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In this research, a novel fluorescent sensor array based on upconversion nanomaterials (UCNPs) for the
discrimination of the same variety red grape wines from different manufacturers was developed. The
sensor array was composed of six elements: one positively charged UCNPs modified with guanidine
groups (UCNPs@GDN), two negatively charged UCNPs modified with sulfonic acid groups
(UCNPs@SO3zH) and phosphonic acid groups (UCNPs@PO(OH),), respectively, and their mixture 1
(UCNPs@GDN + UCNPs@SOsH), mixture 2 (UCNPs@GDN + UCNPs@PO(OH);) and mixture 3
{UCNPs@GDN + UCNPs@SOzH + UCNPs@PO(OH),}. The discrimination mechanism is mainly attributed
to the emission of those upconversion fluorescent nanoparticles being quenched by organic ingredients
that usually exist in red grape wines. The discrimination of red grape wines was carried out by employing
UCNPs@GDN, UCNPs@SOzH and UCNPs@PO(OH), in pH = 7.0 HEPES buffer, the mixture 1 and mixture
2 in pH = 9.0 PBS buffer, and mixture 3 in pH = 6.0 Tris—HCl buffer. Principal component analysis (PCA)
of the data obtained from our established array showed obvious distinction among the nine red grape
wines from different manufacturers. The present work is expected to inspire more marvellous research
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Introduction

Red grape wine is gaining popularity among people. Recently,
red wine fraud is becoming widespread with increasing glob-
alization. Some manufacturers made and sold counterfeit and
shoddy products under the drive of interest. One of the most
common types of fraud is that wines are adulterated, usually
with the addition of cheaper raw materials (e.g. sugars,'
ethanol?), harmful chemicals (e.g. lead-infested syrup,® indus-
trial grade glycerol*) and other additives.> Another is counter-
feiting and relabelling of inferior and cheaper wines to more
expensive brands.® The struggle against wine fraud is becoming
more and more important. Therefore, many different methods
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in the fields of UCNPs and red grape wines identification.

for counterfeit and shoddy wine identification have been
developed within the past decades, among them the use of mass
spectrometry,® UV-visible (UV-vis),” mid-infrared (IR) spectros-
copy® and gas chromatography.® Even though these techniques
have been demonstrated with success to a certain extent, some
disadvantages including expensive equipment and preliminary
procedures of sample purification have hampered the wide
application of these techniques in rapid identification.

A sensor array, a mimics biology differential sensing
approach, differentiates similar analyte based on the non-
specific interaction collections between cross-reactive recep-
tors and analyte.” Compared with traditional sensing
methods,*"* sensor array is composed of the same property
many of or different kind sensor elements. And a unique result
is got when the same object is inspected. This approach is
suitable to distinguish falsification, varieties and sample clas-
sification. According to the kinds of output signals, it can be
classified into three categories: optical, gravimetric, or elec-
trical. In terms of red wine analysis, electronic sensor arrays
have been applied to analysis the composition.”*** In addition,
several reports have focused on the identification of different
types,'®"” different varieties'®?® and different aging times*"** of
red wines. Although electronic sensor array seems to be prom-
ising, tremendous efforts are still needed to circumvent unsta-
bility caused by the aging of the active surface of electrical
sensors and sensitivity to humidity."® Optical sensor arrays, the
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newly developed detection method, is attracting more and more
attentions, and has been widely used to identify gas, organic
small molecules, biomacromolecules and cells.?*2* Suslick
et al.”® demonstrated a colorimetric sensor array based on
nanoporous pigments produced by immobilizing pH indicators
in siloxanes for the differentiation among 19 different toxic
industrial chemicals. Hamilton et al.*’ constructed an 8-por-
phryin fluorometric array for the recognition of metal and non-
metal containing proteins, and demonstrated that the array
resolution should be improved by increasing the number of
porphyrin in order to differentiate more target proteins. Bunz
et al. developed a series of sensor array based on water soluble
fluorescent conjugated polymers for identification of cells*®
white wines,* nonsteroidal anti-inflammatory drugs,* organic
acids,®* aromatic carboxylic acids,** fruit juices,* whiskies,**
and saccharides.® Anslyn et al.'® identified six varieties of red
grape wines based on a colorimetric sensor array of peptides,
metals and indicators, however, such sensor array is failed to
discriminate the same variety of red grape wines. In most of
these sensor arrays, however, small molecule organic
compounds and conjugated polymers are usually utilized as
signal element, for which it is difficult to avoid background
fluorescence interference. To circumvent the drawback, various
types of fluorophores with negligible background interference
are urgently demand to construct more kinds of sensor arrays
for various complex samples.

