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ABSTRACT

Wine protein stabilisation, i.e., the removal of pathogenesis-related proteins (PRPs), is a step in the white wine fining process.
Winemakers use bentonite for this purpose. However, its use has drawbacks due to the production of voluminous waste, wine loss
during racking, and decrease in wine quality due to the adsorption of colour components and aroma. New materials for stabilising
wine proteins are the object of this study. In this context, an engineered production process for TiO,-coated glass spheres and a use
protocol were developed as an alternative to bentonite treatment, providing relevant information for process scalability. This paper
describes the wine protein adsorption capability of a patent-based, innovative material consisting of thin layers of TiO, nano-
particles supported on food-grade glass spheres, to be used for the protein stabilisation of wine in a flow process. Protein removal
was assessed by the heat test and Pierce’s test on unstable wines. As a safety-related criterion, the amount of TiO, released during
use was quantified by ICP-OES. The possibility of regenerating the material during use and recycling it at the end of life was also
investigated, together with a preliminary cost assessment. Overall, the proposed solution follows a “safe and sustainable by design”
(SSbD) approach, matching functionality (selectivity for proteins and heavy metals), safety, cost and recyclability criteria.

Highlights 1 | Introduction
1. TiO,-coated glass spheres were successfully tested for In the wine market, the formation of haze in bottled wine can
wine protein stabilisation. generate concern among consumers who prefer to buy clear and

transparent wine. Haze formation can occur due to protein in-
stability and coagulation at elevated temperatures that can arise
during the shipping or storage of bottled wine. The unstable

2. The wine-treatment process was engineered, providing
insights for scale-up.

3. PFotein removal was verified by the heat test protocol and proteins are pathogenesis-related proteins (PRPs), mainly
Pierce’s test. thaumatin-like and chitinase proteins, with molecular weights
4. TiO, release during use was quantified by ICP-OES between 10 and 40 kDa and an isoelectric point below six [1-6].
(<0.5mgL™). Bentonite is still the most efficient fining agent in achieving
5. Material regeneration, reuse and end-of-life recycling protein stability in white wines, although its use is deemed to
were experimentally evaluated. have a significant effect on wine quality [7, 8]. The study of

innovative materials as substitutes for bentonite in wine fining is
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a current area of interest, driven by scientific challenges and
economic considerations [9-15]. In agreement with the “safe and
sustainable by design” (SSbD) framework launched by the Eu-
ropean Commission [16] and already applied in many European
projects, the innovative materials should satisfy safety and
sustainability criteria across their life cycle, by ensuring con-
trolled worker exposure during the production stage, avoiding
the use of the potentially hazardous substance and promoting
recyclability or new use of material, at the end of the life. TiO, as
nanopowder is known for its protein affinity [17-19], and it was
tested for wine protein adsorption in the laboratory [20, 21]. Even
if the tests were very promising [22], it became clear that the
nanopowder could not be used to treat wine due to its difficulty in
separating it from wine after protein adsorption. It is necessary to
engineer the TiO, nanopowder as a thin layer supported by an
inert material. TiO, thin layers’ engineering has been the subject
of many studies because they have applications in catalysis and
water waste treatment [23-26]. The thin layer adhered to sup-
porting materials can be prepared by physisorption and immo-
bilisation of the particles by spray or dip-coating [27, 28], by the
precursor’s deposition and in situ nucleation [29], by aerosol-
assisted chemical vapour deposition [30]. To develop a reliable
and effective strategy for wine protein adsorption, the TiO, layer
must show high adhesion to the surface of the inert support and
the adsorption capability of the TiO, nanomaterial should re-
main unaltered, as well as its surface reactivity and high specific
surface area. Additionally, the proposed material should be cost-
effective and able to compete with bentonite in the market. The
authors have previously demonstrated the suitability of a com-
posite TiO,—glass substrate [31], then combined with a contin-
uous flow process, for protein stabilisation in white wines [32]. In
this study, the proposed technology was further validated by de-
positing a TiO, nanopowder paste onto glass spheres at lab-batch
scale and comparing the results with those obtained using the
more commonly employed nanosol-based deposition method. We
evaluated the capacity of TiO,-coated glass spheres to absorb
protein by using a model wine solution containing bovine serum
albumin (BSA, 66 kDa). BSA was used as a model reference
protein. Although BSA (66.5 kDa) has a higher molecular weight
than wine PR proteins (10-40 kDa), it was selected based on its
comparable surface charge under wine pH conditions [4, 33-35].
Its larger size represents a conservative experimental condition for
evaluating adsorption performance. We tested the possibility of
regenerating several times the materials by a mild basic water
treatment after BSA absorption from the model wine solution. The
most effective TiO,-coated material was tested with a rosé wine
requiring 1 g/L of bentonite to be stabilised using the conventional
treatment, as reported by the provider. Then, a scale-up and re-
generation test was performed using 1kg of TiO, paste-coated
spheres and 3 L of target wine (unstable Pinot blanc). We assessed
the cost of the proposed technology compared to bentonite,
considering the advantages of the regeneration process. The whole
design asset allowed us to demonstrate the quality of this in-
novative material for food-grade applications.

