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Abstract

This work reports the development of innovative enzyme-titanium nanobiohybrids synthe-
sized via a protein-assisted approach to obtain efficient and sustainable photocatalysts for
environmental remediation. By addressing the limitations of conventional TiO, nanoparti-
cle synthesis, this strategy enables controlled material properties under milder, potentially
scalable conditions for enhanced ROS-driven degradation of persistent dye pollutants. This
work employs a bio-assisted synthesis approach using 3-glucosidase as a protein scaffold,
TiCly as the titanium precursor, and HyO; in bicarbonate buffer at room temperature,
eliminating the need for harsh conditions and high temperatures. The biological moiety
guides the nanoparticle formation, controlling size and morphology while preventing
aggregation, all performed under mild conditions. X-ray diffraction determined that the Ti
hybrid was composed of TiO, brookite species. TEM analyses demonstrated the forma-
tion of well-dispersed nanostructures of around 700 nm. The resulting nanobiohybrids
showed excellent photocatalytic activity, achieving >99% Rhodamine B degradation under
UV light in only 1 h compared to visible light. The catalyst was capable of degrading
Rhodamine B at a concentration approximately 36 times above the recommended threshold
for water. Furthermore, a preactivation of the catalyst by direct exposition of it to UV-395
nm light greatly enhanced the efficiency in the photocatalytic process, being inactive in
visible light. The Ti—enzyme hybrid showed excellent recyclability over five consecutive
cycles and retained good activity after storage, demonstrating its stability. This study
introduces a sustainable and efficient route for synthesizing Ti-based nanobiohybrids, pro-
viding a promising strategy for advanced photocatalytic applications in water treatment
and environmental remediation.
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environment, bioaccumulative, and resistant to conventional treatment processes, holding
a significant risk to human and ecosystem health [2-7]. Among the various strategies
developed, particular attention has been given to processes based on the generation of
highly reactive oxygen species (ROS), such as hydroxyl radicals (¢OH) and superoxide
anions (Oye ™), which are able to degrade a wide spectrum of organic contaminants [8].
Within this context, photocatalytic degradation employs semiconductors, such as TiOj,
CdS, and ZnO, that, upon irradiation with adequate wavelengths, generate ROS capable
of efficiently oxidizing and breaking pollutants in aqueous environments [9]. Among the
available photocatalysts, titanium dioxide (TiO;) stands out for its peculiar physicochem-
ical properties, including high redox potential, excellent chemical and thermal stability,
non-toxicity, low cost, natural abundance and a wide band gap with efficient charge carrier
mobility. Chemically, titanium dioxide (TiO,) exists in three main forms, anatase, rutile, and
brookite, which have distinct structural, electronic, and catalytic properties. Upon exposure
to near-UV light, electrons in the valence band are excited to the conduction band, leaving
behind positively charged holes (h*). Among the three, anatase is widely recognized as the
most photoactive phase. This superior performance is attributed to its favorable charge
carrier dynamics, higher surface area and enhanced interfacial chemistry. Although rutile
is the thermodynamically most stable across a broad range of temperatures and pressures,
its photocatalytic activity is generally lower than that of anatase [10-13]. Comparatively,
brookite has been much less studied because of the difficulty of its synthesis in pure form.
However, in recent years, the interest in brookite has increased. The number of papers
on preparation and photocatalytic activity of brookite is increasing. Brookite is, however,
now recognized as an active phase, with potential enhanced performance with respect to
anatase [14-17]. However, the large-scale application of TiO,-based photocatalysts still
faces significant limitations. Although TiO, has been extensively investigated, a problem
resides in the fact that key properties of TiO, nanoparticles, such as morphology, surface
area, crystal structure, degree of crystallinity, and band gap, are strongly dependent on
the synthesis method employed [13]. Among these, thermal treatment represents a cru-
cial parameter in determining TiO, characteristics, including crystallinity, porosity, and
morphology. In particular, calcination at temperatures above 400 °C is typically neces-
sary to remove organic residues and promotes the transformation of amorphous TiO,
into crystalline anatase. Carefully controlled heating rates and calcination times seem
to be essential to preserve surface properties while achieving the desired crystal struc-
ture [14]. Therefore, a wide range of synthesis strategies for TiO, nanoparticles have been
reported; however, many of these approaches present issues in terms of scalability, cost,
and energy used. As a result, developing synthetic methodologies that are simple, effi-
cient, cost-effective, and sustainable remains a critical challenge for advancing TiO;-based
photocatalysis towards applications.

