.39 + 0.07 nm whereas for the highest
concentration the peak shift achieved 2.00 + 0.41 nm.

The stable red shift indicates that the binding of PGG to salivary
proteins is strong with PGG remaining on the surface even after
rinsing. The red shift for salivary proteins and for the highest
PGG concentration is similar, but this does not mean that saliva
and PGG bind with the same mass. The peak shift is based on the
refractive index change around the metal nanodisks and PGG has
arefractive index contribution around three times higher than sali-
vary proteins. Thus, while the refractive index change of PGG inter-
action is larger than that generated by the protein layer formation,
the amount of PGG should be lower.

For the controls, NIP and MIP without rebinding, the lower PGG
concentration provided a peak shift of 0.25+0.03 and
0.18 £0.08 nm while the highest PGG concentration was
1.60 £0.40 and 1.57 £0.03 nm, respectively. The controls had a
similar behaviour, although the MIP with salivary proteins rebind-
ing allowed obtaining higher and more stable responses. Indeed,
the NIP response indicated that PGG interacted easily with the
polymeric film used to imprint salivary proteins, a response that
had no contribution to astringency. In turn, the rebinding of PGG
to the MIP film was assumed to occur only on the protein layer,
as the surface should be fully covered by saliva proteins. Thus, only
the MIP response was directly linked to astringency, and the inter-
action between PGG and the control polymer is not relevant,
assuming that the sensing surface was fully covered by proteins.

The results suggested that the interaction of complex protein
matrix (saliva) with PGG could be assessed through the LSPR sen-
sor, meaning that the system could be used to estimate wine
astringency. For this, nine samples of 2012 red vinho verde from
the Demarcated Region of Vinho Verde (Lima’s sub-region) were
used. Astringency estimation was carried out similarly to the inter-
action between saliva and PGG, however, in this case, PGG solu-
tions were replaced by wine samples previously diluted 20-fold
in PBS 5% ethanol.

The same samples were also analysed in terms of astringency
through a sensorial panel (1-9 - lowest to the highest astringency
level) in order to compare the two different methods. The peak
shifts obtained by wine were used to calculate the PGG concentra-
tion and therefore estimate astringency expressed in PGG concen-
tration. With no exception, all wines presented a red shift ranging
from 0.12 to 0.97 nm, indicating that wine polyphenols were able
to interact with the salivary proteins present on the LSPR sensor.

The results in Table 2 showed the existence of a correlation
between sensorial astringency and LSPR sensor astringency (with
exception of wine G) and small deviations for most wines. The
application of the LSPR sensor allowed the study of two complex
matrices simultaneously, the saliva and red wine, showing good
correlation with the sensorial panel.

Wine astringency estimation through a LSPR sensor was suc-
cessfully applied in terms of PGG concentration. However there
are many other compounds in the wines that may contribute to
astringency, turning wine chemistry a crucial tool in this field.
Thus, the wine samples were chemically characterized next, aim-
ing to understand and support the previous data with other analyt-
ical tools.

3.4. Wine characterization

The wine samples were chemically characterized in terms of
total phenolic content (TPC), proanthocyanic tannins, tannin
power, dialysis index, free anthocyanins, monoglucosidic antho-
cyanins and in terms of colour (colour coordinates L*, C*, H*; red
colour index (RCI) and colour index (CI)). The samples were also
tested for astringency sensorial analysis, performed externally
(Comissdo de Viticultura da Regido dos Vinhos Verdes - CVRVV
in Portugal) by an expert panel. Sensorial astringency was then
compared with the analytical astringency measurements by LSPR
sensor (LSPR astringency) and used as a reference.

To better understand the relationship between both astringency
evaluation and the wine chemistry, principal component analysis
(PCA) was performed on the full data set. PCA shows that sensor
response for astringency and sensorial astringency are similar
and also allowed to group wine samples into three subgroups.

First, PCA was applied to all the data of chemical and astrin-
gency evaluation. As shown in Fig. 4A biplot, the first component
F1 accounts for 55.1% of variance and the second component, F2,
for 19.9% (sum 75%). Generally, three main clusters of wine sam-
ples are revealed; one cluster (wine A and B) presents negative
scores in PC1 while the other two clusters are positive. Within
these two clusters, one contained four wine samples (wine C, D,
G and F) with positive scores in PC2, and three wines with negative
scores in PC2 (wine E, H and I). Regarding the variables, only two
colour coordinates are presented in negative scores of PC1, while
all the others are in the positive. This that wine samples A and B
have the lower colour index and the higher lightness, meaning
lower opacity and consequently lower colour intensity. For the
PC2, LSPR astringency, monoglucosidic anthocyanins and tannin
power are the dominant variables. For the cluster with wine sam-
ples C, D, G and F with positive scores in PC2 correspond to the
samples with higher tannin power while the cluster with wine E,
H and I have higher astringency levels. An interesting fact is that
tannin power and LSPR/sensorial astringency are in opposite posi-
tions, indicating that polyphenols ability to precipitate proteins (in
this case BSA) does not correlate well with astringency and there-
fore precipitation methods might lead to inaccurate astringency
measurements (Mateus, Pinto, Ruao, & de Freitas, 2004 ). Moreover,
both sensorial and LSPR astringency have similar positions in the
biplot, showing that LSPR astringency can be used as an individual
tool to estimate the parameter. Consistent with sensorial analysis,
the wine samples classified as intermediate astringency levels are
also positioned in slightly lower astringency intensity.