2 | Materials and Methods

2.1 | Glass Sphere Surface Treatments

The inert supports for the adsorbing material were 5-mm-
diameter food-grade glass spheres (Preciosa Ornela, a.s., Desna,

Czech Republic), Table S1. The spheres were sandblasted in the
laboratory to improve the adhesion of the thin layers. For the
nanosol case, a basic (TB) or acidic treatment (TA) was applied to
the glass surface to activate the glass surface sites. A 6 M NaOH
solution was used for the TB of glass sandblasted spheres,
whereas glacial acetic acid (PubChem 176, Sigma-Aldrich) was
used for the TA. Spheres were soaked in the acidic or basic
solutions for 20 h and then washed with deionised water until
a neutral pH was reached.

2.2 | TiO, Nanosol Thin-Layer Coatings

To obtain TiO, nanosol coating, the acidic or basic-treated
sandblasted spheres were soaked for 1h in TiO, or TiO,@SiO,
nanosol solutions. The TiO, nanosol (2% w/w) solution was
a commercial nanodispersion of TiO, (TiO, anatase, 6% W/w;
nanoparticle size 40 nm, polydispersity index 0.25, pH 5, PAR-
NASOS PHO000025 Colorobbia Consulting S.r.. Italia). The
TiO,@SiO, nanosol was prepared by adding a 6% w/w SiO,
suspension (LUDOX Colloidal Silica) to the 2% w/w TiO, sus-
pension. The TiO,@SiO, nanosol was mixed for 48 h to obtain
a 1:3 stable suspension. The entire coating procedure was re-
ported in previous work [36]. The treated spheres were then dried
in an oven at 70°C for 45 min and fired at 400°C for 3 h to obtain
a sintered thin layer of nanoparticles adhered to the inert glass
surface.

2.3 | Paste-Based TiO, Thin-Layer Coating

A paste made of TiO, Aeroxide P25 Degussa (PubChem ID
26042) was prepared by mixing the nanopowder with ethanol
(PubChem ID 702), terpineol (PubChem ID 17100) and ethyl
cellulose (PubChem ID 24832091) as reported in Patent No.
102018000004721 [32]. From the SSbD perspective, this is the
only step in the preparation process of the TiO, paste-coated
sphere in which the TiO, is handled in the nanopowder form.
The paste was applied to the glass spheres (only sandblasted) and
fired at about 500°C.

2.4 | TiO,-Coated Sphere Washing Pretreatment

After firing, the TiO,-coated spheres underwent water washing
cycles to remove loosely bound agglomerates of TiO, nano-
particles. Turbidimetry and ICP-OES analysis on the washing
water were conducted to estimate the TiO, release. After
washing, the spheres were dried by an air flux and made ready for
the protein adsorption tests. For the TiO, nanosol-coated
spheres, a 15-g sample of spheres was left in contact with
25 mL of water for 10 min, and then, the water was analysed by
turbidimetry and ICP-OES, and the procedure was repeated
three times. For the TiO, paste-coating spheres, 900 g of spheres
was inserted inside a separating funnel and added with 450 mL of
water for each wash. To avoid occlusion of the separating funnel,
a home-made Teflon separating septum was placed at the bottom
of the funnel cone. The water was left in contact with the sphere
in the separating funnel for 25 min each time and then drawn
from the tap, and the procedure was repeated nine times.

2.5 | Wine Solutions

A model wine solution was prepared by adding to deionised
water (Milli-Q, 18.5 M cm), in sequence: ethylic alcohol 13%
w/w (PubChem ID 702), tartaric acid 5 g/L (PubChem CID 875)
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and NaOH 5M (PubChem CID 14798) to bring the model wine
solution to pH 3.5. BSA (PubChem CID 6432) was added to the
model wine solution as a reference protein. Na,SO, (PubChem
CID 24436) was used to promote the coagulation and pre-
cipitation of the BSA at high temperatures (HTP-BSA method).
All chemicals were purchased by Sigma-Aldrich and used as
received. Rosé wine (vintage 2021) was provided by DLR
Rheinpfalz, DE, Table S2. White wine, Pinot blanc (vintage 2022),
was provided by DISTAL, University of Bologna.

2.6 | Z-Potential Measurement

The zeta potential of TiO, nanoparticles or BSA in model wine
solution was determined by electrophoretic light scattering
measurements, using a Zetasizer Nano ZSP (model ZEN5600,
Malvern Instruments, UK). Samples were measured three times,
and data were obtained by averaging the three measurements. Z-
potential (Z,) measurement versus pH curves was recorded using
the instrument coupled with an automatic titrating system,
evaluating the superficial charge from ca. 2.5-4.5 pH units. We
performed several zeta potential measurements using model
wine solutions (pH 3.5) of nanosols, nanopowder and BSA
molecules: TiO, (Colorobbia nanosol), TiO,@SiO, (from CNR
synthesis), SiO, (Ludox nanosol), TiO, Aeroxide P25 Degussa
and BSA.

2.7 | Field-Emission Scanning Electron
Microscope (FE-SEM) Analysis

The surface structural features of TiO,-coated spheres were
observed by scanning electron microscopy analysis using a Carl
Zeiss Sigma NTS (Gmbh Oberkochen, Germany) field-emission
scanning electron microscope (FE-SEM), after coating the sphere
with a 5-nm layer of gold.