Upconversion nanoparticles (UCNPs) can absorb lower-
energy photos and emit high-energy photons. Such materials
have many advantages, such as high imaging sensitivity, low
toxicity, deep tissue penetration, long lifetime fluorescence, less
tissue photodamage, and negligible autofluorescence back-
ground. These advantages make the UCNPs particularly attrac-
tive for sensor, biological imaging®*® and drug delivery.’” In the
past few years, several groups have developed UCNPs-based
fluorescence sensor to detect mycotoxins,*® water,* glucose,*
diclofenac,** explosives** and protein.**** However, to the best
of our knowledge, the feasibility of UCNPs as fluorophore in the
field of sensor array has not been investigated.

At the present research, we attempted to construct a novel
fluorescent sensor array based on UCNPs to identify the same
variety red grape wines from different manufactures. To accom-
plish this goal, we modified UCNPs with phosphonic acid groups,
sulfonic acid groups and guanidine groups, respectively, and the
resulted fluorescent materials were chosen as fluorophore to
construct a new fluorescent sensor array. The new optical sensor
array is composed of six elements to identify the same variety of
red grape wines. As showed in Scheme 1, when the sensor array
meets with red grape wines from different manufactures, their
fluorescence intensity could be partly quenched.

Materials and methods

Materials and chemicals

S-Ethylisothiourea hydrobromide and 1-octadecene (ODE, 90%)
were purchased from TCI chemical (Tokyo, Japan). Tetraethyl
orthosilicate (98%), Y(CH3;COO);-4H,O (99.9%), Yb(CHj;-
C00);-4H,0 (99.9%), Er(CH;CO0);-XH,O (99.9%) and
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Scheme 1 Schematic illustration for the identification of red grape
wines.

vinylphosphonic acid were obtained from Sigma Aldrich (St
Louis, USA). 3-Mercaptopropyltriethoxysilane was purchased
from  J&K chemical (Beijing, China). Amino-
propyltriethoxysilane (AMEO), allyltriethoxysilane and oleic
acid (OA, 90%) were got from Alfa aesar Co. Ltd (Massachusetts,
USA). 2,2-Azobis(isobutyronitrile) (AIBN) and Triton X-100 were
purchased from GFCO chemical (Hongkong, China). Hydrogen
peroxide (30%), ethanol absolute, cyclohexane (95%), methanol
(99.5%), tannic acid and ammonia solution (wt 30%) were ob-
tained from Sinopharm chemical reagent Co. Ltd (Shanghai,
China). All red grape wines were purchased from their origin
(seeing Table S27 for details). All other chemical reagents were
of analytical grade and used as received.

Synthesis of UCNPs

NaYF,:Yb (20%), Er (2%) nanoparticles were synthesized
according to the literature previously reported with a slight
modification.* Briefly, 1 mM Ln (CH3;COO); (Ln =Y, Yb, Er) was
added to 100 mL three-neck flask containing OA (6.00 mL) and
ODE (17.00 mL). The solution was heated to 100 °C under
vigorous stirring, evacuated, heated to 160 °C and kept for
30 min, then cooled to room temperature. Methanol solution
(10.00 mL) containing NaOH (100.00 mg) and NH,F (148.00 mg)
was slowly added to the reaction mixture. After kept for 30 min
at room temperature, the system was heated to 100 °C to remove
methanol. Then, the solution was heated to 300 °C, and kept for
1 h. Finally, the solution was cooled down to room temperature,
and the resulted UCNPs were collected by centrifugation,
washed with ethanol three times, and dried in air. All reactions
were carried out in argon except evacuation.

Synthesis of UCNPs@GDN

UCNPs@GDN was prepared following our previously report.*
UCNPs@NH, (20.00 mg) and S-ethylisothiourea hydrobromide
(10.00 mg) were added to 100 mL flask containing 10 mM of
phosphate buffered saline (PBS, 30.00 mL), then the solution
was heated to 70 °C under argon atmosphere. After 3 h, the
solution was cooled to room temperature. UCNPs@GDN was
obtained by centrifugation, washed with ethanol, followed by
water several times.