A particularly promising route to overcome these limitations, which is the central
strategy of this work, is the design of bio-nanohybrid systems that exploit biomolecules,
such as proteins or enzymes, as both structural and functional scaffolds. This bio-assisted
approach exploits the three-dimensional architecture and rich surface chemistry of proteins,
whose functional groups, including amine, carboxyl, hydroxyl, and thiol moieties, act as
natural coordination and nucleation centers for metal ions, enabling the controlled in situ
formation of nanostructures under mild aqueous conditions at room temperature [18].
Their three-dimensional structures create specific metal coordination environments that
facilitate biomineralization processes and enable the formation of monodisperse, stable
nanoparticles or other nanostructures [18-20]. This allows precise control over nanopar-
ticle size and morphology while simultaneously preventing aggregation. Compared to
conventional synthesis methods, this approach offers several clear advantages: milder
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reaction conditions, shorter reaction times, enhanced structural control, and an inherently
greener and more sustainable process that eliminates the need for harsh processing condi-
tions [18-20]. Several groups have demonstrated that protein and peptide scaffolds can
template the synthesis of TiO, nanoparticles with controlled morphology, crystal phase,
and photocatalytic activity [21-24]. However, these approaches still rely on calcination
steps at high temperatures to achieve the desired crystalline phase, retaining one of the
key limitations of conventional TiO; synthesis. A more general and versatile strategy was
introduced by us, developing the concept of nanobiohybrids, in which isolated commercial
enzymes are used as scaffolds to directly induce the in situ formation of metal nanoparticles
in aqueous media, without the need for any thermal treatment [18]. This approach was
first demonstrated using lipase B from Candida antarctica (CAL-B) for the synthesis of Pd
nanobiohybrids [25] and was subsequently extended to a broad range of metals and applica-
tions. Enzyme—copper nanobiohybrids were synthesized and applied in selective oxidation
reactions and environmental remediation, including the degradation of Bisphenol A in
water [26,27]. Enzyme-induced iron nanostructures of diverse morphologies, including
nanorods, nanosheets, and nanorings, were obtained by simple mixing of enzymes with
iron salts at room temperature, without requiring any reducing agent [28]. More recently,
enzyme-metal hybrids incorporating Cu, Pd, Ag, and Mn were evaluated as artificial
metalloenzymes mimicking catalase activity [29]. In all these systems, the enzyme plays
a dual role: it acts as a structural scaffold controlling nanoparticle nucleation, size, and
morphology, while, if its biological activity is preserved during synthesis, the resulting
hybrid material can function as a bifunctional catalyst, coupling enzymatic and inorganic
catalytic activity. This multifunctionality not only enhances overall catalytic performance
but also broadens the potential applications of these nanobiohybrids in environmental
remediation and other emerging technological fields.

The present work extends this nanobiohybrid concept to titanium-based materials for
the first time, employing 3-glucosidase as the protein scaffold in combination with TiCly
and HyO; in an aqueous bicarbonate buffer to produce brookite TiO, nanostructures under
entirely mild conditions and without any calcination step, and evaluating their perfor-
mance as photocatalysts for environmental remediation, in particular in the degradation of
Rhodamine B, a synthetic industrial dye used in textiles, paints, and plastics that is highly
toxic to humans and the environment [30].

2. Materials and Methods
2.1. Materials

Lipase B from C. antarctica (CAL-B), catalase and 3-glucosidase derived from As-
pergillus niger (Novozyme 188) were supplied by Novonesis (Copenhagen, Denmark).
Rhodamine B (RhB) was purchased from Merck (Darmstadt, Germany). Hydrogen perox-
ide (HyOy, 33%) and tetrahydrofuran (THF) were obtained from Panreac (Barcelona, Spain).
TiCl4 was purchased from INSERT (Waltham, MA, US).

2.2. Bionanohybrid Characterization Technigues

Transmission electron microscopy (TEM) images were obtained on a JEOL JEM 1400
(120 kV), Jeol Ltd. (Tokyo, Japan). Aqueous suspensions of NPs were placed on 200-mesh
copper grids coated with formvar/carbon without any staining.