2.8 | Elemental Analysis, ICP-OES

To detect the concentration of TiO, released in washing water,
model or real wine, and to estimate the variation in the con-
centration of other ions in wine due to spheres’ treatment, we
measured the Ti, Cu and Fe content by ICP-OES analysis
(ICP-OES 5100—vertical dual-view apparatus, Agilent Tech-
nologies, Santa Clara, CA, USA). We used the following wave-
lengths: Ti at 335 nm, Cu at 327 nm and Fe at 260 nm. To detect
the concentration of BSA, we measured the concentration of
sulphur in the wine solution model, using the calibration curve
reported in Figure S6b (sulphur wavelength at 183 nm). All
calibration curves had a correlation coefficient limit higher than
0.999. The calibration fit was linear, including a blank in cali-
bration. Argon was selected as the internal standard (wavelength
420 nm). The precision of the measurements expressed as RSD%
for the analysis was always less than 5%. The limit of detection
(LOD) at the operative wavelength for Ti, Cu and Fe was 0.01 mg/
L. Before model wine analysis, samples were diluted 1:8 with
ultrapure water to decrease the alcoholic content. All samples
were acid-digested by adding a 10% volume of nitric acid (HNO3
65%).

2.9 | UV/Vis Analysis

To detect the concentration of BSA by UV/Vis spectroscopy (UV/
Vis/NIR Spectrometer Lambda 750, PerkinElmer), the BSA
content was evaluated by the intensity of the adsorption peak at

A=280nm [37]. The calibration curve was obtained by plotting
known BSA concentrations as a function of the relative absor-
bance value (Figure S6c, blue dots). The calibration curve showed
correlation coefficients (R?) above 0.99. UV/Vis spectroscopy
results were the average of three independent measurements.

2.10 | Heat Test Protocol

All turbidimetry measurements were performed by a TURBI-
DIMETER AQUALYTIC AL 255T-IR (EN ISO 7027). The in-
strument measures the turbidity of a solution as a nephelometric
turbidity unit (NTU) in a range of 0.01-1100, with a detection
limit of 0.01 NTU, using an 860 nm LED. The heat test [38]
measures the turbidity caused by the artificial coagulation at high
temperatures of low-weight wine proteins, which is proportional
to the protein content. This test simulates what could naturally
happen to wine if it undergoes a rise in temperature during
transport or storage [39, 40]. The heat test procedure used in this
work consisted of keeping the wine for 30 min at 80°C, cooling it
for 45 min at room temperature, and immediately measuring the
turbidity. The NTU measurement values have an associated error
of £ 0.05 NTU. A wine is considered stable if the difference in
turbidity, before and after the heating treatment
(A NTU=NTU2 — NTU1), does not exceed the value of 2
NTU [41].

2,11 | HTP-BSA

In this study, the heat test protocol was applied to evaluate the
adsorption capability of the innovative material using a model
wine solution containing BSA. This procedure will be referred to
as the HTP-BSA method throughout this paper. A calibration
curve was built using solutions of known BSA concentration and
measuring the NTU values after heating (NTU2, heat test).
Because BSA is a very stable protein [42], even at elevated
temperatures, to force its coagulation during the heat test, the
principle of the salting-out method [43, 44] was applied. A known
amount of salt (Na,SO,, PubChem CID 24436) was added to the
model wine solution to facilitate the BSA coagulation. The
correct amount of salt to be added (0.015 M) was experimentally
determined. To test the adsorption capability of the TiO,-coated
spheres, a model wine solution of known BSA content (140 mg/
L) was added to the TiO,-coated spheres in a separating funnel
(volume ratio 1:2, respectively) and left in contact for 1 h. The
solution was then drawn from the tap of the separating funnel.
Na,SO, was added, heated and cooled, and its NTU2 turbidity
value was measured, following the heat test protocol. The NTU2
value was inserted in the calibration curve to infer the BSA
content after contact with the spheres. The difference between
the BSA content of the solution before and after the spheres’
contact indicated the BSA adsorption capability of the TiO,
material.

2.12 | Pierce’s Test

Pierce’s test measured the concentration of proteins in the wine
samples before and after sphere treatment. This test is based on
a bicinchoninic acid (BCA) protein method (code BCA1-1KT,
Sigma-Aldrich, Milan, Italy), which relies on the reduction of
Cu?* to Cu'" by proteins under alkaline conditions, followed by
the formation of a BCA-copper complex. The resulting complex
was quantified by UV/Vis absorbance at 562nm. Protein
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concentration was determined from colorimetric data using an
experimental calibration curve, as described in reference [45].

2.13 | TiO,-Coated Sphere Regeneration

To regenerate the TiO,-coated spheres after protein adsorption,
the spheres were soaked in a 0.5 M NaOH (PubChem CID 14798)
solution for 1h, rinsed with deionised water until a neutral
pH was reached (Figure S1) [46] and then dried by compressed
air flux. The spheres were kept inside the separating funnel
during all steps.