This journal is © The Royal Society of Chemistry 2019
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Synthesis of UCNPs@SO;H

The UCNPs@SO;H was fabricated as the following procedure.
UCNPs (0.12 mM) was dispersed in the mixture of 18.00 mL
cyclohexane and 0.30 mL Triton X-100 in 50.00 mL flask under
stirring. After kept the system for 10 min, 0.24 mL ammonia
solution (wt 30%) and 1.20 mL Triton X-100 were added.
Subsequently, the system was sealed and sonicated for 20 min
to form a transparent solution. Tetraethyl orthosilicate (120 pL)
was slowly dropped into the reaction mixture. After 2 h, 75.0 uL
3-mercaptopropyltriethoxysilane was added, and the solution
was kept for 48 h under stirring. The resulted product was
collected by centrifugation, washed and dried in air. The
product was dispersed in distilled water. Then, 10.00 mL
hydrogen peroxide (30%) was slowly dropped. After stirred for
24 h at room temperature, the UCNPs@SO;H was obtained by
centrifugation, washed three times with water and dried in air.

Synthesis of UCNPS@PO(OH),

Allyltriethoxysilane (0.12 mM), vinylphosphonic acid (0.12 mM)
and AIBN (0.03 mM) were added to 50 mL flask containing
cyclohexane (18.00 mL). The mixture was stirred for 12 h at
60 °C, and the poly(allyltriethoxysilane-co-vinylphosphonic
acid) was obtained. UCNPs (24.72 mg) were dispersed in cyclo-
hexane containing 0.30 mL Triton X-100. After vigorously stirred
for 10 min, 0.24 mL ammonia solution (wt 30%) and 1.20 mL
Triton X-100 were added into the solution, the system was
sealed and sonicated for 20 min to form a transparent solution.
Then, 120 pL of tetraethylorthosilicate was slowly dropped into
the reaction mixture. After 2 h, 6.00 mL poly(-
allyltriethoxysilane-co-vinylphosphonic acid) was dropped into
the previous mixture, and stirred for 48 h. Finally,
UCNPs@PO(OH), was collected by centrifugation, washed three
times with water and dried in air.

Characterizations

The size and shape of the as-prepared products were character-
ized by transmission electron microscopy (TEM) (2010 FEF, JEOL,
Japan) with an attached energy-dispersive X-ray spectroscope
(EDS). Powder X-ray diffraction (XRD) patterns of the dried
powders were measured on a Siemens D5005 X-ray powder
diffractometer (Bruker, Germany) at a scanning rate of 1° min "
in the 26 range from 20° to 70°. Fourier transform infrared (FT-
IR) spectra (4000-400 cm ') were carried out by using a Vector
22 FT-IR spectrophotometer (Bruker, Germany). Fluorescence
spectra were performed on an F-2500 Fluorescence spectrometer
(Hitachi, Japan) equipped with an external 980 nm laser (Beijing
Viasho Technology Co.) instead of internal excitation source. The
datas of zeta potential were got on a ZS 90 zeta potentiometer
(Malvern, UK). The picture was drawn by Origin 8.

Fluorescence response of sensor array to ingredients of red
grape wine

PBS buffer (10 mM) was made with the pH range from 4.0 to
11.0 by dissolving sodium phosphate dibasic dodecahydrate
into water and adjusting with disodium hydrogen phosphate

This journal is © The Royal Society of Chemistry 2019
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dodecahydrate solution to desired pH. Other buffer solutions
such as Tris-HCI (10 mM) with the pH range from 4.0 to 9.0 and
HEPES buffer (10 mM) with the pH range from 7.0 to 11.0 were
prepared in the similar way.

The solution containing 0.20 mg mL™" of materials were
prepared by adding fluorescent materials to proper buffer. Here,
UCNPs@GDN, UCNPs@SO;H and UCNPs@PO(OH), were added
to HEPES buffer (pH 7.0). (UCNPs@GDN + UCNPs@SO;H) and
(UCNPs@GDN + UCNPs@PO(OH),) were dispersed in PBS buffer
(pH 9.0). {UCNPs@GDN + UCNPs@SO;H + UCNPs@PO(OH),}
was put into Tris-HCI buffer (pH 6.0). Then 1.00 mL of solution
containing 0.20 mg mL ™' of fluorescent materials was mixed
with 1.00 mL of solution containing different wine ingredients
(shown in Table S1t). The fluorescence intensity of the system
was then checked at the emission wavelength of 551 nm with the
excitation wavelength of 980 nm.