The wines that present higher reactivity toward BSA (tannin
power), dialysis indexes, proanthocyanic tannins and total pheno-
lic content were considered by the panel as medium astringency
samples. Dialysis index is related to the complexity of tannins
structure: the most complex structured tannins or highly charged
molecules crossed the pores of a dialysis membrane at a slower
rate than smaller molecules with lower charges. High dialysis
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Table 2
LSPR response and astringency estimation expressed in PGG versus sensorial analysis for red wine samples.

Wine Astringency intensity Peak shift, nm Astringency, expressed in PGG, uM RSD%

A 1 0.33+0.16 66 +2 4

B 2 0.57 £0.21 748 £ 95 13

C 3 1.10+0.33 627 +93 15

D 4 0.67 £0.32 896 +72 8

E 6 0.93 +0.40 3585 +224 6

F 7 1.12+0.63 13,326 +4159 31

G 8 1.19+0.21 14,901 + 5439 37

H 8 1.40 £ 0.66 15,019 +1183 8

I 9 1.49+0.88 21,101 £ 8305 39
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Correlation between wine astringency, expressed in PGG versus sensorial panel analysis.

index indicated high structural complexity of wine compounds and
in general, the ability of polyphenols to interact with proteins
increases with polyphenols complexity. However, the precipitation
ability of polyphenols is not a linear effect due to steric effect.

The wines with medium/high astringency sensorial analysis
were also recently tested for prodelphinidin content (Teixeira,
Azevedo, Mateus, & de Freitas, 2016). Several dimeric prodelphini-
dins were detected which can mean higher astringency. Vidal et al.
refers that increased galloylation can be responsible for increased
coarseness (rough texture, related to the feel of coarser grade
emery paper) of the samples, whereas the trihydroxylation of the
B-ring could decrease coarseness (Vidal et al., 2004). However, only
medium astringency sensorial analysis wines were found to have
trimeric prodelphinidins.

The biplot also indicated that samples with high astringency
(sensorial and LSPR) correlated with high levels of colour index,
red colour index, free anthocyanins and monoglucosidic antho-
cyanins. The red colour index might also be intensified by
co-pigmentation events between anthocyanins and flavan-3-ol
monomeric forms. Wine samples with high free anthocyanins con-
tent also showed high content for monoglucosidic anthocyanins
indicating that these samples are likely to be young wines. Antho-
cyanins are the pigments responsible for wine red colour, thus high
values for colour and red colour index are dependently correlated.
Surprisingly, biplot suggests an intense relation between astrin-
gency, anthocyanins content and red colour. However, it is not
yet clear to the scientific community the role played by antho-
cyanins in astringent perception (Soares, Branddo, Mateus, &
Freitas, 2015), (Ferrer-Gallego et al, 2015). Even though the

anthocyanins were considered non-astringent compounds, recent
works have proved that anthocyanins can also interact effectively
with salivary proteins (Ferrer-Gallego et al., 2015). Anthocyanins
with great effect in red wine colour, were also pointed out as con-
tributors for wine taste such as bitterness (Soares et al., 2013) and
astringency. However, more work must be done in order to better
clarify these sensorial properties of anthocyanins.

Therefore, the developed LSPR sensor seemed to be a useful tool
to assess astringency by distinguishing and ranking the wine sam-
ples in terms of astringency levels, independently of the polyphe-
nol content analysis.

The biplot showed that both sensorial astringency and LSPR
astringency presented similar results, therefore a direct correlation
of these two measurements was evidenced. Fig. 4B shows the rela-
tion between wine astringency expressed in PGG versus the sen-
sory panel astringency, thus indicating the close agreement
between both methodologies, as previously shown by the biplot.
The linear correlation between these followed the equation.

AStringency..soria = 0-0003 x Astringency, gpg
+ 2.8 with a correlation coefficient of 0.85

4. Conclusion

Here we applied a plasmonic/molecularly imprinted technology
to study the molecular interactions of polyphenol compounds and
saliva as the complex protein matrix to estimate astringency. We
have quantified the saliva layer attached to the surface by QCM-
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D and SPR techniques, to optimize the imprinting step of saliva.
LSPR combined with surface imprinted polymers were then used
to monitor polyphenol interactions with salivary protein and fur-
ther astringency estimation, when applied to a range of real wine
samples.

Astringency estimation was successfully applied to wine sam-
ples giving a response that was independent from individual chem-
ical characterization. The LSPR astringency and sensorial analysis
obtained from a trained sensorial panel correlated well, allowing
the proposal of this method as a quantitative approach for real
and practical application during wine production.
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