2.14 | Wine Treatment Protocol

For each sphere treatment cycle, 500 g of TiO,-coated spheres
was loaded into a laboratory-scale cartridge: a separating funnel.
Subsequently, 250-300 mL of wine was introduced into the
separating funnel and kept in contact with the spheres for 1 h at
room temperature in the dark. After the contact time, the treated
wine was recovered by gravity-driven drainage from the funnel
pipe, completing one stabilisation cycle. This laboratory pro-
cedure was intentionally designed to simulate a cartridge-based
flow treatment system, in which wine passes through a packed
bed of functionalised spheres under controlled residence time.
Following each treatment, the spheres were regenerated as de-
scribed above, enabling multiple reuse cycles. Although per-
formed at laboratory scale, the experimental setup was
engineered to reproduce the key operational features of a con-
tinuous flow system, including contact time, solid/liquid ratio
and regeneration protocol, thus providing directly transferable
information for future scale-up.

3 | Results and Discussion

3.1 | Zeta Potential Measurement in Model Wine
Solution

We carried out a series of zeta potential measurements to in-
vestigate the interactions between TiO,-based nanoparticles,
constituting the coating of the nanospheres, and BSA, chosen as
the target protein in a model wine solution. It is known from the
literature [47] that the TiO, Colorobbia nanosol dispersed in
water has the isoelectric point, IEPy,0 at pH =7, while the
IEPy,0 of BSA in water is at pH = 3.7. For TiO, P25 Degussa, the
IEPy,0 in water is at pH = 6. Nevertheless, Figure 1 shows that in
the model wine solution, the TiO, Colorobbia nanosol and TiO,
P25 Degussa are negatively charged (Z, ~ —25mV), while the
BSA molecules are positively charged (Z, ~+12mV), in the
pH range investigated (pH 2.8-4.3). SiO, and TiO,@SiO, samples
showed, as well, a negative Z,, even if lower than TiO, (Z, from
0 to —5mV). We suppose that the high concentration of tartaric
acid in the model wine solution promotes the specific adsorption
of negatively charged molecules onto the TiO, surface, causing
the IEP to shift towards an acidic pH. In addition, as reported in
the literature [48], the electrical double layer of corrugated in-
terfaces can trigger changes in the electrostatic potential due to
double-layer self-overlap and regulation effects inside porous. An
enhancement of the adsorption of negative anions inside the
porous material could induce a further shift towards a lower
pH of the TiO, isoelectric point. The greater charge difference
between BSA and TiO,, compared to SiO,, accounts for the
higher BSA adsorption. In addition, the strong electrostatic

attraction between oppositely charged surfaces could explain the
selectivity of the TiO,-coated spheres, which preferentially at-
tract positively charged molecules, thereby limiting the ad-
sorption of negatively charged compounds such as polyphenols.

3.2 | Surface Structural Features of TiO, Nanosol-
Coated Spheres

To find the best condition to maximise the adhesion of the
nanoparticles thin-layer to the glass support, the sandblasted
glass surface was pretreated with acidic (TA), basic solution (TB)
or left untreated (TQ). Six samples of spheres were then prepared
as shown in Table S3.

Figure S2 shows FE-SEM images of the (a) “as received” and (b)
sandblasted surface of spheres, highlighting how the sandblast
sphere treatment increased the surface roughness of the glass
spheres. Figure S3 shows the surface of TiO, nanosol-coated
spheres: It is possible to see that, for the (a) TQ-TiO, and (e)
TB-TiO, samples, the surface of the sphere is covered by a layer
that can be estimated, from the fractures visible in the FE-SEM
images, as having a thickness from 1 to 2 microns; for (c)
TA-TiO, and (b) (d) (f) TiO,@SiO,-coated spheres, the layer
appears very thin and compact with some agglomerations of
micrometric particles randomly distributed on the surface. The
micrometric aggregates appear poorly adhered to the surface, and
therefore, they could be easily detached from it when in contact
with aqueous solutions.

3.3 | Surface Structural Features of TiO, Paste-
Coated Spheres

FE-SEM images reported in Figures 2(a) and 2(b) show the TiO,
paste-coated glass sphere surface. The TiO, layer coating was
generally homogeneous. From the layer discontinuity observed
in Figure 2(a), it was possible to estimate the TiO, layer as
having a thickness lower than 1um. Figure 1(b) shows
a magnification of the TiO, thin layer formed by partially
sintered nanoparticles of about 30 nm diameter, with pores of
dimensions from 50 to 150 nm. Considering the dimension of
the BSA of about 7- to 10-nm radius, we suppose that this
protein or others with the same size can be easily trapped inside
the nanoporous structure or be adsorbed onto the TiO, surface
(—OH groups) [49, 50].

3.4 | TiO,-Coated Spheres Washing Pretreatment
Results

To avoid turbidity and undesired contamination, we performed
several washing cycles of the coated spheres to eliminate TiO,
aggregates not adhered to the surface. Figures S4 and S5 and
Figure 3 report the results of the analysis on the washing water
(turbidimetry and ICP-OES) for the TiO, nanosol-coated and
TiO, paste-coated spheres, respectively. For the TiO, nanosol
coating, the turbidity remained constant after the second
washing cycle and in the range of 0.5-1.5 NTU, suggesting
a continuous, even if low, release of nanoparticles (TiO, <
0.04 mg/L; i.e., Ti <0.024 mg/L, see Figure S5). No significant
difference was observed despite the sphere’s acid or basic pre-
treatments or comparing TiO, or TiO,@SiO, nanosols. The TiO,
release from the TiO, paste-coated spheres started with an initial
value of 0.3 mg/L and decreased to a very low value after the fifth
cycle (Figure 3). After the seventh cycle, it was not possible to
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solution.

detect the TiO, presence, both by turbidity measurements and
ICP analysis.