Fluorescence response of sensor array to tannic acid

The solution containing 0.20 mg mL™' of materials were
prepared by adding fluorescent materials (UCNPs@GDN,
UCNPs@SO3;H, UCNPs@PO(OH),, mixture 1, mixture 2 or
mixture 3) to proper buffer. Then 1.00 mL of solution contain-
ing 0.20 mg mL™" of fluorescent materials was mixed with
1.00 mL of tannic acid (5.0 uM) solution. The fluorescence
intensity was then checked at the emission wavelength of
551 nm with the excitation wavelength of 980 nm.

Identifying of red grape wines based on fluorescence sensing
array

UCNPs@GDN, UCNPs@SOz;H and UCNPs@PO(OH), were
dispersed in HEPES buffer solution (pH = 7.0), respectively.
Mixture 1 and mixture 2 were dispersed in PBS buffer solution
(pH = 9.0), respectively. Proper amount fluorescent materials
(mixture 3) was dispersed in Tris-HCI buffer solution (pH = 6.0).
Then, 0.20 mL red grape wines were mixed with 1.80 mL buffer
solution containing 0.20 mg mL ™" of fluorescent materials. The
fluorescence intensity was then checked at the emission wave-
length of 551 nm with the excitation wavelength of 980 nm.

Principal component analysis (PCA)

Principal component analysis (PCA) is a method of mathemat-
ical transformation. It transforms a set of related variables into
another group of irrelevant variables through linear trans-
formation. The central idea of principal component analysis is
to reduce the dimensionality of a data set. This reduction is
achieved by transforming to a set of principal components,
which are ordered so that the first few retain most of the vari-
ation present in all original variables.

Results and discussion
Characterization of upconversion fluorescent materials

In this research, the novel type materials with strong upcon-
version fluorescence have been produced for distinguishing the
same variety red grape wines. In order to achieve this goal,
UCNPs with a small particle size (from 40 to 50 nm) were

RSC Adv., 2019, 9, 7349-7355 | 7351
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prepared by solvo-thermal method. The resultant UCNPs were
further modified by reversed micro-emulsion method to obtain
one positively charged material (UCNPs@GDN) and two nega-
tively charged materials (UCNPs@SOs;H and UCNPs@PO(OH),).
The fluorescence spectra of those nanomaterials were obtained
by laser excitation under the same test conditions. They all have
fluorescence peaks at 365 nm, 413 nm, 478 nm, 551 nm and
665 nm, and the fluorescence peak at 551 nm has the largest
peak value (Fig. S1t). Thus, the change of fluorescence value at
551 nm was used as the reference of this experiment. And the
size and shape of the as-prepared UCNPs were characterized by
TEM. We can observe that these nanoparticles possess obvious
crystal stripes, and their morphology were hexagonal, mono-
disperse, uniform, and narrow in size distribution (Fig. 1(a)).
After modified with sulfonic acid, a thin layer of materials was
formed on the surface of UCNPs (Fig. 1(b)). These results indi-
cated that sulfonic acid groups have been grafted to the surface
of UCNPs. Similar results were also obtained for UNCPs func-
tionalized with phosphonic acid groups (Fig. 1(c)) and guani-
dine groups (Fig. 1(d)), respectively. These present results may
demonstrate that all target fluorescent materials have been
successfully obtained.

In order to further determine the crystal structure of the
resulted fluorescent materials, XRD analysis was carried out. We
could see that UCNPs display the diffraction peaks positioned at
20 of 29.74°, 30.64°, 34.82°, 39.58°, 43.36°, 46.26°, 51.86°, 52.92°,
53.54°, 55.12°, 61.12° and 62.14° (Fig. S2(a)f). These values are
agreed well with the standard alignment card (JCPDS card, the
card number is 16-0334), the result indicated that the crystal of
UCNPs was hexagonal structure. The characteristic peak position
and peak shape of UCNPs@SO;H, UCNPs@PO(OH), and
UCNPs@GDN had no obvious change (Fig. S(2b-d)t), these
results indicated that the modification process did not affect the

b

Sam

Fig.1 TEM images of UCNPs (a), UCNPs@SOzH (b), UCNPs@PO(OH),
(c) and UCNPs@GDN (d).