3.5 | BSA Adsorption in Model Wine Solution

We employed three techniques to measure the adsorbed BSA on
the TiO,-coated spheres: HTP-BSA, ICP-OES and UV/Vis
analysis (see ESI, BSA Paragraph; Figures S6a-c, and S7). Table 1
reports the percentage of BSA adsorbed, as determined by the

FIGURE 2 | (a)and (b) FE-SEM images of the TiO,-coated layer surface.

layer as having a thickness < 1 micron.

turbidimetry calibration curve. The TiO, nanosol-coated spheres
adsorbed an average of 25% of the BSA, Figure S6a (yellow dots),
TQ-TiO, reached 27%, while only an average of 11% of BSA was
adsorbed by the TiO,@SiO, nanosol-coated spheres (Figure Sé6a,
red dots). These results suggested that the TiO, nanosol-coated
surface was more effective in adsorbing the BSA than the TiO,@
SiO, nanosol-coated surface. For the TiO, paste-coated spheres,
the analysis results indicated that around 35% of the BSA was
adsorbed, as shown in Figure S6a (green dot). This analysis

(b)

Layer discontinuity shown in Figure 1(a) allowed us to estimate the TiO,
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FIGURE 3 | TiO, release from TiO, paste-coated spheres during washing cycles: turbidity (NTU values, blue line) and TiO, release (elemental
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showed that the TiO, paste-coated material has the highest
ability to adsorb a model protein from the model wine solution
and the HTP-BSA method resulted in a more sensitive, direct
and cheap method with respect to ICP-OES and UV/Vis analysis,
to measure the BSA content in the model wine solution.

Because of these results, the TiO, paste-coated spheres material
was considered the most promising for testing with wine
solutions.

3.6 | Regeneration Test of TiO, Paste-Coated
Spheres

We performed a material regeneration test using a model wine
solution to assess whether the material could be reused multiple
times after protein adsorption and regeneration. The amount of
BSA adsorbed during successive treatment cycles decreased
from an initial value of ca. 38% to a final value of ca. 28%
(Figure S8a). The normalised adsorption percentage stabilised
at around 75% in the fourth cycle and remained at this level up
to the eighth cycle (Figure S8b), confirming the material’s
ability to be reused for at least eight cycles. To further validate
the proposed technology, we assessed the potential release of
TiO, during the use phase, measuring after each cycle, the
content of Ti by ICP-OES analysis (Figure S9) in the model
wine solution. The results showed that TiO, release decreased

TABLE 1 | NTU?2 turbidity data, BSA concentrations and adsorbed
BSA percentage from the model wine solution after contact with the
coated spheres; the error in the NTU values is estimated as £0.05 NTU.

NTU2 BSA (mg/L) BSA adsorbed (%)

TA-TiO,@SiO, 61.45 133 5
TQ-TiO,@Si0, 59.52 129 8
TB-TiO,@Si0, 55.79 121 13
TB-TiO, 49.22 107 24
TA-TiO, 48.76 106 24
TQ-TiO, 47.09 102 27
TiO, paste 42.00 91 35

Note: Starting concentration of BSA 140 mg/L.

from about 0.5 mg/L (Ti = 0.3 mg/L) in the first cycle, to about
0.01 mg/L (Ti=0.005mg/L) in the seventh cycle, to an un-
detectable level at the eighth cycle, always remaining below the
food safety values.

3.7 | Rosé Wine Stabilisation Treatment

The TiO, paste-coated spheres were tested with unstable Rosé for
protein adsorption. Figure 4 shows the setup used for a treatment
cycle. The heat test results of the treated rosé gave a ANTU = 1.8,
lower than 2, indicating that the stabilisation was achieved. To
confirm the stabilisation due to protein adsorption, we measured
the amount of protein by Pierce’s test before and after the
treatment. The results showed that the protein content in the
untreated rosé wine was 920 mg/L, while the treated wine had
a protein level of 820 mg/L, reflecting an 11% protein content
reduction due to the sphere treatment. The percentage of protein
adsorbed is most likely referred to small-size proteins (20-40
kDa), responsible for wine instability, with dimensions com-
patible with the nanostructured TiO, paste-coating (pore’s di-
mension 50-100 nm).

We also measured the adsorption capability of TiO, paste-coated
spheres for copper and iron ions, as well as the release of TiO,.
ICP-OES results on treated rosé wine showed that copper and
iron ions’ concentrations decreased after the treatment, as shown
in Table S4. This made the wine less oxidisable, reducing the
probability of the oxidation process that leads to hydrogen
peroxide formation [8].