7352 | RSC Adv., 2019, 9, 7349-7355

View Article Online

Paper

structure of the crystal. However, we observed the characteristics
peak intensity decreased due to the existence of a thin layer of
functional materials introduced by the modification process.

The resulted fluorescent materials were further character-
ized by FT-IR to determinate the functional groups. As showed
in Fig. S3(a),T the peaks at 1638 cm ™' and 1457 cm ™' belong to
the stretching vibration peaks of C=0 and C-O, respectively.
The peaks at 2975 em™ ' and 2927 cm™ ' are the stretching
vibration of methyl and methylene, respectively. The peak at
3446 em™" is the stretching vibration of ~-OH, showing that OA
molecule exists on the surface of the resulted UCNPs. In
Fig. S3(b),t the peaks at 1399 cm™* and 1747 cm ™ belong to the
stretching vibration of S-O and S=O0, respectively. The peaks at
2895 cm™ " and 2827 cm ™ are the stretching vibration of methyl
and methylene, respectively. The peak at 3626 cm ' is the
stretching vibration of ~OH. The peak at 1089 cm ' is the
stretching vibration of Si-O-Si. In Fig. S3(c),T the peaks at
1632 cm™ " and 1203 cm ™" are the stretching vibration peaks of
P-O and P=0, respectively. The peaks at 2924 cm™ ' and
2854 cm ' are the stretching vibration of methyl and methy-
lene, respectively. The peak at 3439 cm ' is the stretching
vibration of ~OH. The peak at 1088 cm ™' is the stretching
vibration of Si—O-Si. In Fig. S3(d),T the peaks at 1395 cm ™' and
1645 cm™ " are the stretching vibration of C-N and C=N. The
peaks at 2926 cm ™' and 2887 cm ! are the stretching vibration
of methyl and methylene, respectively. The peak at 3625 cm™" is
the stretching vibration of N-H. The peak at 1086 cm ™" is the
stretching vibration of Si-O-Si. All these results indicated that
the target fluorescent materials have been successfully
prepared.

In order to further determinate the functional groups
modified on UCNPs, we performed X-ray energy spectrum
analysis for all materials. As showed in Fig. S4(a),t the UCNPs
samples contain C, O, F, Na, Y, Yb, Er, Cu and Ca elements. The
Cu and Ca elements come from the copper mesh. Y, Yb and Er
elements are the rare earth elements doped via the reaction. The
presence of C and O elements indicated that oleic acid mole-
cules might be linked on the surface of UCNPs. Compared with
Fig. S4(a),T the appearing of S element in Fig. S4(b),T P element
in Fig. S4(c)t and N element in Fig. S4(d)} indicated that
sulfonic acid groups, phosphonic acid group and guanidine
have been successfully modified on UCNPs, respectively.

In this research, the surface potentials of resulted fluores-
cent materials have also been examined. As shown in Fig. 2,
UCNPs and UCNPs@GDN displayed the positive surface
potentials with +0.94 mV and +36.3 mV, respectively.
UCNPs@SOs;H and UCNPs@PO(OH), displayed the negative
surface potentials, which are —12.3 mV and —-21.6 mV,
respectively. The results further confirmed that the guanidine
groups, sulfonic acid groups and phosphonic acid groups have
been successfully modified onto the surface of the fluorescent
materials.