3.8 | TiO, Release During the Use of TiO, Paste-
Coated Spheres

To address potential safety concerns due to the release of TiO,
during wine stabilisation, the TiO, content was quantified by
ICP-OES before and after treatment in rosé wine. As reported in
Table S4, the TiO, concentration of 0.5 mg/L (equivalent to Ti
=0.3mg/L) is lower than the limit established by German rules
[51] of Ti=1mg/L. Moreover, as shown for the test with the
model wine solution (Section 3.6), TiO, release progressively
decreased upon successive reuse cycles, reaching values close to
the instrument detection limit.
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FIGURE 4 | Rosé wine in the separating funnel in contact with the
TiO, paste-coated glass spheres.

Concerning the safety of TiO, in food and beverages, the Eu-
ropean Food Safety Authority (EFSA) 2021 re-evaluation [52]
concluded that titanium dioxide (E171) can no longer be con-
sidered safe as a ‘food additive’ due to unresolved genotoxicity

concerns and the impossibility of establishing a health-based
guidance value. However, the same report states that a dosage
below 1 mg/kg body weight per day of TiO, micropowder (E171)
or 100 mg/kg of nanostructured TiO, (< 30 nm) does not cause
adverse effects. In this application, TiO, is not intentionally
added to wine, but detected exclusively as a result of un-
intentional release from the coated spheres. Therefore, this ap-
plication should be regarded as a food-contact use rather than as
a food additive.

Given the uncertainties highlighted by EFSA, a precautionary
approach was adopted in this study. Accordingly, exposure was
minimised at source by engineering a strongly immobilised
coating and by controlling operating conditions. TiO, release was
experimentally quantified and remained below 0.5 mg/L under
all tested conditions. Referring to these limit values, we can
conclude that the Ti/TiO, concentrations measured in this study
are well below a threshold considered acceptable to ensure food
safety.

3.9 | Scale-Up for the Stabilisation of White Wine

After the positive results obtained with the rosé wine, 1kg of
TiO, paste-coated spheres was used to stabilise 3 litres of unstable
white wine (Pinot blanc, 11.5% alcohol strength, pH 3.1, 225 mg/
L total polyphenols). To treat 3 L of wine, two separate separating
funnels were used, each filled with 500 g of TiO,-coated spheres
and 300 mL of unstable wine. The spheres were regenerated nine
times, allowing all the wine to be treated twice. The unstable
white wine exhibited an initial ANTU of 25.87, which decreased
to 11.15 after filtration using a 0.45-ym membrane filter. Sub-
sequently, the wine underwent an initial sphere treatment,
which reduced the ANTU to 6.5. A second sphere treatment was
required to further decrease the ANTU, ultimately reaching
a value of 1.64, confirming that the wine had achieved a stable
condition. Overall, the same batches of spheres were reused, with
nine regeneration steps, keeping their adsorption ability
over 80%.

3.10 | Recyclability of TiO,-Coated Sphere

To test the recyclability of the materials, we detached the TiO,
from the surface of the glass spheres by ultrasonication in water.
The cleaned glass spheres have been successfully reused, and, in
principle, the TiO, water solution coming from the ultra-
sonication treatment could be employed for other uses, for ex-
ample, to prepare TiO, aqueous solutions for paint [53].

3.11 | Cost Assessment

The TiO, paste-coated spheres are produced using commercially
available materials and standard processing steps. An important
advantage of the proposed system is the possibility of using the
spheres in a flow-through system (cartridge), both during the
wine treatment and during the regeneration cycles, which can be
performed using reagents commonly employed in the wine in-
dustry (diluted caustic soda solutions), thus involving low op-
erational and environmental impact. In addition, the material
can be recycled at the end of its life, reducing waste generation.
By contrast, bentonite disposal after treatment must be managed
by wineries as special waste, involving additional operational
costs and environmental burdens. Furthermore, bentonite fining
typically results in 3%-10% wine loss, which negatively affects
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process efficiency and overall sustainability. It is also well
documented that winery practices often lead to an over-
estimation of bentonite dosage relative to actual protein content,
further increasing costs and waste generation. The integration of
TiO,-coated spheres into a flow-through system enables precise
control of process parameters and allows protein stabilisation to
be achieved within a few hours (Patent No. 102018000004721
[32D).

This represents a significant reduction in processing time
compared to conventional bentonite fining, which usually re-
quires 2-4days. A preliminary and laboratory-scale cost esti-
mation for the preparation and use of TiO, paste-coated spheres
yielded a value of 0.35 €/L", while industrial bentonite treat-
ment costs range between 0.0056 and 0.039 €/L~" (Progetto
Vinosme, University of Padova, Italy) [54]. It is important to
underline that this estimation should be regarded as indicative
only, since it does not account for several factors that are ex-
pected to substantially impact the economics at industrial scale,
including process scale-up, repeated material regeneration and
reuse, reduced labour and energy costs due to shorter processing
times, elimination of waste disposal costs and potential value
recovery from recycled materials.

Therefore, while the current laboratory cost of the TiO,-coated
spheres-based system is higher than that of bentonite, the
technical feasibility and circular use potential of the proposed
material support its further development and optimisation.
Future work will focus on cost reduction strategies, including
increasing TiO, loading efficiency and improving the surface-to-
volume ratio of the support material.

4 | Conclusions

This study investigates the capability of TiO, nanoparticles thin
layers supported on food-grade glass spheres for wine protein
stabilisation, exploiting their protein adsorption capacity as
a potential alternative to bentonite in wine fining processes. BSA
adsorption measurements in a model wine solution revealed an
enhanced adsorption capacity for the TiO, paste-coated glass
spheres (about 35%) compared to those coated with TiO, nanosol
(about 27%). Based on these adsorption results and the absence of
detectable TiO, release after seven water washing cycles, the
TiO, paste-coated material was selected for subsequent testing
with real wine. To assess the potential for reducing material costs
by reusing it multiple times, a regeneration test was conducted
using the model wine solution for the TiO, paste-coated spheres.
The BSA adsorption capacity decreased over the first four cycles,
subsequently stabilising, with an overall reduction from an initial
38%-28% by the eighth cycle. ICP-OES analysis revealed TiO,
release levels below the EU regulatory limit for titanium (Ti
<1mg/L), decreasing from 0.5mg/L after the first cycle to
0.01 mg/L after the seventh cycle. Based on these results, the TiO,
paste-coated material was selected for subsequent testing with
real wine. The TiO, paste-coated spheres were preliminarily
tested for protein adsorption with unstable Rosé wine, and then,
a successful scale-up test was performed, using 3 L of unstable
Pinot blanc and 1 kg of TiO, paste-coated spheres. For the scale-
up test with Pinot blanc, the spheres were regenerated nine
times, allowing all the wine to be treated twice. Overall, this study
successfully demonstrated that the immobilised TiO, adsorbing
material can serve as a viable alternative to bentonite in wine

fining, addressing key limitations such as prolonged processing
times for sedimentation and racking, as well as the high costs
associated with waste disposal. From the SSbD perspective, the
low release of TiO, during use, combined with the material’s
regeneration and recyclability properties, aligns with SSbD cri-
teria and circular economy principles.
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Table S1 Chemical composition of 5-mm-diameter glass spheres used as
an inert support for the adsorbing thin layers.

Table S2 Data on Rosé wine (vintage 2021).

Table S3 Glass sphere surface treatment and TiO, and TiO,@SiO,
nanosol coating.

Table S4 Cu and Fe ions in Rosé wine measured by ICP-OES.

Figure S1 Regeneration of spheres after use: on the left, spheres im-
mediately after contact with wine, in the centre spheres immersed in the
NaOH solution, at the bottom the beaker containing the spilt solution of
NaOH and the proteins detached from the spheres, on the right, spheres
after washing with water until neutral reaction.

Figure S2 FE-SEM images of glass sphere surface: a) as received; b)
sandblasted surface.

Figure S3 FE-SEM images of TiO, nanosol-coated spheres: a) TQ-TiO,, b)
TQ-TiO,@Si0,, ¢) TA-TiO,, d) TA-TiO,@SiO,, €) TB-TiO,, f)
TB-TiO,@SiO0, thin layers on sphere surface.

Figure S4 Turbidimetry values (NTUm) measured for the two types of
TiO, nanosol-coated material, a) TiO, and b) TiO,@SiO,-coated samples,
in the 3 washing cycles, for a total of 25, 50 and 75 mL of used water.

Figure S5 ICP-OES measurement of TiO, release in the washing water,
from nanosol-coated spheres, after 3 washing cycles; *value < LOD.

Figure S6a BSA determination by the HTP-BSA method: BSA calibration
curve (blue dots); BSA content after contact with the coated spheres:
yellow dots: TiO, nanosol (BSA range 102-107 mg/L); red dots: TiO,@
SiO, nanosol (BSA range 121-129 mg/L); green dot: TiO, paste coated
(BSA 91 mg/L).

Figure S6b BSA determination by ICP-OES analysis: BSA calibration
curve (blue dots); BSA content after contact with the coated spheres:
yellow dots: TiO, nanosol; red dots: TiO,@SiO, nanosol.

Figure S6c BSA determination by UV-Vis analysis: BSA calibration curve
(blue dots); BSA content after contact with the TiO, nanosol-coated
spheres: orange dots.

Figure S7 Comparison of the methods used for assessing the content of
BSA (mg/L) of TiO, nanosol-coated spheres.

Figure S8 Adsorption capability of the TiO, paste-coated spheres during 8
regeneration cycles: a) expressed as a percentage of BSA adsorbed, b)
normalised adsorption values.

Figure S9 TiO, release during regeneration cycles after adsorption from
the model wine solution. An ICP-OES analysis of the TiO, content in the
treated model wine solution indicated a TiO, release decreasing from
0.5mg/L to 0.04 mg/L after the sixth cycle.
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Supplementary figure and table legend

Table S1 Chemical composition of 5 mm diameter glass spheres used as an inert support for the adsorbing thin layers.

Chemical composition % w/w

SiO; 61 -67 CaO 5-10 Na2O 10 -18
Al;O3 3-8 MgO 0.5-3.0 B20s 1-5
Lead-free

Table S2 Data on Rosé wine (vintage 2021).