Fluorescence response patterns

For the discrimination of red grape wines, we set out for
a suitable sensor array composed of six elements: one positively

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Zeta potential of UCNPs, UCNPs@SOzH, UCNPs@PO(OH), and
UCNPs@GDN.

charged material (UCNPs@GDN), two negatively charged
materials (UCNPs@SOz;H and UCNPs@PO(OH),) and their
mixture 1 (UCNPs@GDN + UCNPs@SO;H), mixture 2
(UCNPs@GDN + UCNPs@PO(OH),) and mixture 3
{UCNPs@GDN + UCNPs@SO;H + UCNPs@PO(OH),}. The
detailed information of the same variety of red grape wines
from different manufactures was listed in Table S2.7

The response of the sensory array to wine ingredients was
first investigated. The PBS buffer solution at pH = 7.0 con-
taining fluorescent materials (0.2 mg mL ™) was mixed with
each of wine ingredients (added the concentration of each
ingredient shown in Table S1t). After three minutes, the fluo-
rescence intensity was recorded. As showed in Fig. S5,f the
sensory array exhibited different quenched degree to the
different ingredients. Among these ingredients, tannic acid
caused the significant fluorescence quenching. Thus, the fluo-
rescence response of the sensory array caused by the mixture of
tannic acid plus different ingredient was further examined. As
showed in Fig. 3, the fluorescence sensory array exhibited
significant difference in terms of quenched fluorescence
intensity to different mixtures. Thus, tannic acid plays an
important role in fluorescence recognition. The quenching
reason may be mainly attributed to the electron migration
between the fluorescence materials and tannic acid.

The effects of the concentration of tannic acid to the detec-
tion system subsequently were investigated. The different buffer
solutions (PBS buffer, HEPES buffer and Tris-HCl buffer) at pH
= 7.0 containing fluorescent materials (0.2 mg mL™") were
mixed with different concentrations of tannic acid (0.1 uM, 0.5
uM, 1.0 uM, 5.0 pM, 10.0 uM and 50.0 uM). After three minutes,
the fluorescence intensity was recorded. As showed in Fig. S6,T
the fluorescence intensity of all materials decreased with the
concentration increasing. When the concentration of tannic
acid reached 5.0 uM, the fluorescence quenching (F — Fy/F,) of
all sensing elements was in the range from —0.2 to —0.69. In
order to avoid other objects caused excessively high or too low
fluorescent quenching, 5.0 uM of tannic acid was chosen for the
following experiment.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Fluorescence response pattern (F — Fo/Fo) obtained from the
fluorescent materials treated with different wine ingredients plus
tannic acid.

The sensor elements and pH were also optimized. In PBS
buffer, the maximum fluorescence quenching (F — Fy/F,) of
UCNPs@GDN was —0.47 at pH 5.0, UCNPs@SO;H —0.71 at pH
11.0, UCNPs@PO(OH), —0.59 at pH 7.0, mixture 1 —0.76 at pH
9.0, mixture 2 —0.74 at pH 9.0, mixture 3 —0.73 at pH 6.0,
respectively (Fig. S7(a)f). In Tris-HCI buffer, the maximum
fluorescence quenching (F — F,/F,) were —0.43 at pH 7.0, —0.67
at pH 6.0, —0.65 at pH 5.0, —0.75 at pH 4.0, —0.72 at pH 6.0,
—0.90 at pH 6.0 for UCNPs@GDN, UCNPs@SO;H,
UCNPs@PO(OH),, mixture 1, mixture 2 and mixture 3, respec-
tively (Fig. S7(b)t). In HEPES buffer, the maximum fluorescence
quenching (F — Fy/F,) of sensor elements UCNPs@GDN,
UCNPs@SO3;H, UCNPs@PO(OH),, mixture 1, mixture 2 and
mixture 3 were —0.73 at pH 7.0, —0.75 at pH 7.0, —0.80 at pH
7.0, —0.65 at pH 9.0, —0.73 at pH 11.0 and —0.73 at pH 10.0,
respectively (Fig. S7(c)t). In summary, the results obtained for
all sensor elements in the three buffers system at different pH
indicated that the optimum differentiation conditions for red
grape wines were: UCNPs@GDN, UCNPs@SO;H and
UCNPs@PO(OH), in HEPES buffer system (pH 7.0), mixture 1
and mixture 2 in PBS buffer system (9.0), and mixture 3 in Tris-
HCI buffer system (pH 6.0).

Finally, the effect of incubation times (1 min, 2 min, 3 min,
4 min and 5 min) on the fluorescent quenching was also
investigated. As showed in Fig. S8 and S9,f the fluorescent
intensity of all the materials showed a slight decrease with the
prolong of incubation time. When the reaction time was 3 min,
the maximum degree fluorescence quenching was observed.
When the incubation time was extended, the fluorescence
quenching was basically unchanged.