Bentonite demand 1g/L

Picking time 10 October 2021
Must density 1084 = 84°0Oe
Acidity 7.5¢g/L

pH 3.1

Added of SO, 3_11_2021 70 mg/L

[Spheres immersed in\ /Spheres after washing\

NaOH solution with water until neutral

reaction
~ e

o
o,
i
N
spilled NaOH solution
Spheres after wine containing detached

\ treatment / k proteins /

Figure S1 Regeneration of spheres after use: on the left, spheres immediately after contact with wine, in the centre spheres
immersed in the NaOH solution, at the bottom the beaker containing the spilt solution of NaOH and the proteins detached
from the spheres, on the right, spheres after washing with water until neutral reaction.
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Table S3 Glass spheres surface treatment and TiO2 and TiO@SiO2 nanosol coating.

nanosol
Spheres type . nanosol TiO,@SiO:
TiO;
Untreated surface (TQ) X X
Acidic treatment (TA) X X
Basic treatment (TB) X X

Mag= BODKX 2um EHT = .00 kv 1 Signal A = SE2 Mag= 2000KX 2um EHT = 8.00 KV 1 Signal A= SE2
5l Ta® Dopispe WD = 8.2 mm 3000 pm Specinen| = 00 pA Fiea i K o: Dol }—{ WD = 7.7 mm 00 M Speciren = 0.0p4

Figure S2 FESEM images of glass spheres surface: a) as received; b) sandblasted surface.

a) TQ - TiO2 b) TQ - TIO:@SiO>



¢) TA - TiO»

e) TB - TiO2 f) TB - TIO:@SiO:

Figure S3 FESEM images of TiO2 nanosol-coated spheres: a) TQ - TiOz, b) TQ - TiO2@SiO2, ¢) TA - TiO2, d) TA -
TiO2@SiOz, e) TB - TiOz, f) TB - TiO2@SiO: thin layers on spheres surface.
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Figure S4 Turbidimetry values (NTUm) measured for the two types of TiO2 nanosol-coated material, a) TiO2 and b)
TiO2@SiO2 coated samples, in the 3 washing cycles, for a total of 25, 50, and 75 mL of used water.
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Figure S5 ICP-OES measurement of TiO2 release in the washing water, from nanosol-coated spheres, after 3 washing
cycles; *value < LOD

BSA detection in model wine solutions: HTP-BSA, ICP-OES and UV-Vis analysis

To determine if the HTS-BSA method was appropriate to measure the BSA adsorption from the
model wine solutions by the TiO, nanosol-coated spheres treatment, we compared three methods:
the HTP-BSA (Figure S6a), the ICP-OES (Figure S6b) and a UV-Vis analysis (Figure S6c¢) to detect
the BSA absorbance at 280 nm. Figure S7 compares the BSA content measured in the six solutions
after contact with the new adsorbing materials by the three techniques. It is possible to see that BSA
content measured by HTP-BSA and by ICP-OES analysis have a similar trend, indicating that the
TiO2 nanosol-coating is more efficient than the TiO.@SiO2 nanosol. The error bar in the ICP-OES is
high, due to the alcoholic content of the model wine solution that required a multi-step dilution. The
BSA concentrations obtained by UV-Vis analysis resulted in an overestimation: 160 mg/L of BSA vs

140 mg/L (nominal concentration), which resulted therefore affected by a systematic error caused
4



by the TiO, leakage in the solution, and an overlapping of the TiO, adsorption spectra at 278-280

nm to the adsorption peak of the BSA (280 nm), affecting the reading of the results. Because of this,

the HTP-BSA method results, in this case, a more sensitive and direct method to measure the BSA

content in the model wine solutions.

80
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Figure S6a BSA determination by HTP-BSA method: BSA calibration curve (blue dots); BSA content after contact with the
coated spheres: yellow dots: TiO2 nanosol (BSA range 102-107 mg/L); red dots: TiO2@SiO2 nanosol (BSA range 121-129
mg/L); green dot: TiO2 paste coated (BSA 91 mg/L)
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Figure S6b BSA determination by ICP-OES analysis: BSA calibration curve (blue dots); BSA content after contact with the
coated spheres: yellow dots: TiO2 nanosol; red dots: TiO2@SiO2 nanosol.
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Figure S6c BSA determination by UV-Vis analysis: BSA calibration curve (blue dots); BSA content after contact with the
TiO2 nanosol-coated spheres: orange dots.
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Figure S7 Comparison of the methods used for assessing the content of BSA (mg/L) of TiO2 nanosol-coated spheres.
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Figure S8 Adsorption capability of the TiO2 paste-coated spheres during 8 regeneration cycles a) expressed as a
percentage of BSA adsorbed, b) normalized adsorption values.
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Figure S9 TiO: release during regeneration cycles after adsorption from the model wine solution. An ICP-OES analysis of
the TiO2 content in the treated model wine solution indicated a TiO: release decreasing from 0.5 mg/L to 0.04 mg/L after
the 6th cycle.

Table S4 Cu and Fe ions in Rosé wine measured by ICP-OES.

Cu (mg/L) | Fe (mg/L) TiO2 (mg/L)
Rosé wine untreated 1.40+0.10 | 1.20 £ 0.07 Low*
Rosé wine treated 0.12+0.04 1.1+ 0.1 0.5+0.01

*<LOD (0.01 mg/L)
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