Based on the above experimental results, different volume
red grape wines (5 vol%, 10 vol%, 15 vol%, 20 vol%, 25 vol%
and 30 vol%) were added into three buffer (PBS buffer, HEPES
buffer and Tris-HCI buffers) containing 0.20 mg mL™" fluo-
rescent materials. After three minutes, the fluorescence
intensity of the system was recorded. As showed in Fig. S10t
(left), the quenching of the materials treated with red grape
wine showed a decrease with the volume of red grape wine
increased. The fluorescence quenching of fluorescent

RSC Adv., 2019, 9, 7349-7355 | 7353
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materials caused by red grape wine was similar with that of
tannic acid on fluorescent materials when the volume of red
grape wine was 10 vol%.

Then, the effect of incubation times (1 min, 2 min, 3 min,
4 min and 5 min) to the fluorescent quenching was also inves-
tigated. The fluorescent intensity of all the fluorescent materials
showed a slight decrease with the prolong of incubation time,
the fluorescence quenching value reached the highest when the
reaction time was 3 min (Fig. S10%).

Under the optimized conditions, the sensor array composed
of six elements was employed to identify the same variety red
grape wines from nine countries. As shown in Fig. 4, every
sensor element shows different fluorescent response to red
grape wines from different manufactures. The sensor array
which composed of six sensor elements show different fluo-
rescent response to identical red grape wine, and different red
grape wines from different manufactures, respectively. Then,
PCA, a statistical technique that maximizes the ratio of between-
class variance to within-class variance, was used to differentiate
quantitatively the fluorescence-response patterns (6 sensor
elements x 9 wines x 6 replicates) (Table S3t) of the sensor
array for these red grape wines.

After the above analysis, six principal components (40.81%,
29.09%, 23.43%, 4.26%, 1.81% and 0.60%) were generated that
represent linear combinations of the response matrices ob-
tained from the fluorescence-response patterns. Nine red grape
wines were separated complete in the 2D canonical score plot
for the first two factors (factor 1: 40.81%, factor 2: 29.09%) and
wine 7 is closely to wine 9 (Fig. S11). However, as 3D canonical
score plot (Fig. 5) composed of the three maximum factors
(factor 1: 40.81%, factor 2: 29.09%, factor 3: 23.43%; the sum of
those was 93.3%) showed, wine 7 is separated from wine 9. And
others were separated completely. Thus, the 54 training cases (9
wines x 6 replicates) were separated into nine respective groups
which the one group represents one wine, respectively, with
100% accuracy according to the jackknifed classification matrix
derived from then analysis of subsets of the datasets. In order to
validate the efficiency of our sensing system, we established
tests with randomly chosen red grape wines of our training set.
The new cases were classified into different groups generated
from the training matrix, based on the shortest Mahalanobis
distance to the respective group. Only 1 of 45 unknown red
grape wines was misclassified, representing an accuracy of 98%
(Table S57).
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Fig. 4 Fluorescence response pattern (F — Fo/Fo) obtained from
sensor array treated with red grape wines.
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Fig. 5 3D canonical score plot obtained with the sensor array of six
elements treated with red grape wines. Each point represents the
response pattern for a single red wine to the sensor array.

Conclusions

In conclusion, a six-element sensor array consisting of
UCNPs@GDN, UCNPs@SO;H, UCNPs@PO(OH),,
UCNPs@GDN  +  UCNPs@SO;H, UCNPs@GDN  +
UCNPs@PO(OH), and UCNPs@GDN + UCNPs@SO;H +
UCNPs@PO(OH), has been constructed and employed to
discriminate the same variety of red grape wines from different
manufactures. Differentiation the nine red grape wines were
performed at pH = 7.0 HEPES buffer for UCNPs@GDN,
UCNPs@SO;H and UCNPs@PO(OH),, at pH = 9.0 PBS buffer
for mixture 1 {UCNPs@GDN + UCNPs@SO;H}, and mixture 2
{UCNPs@GDN + UCNPs@PO(OH),}, and at pH = 6.0 Tris-HCI
buffer for mixture 3 {UCNPs@GDN + UCNPs@SOzH +
UCNPs@PO(OH),}. All the nine red grape wines were clearly
differentiated by the established sensor array. The present
fluorescence sensor array shows great potential in distinguish-
ing a wide range of targets through pattern recognition.
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