The hybrids were characterized by X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM) and spectrophotometric analysis. The XRD patterns were obtained using a
PANalytical X’ Pert Pro polycrystalline diffractometer with a D8 Advance analysis texture
configuration (Bruker, Billerica, MA, US) with a Cu K« radiation (A = 1.5406 A, 45 kV,
40 mA). To analyze the diffractograms, X'Pert Data Viewer and X’ Pert Highscore Plus
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software were employed. SEM imaging was performed with a TM-1000 microscope (Hi-
tachi, Tokyo, Japan), and spectrophotometric analyses with a V-730 spectrophotometer
(JASCO, Tokyo, Japan). Colloidal properties of the samples were studied in a Zetasizer
Nano ZS TM, from Malvern Instruments, and carried out at pH 7, where the mean particle
size was obtained based on the intensity distribution. Additionally, (-potential values were
determined. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was
performed on an OPTIMA 2100 DV instrument (PerkinElmer, Waltham, MA, USA). Ten mil-
ligrams of the solid powder was treated with 5 mL of HCI (37% v/v) for acid leaching.
Then 5 mL of water was added and centrifuged, and the clear solution was analyzed for
metal content.

2.3. Synthesis of Ti Bionanohybrid

A 2.1 mL measure of commercial 3-glucosidase solution (19.59 mg/mL, determined
by Bradford assay) was added to 60 mL of 1 M bicarbonate buffer (pH 10) (final enzyme
concentration of 0.68 mg/mL) in a 100 mL glass bottle under magnetic stirring at room
temperature under a fume hood (because of the Ti solution use). Then, 600 L of HyO,
(33% v/v) was added to the enzyme solution slowly. After that, immediately, 350 uL of
TiCly (1.71 mg/mL) was carefully added to the mixture, which was kept in an ice bath
during the addition (Figure 1). This precaution was necessary to avoid the violent exothermic
reaction of TiCly with water. During this step, Cl or HCI gases were observed at the liquid surface;
thus, the solution was left under the fume hood for several minutes. It is important to store the
remaining TiCly solution rapidly in an inert atmosphere to preserve reproducibility because
it is extremely unstable. It could be observed that immediately after addition of the titanium
precursor, the solution turned cloudy. Then, the solution was stirred at room temperature
for 20 h. After that, the mixture was centrifuged at 8000 rpm for 15 min. The supernatant
was discarded while the pellet was resuspended in distilled water. This washing procedure
(centrifugation followed by resuspension) was repeated four times in total.
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Figure 1. Schematic representation of the synthesis of 3-glucosidase nanobiohybrids and Ti@fGlu
and of the different storage conditions chosen to be evaluated.

Finally, the pellet was resuspended in 5 mL of water and transferred to a crystallizer.
The sample was oven-dried at 45 °C for 4 h. After that, a visible color change was observed:
the material became light brown. The dried product was ground in a mortar to obtain a
yield of 250 mg of a fine, homogeneous powder of the so-called Ti@BGlu catalyst. For
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stability studies, three different fractions of the final catalyst were created and stored under
different conditions:

e Inthe dark, in a light-shielding Eppendorf;
e Inthe fridge at 4 °C, in a light-shielding Eppendorf;
e On the benchtop, in a regular 1.5 mL clear Eppendorf (Figure 1).

These samples were later compared to assess stability and relative performance over
15 days.

2.4. Photocatalytic Degradation of Rhodamine B

Photocatalytic activity of the hybrid was evaluated using Rhodamine B (RhB) degra-
dation as a model reaction. Rhodamine B was chosen to evaluate photocatalytic activity
due to its optical properties. It exhibits a strong absorption peak at Amax = 552.5 nm and
an intense pink color; in solution, the color is visible even at very low concentrations.
Photocatalytic degradation results in a significant decrease in absorbance at the absorbance
maximum, accompanied by complete decolorization of the solution, allowing the reac-
tion to be easily monitored visually and spectrophotometrically. A RhB solution with a
concentration of 0.01 mM was prepared for all experiments. Different concentrations had
been tested previously, but the one reported here was selected for practical reasons: it
allowed direct measurement in the spectrophotometer without requiring dilutions and still
provided absorbance values within a suitable range (0.05-1.0). This facilitated monitoring
of the degradation over time and avoiding repeated dilutions, which could significantly
increase experimental error. In addition, after the analysis, the solution could then be
returned to the reaction vial to proceed with the investigated reaction. This ensured that
the reaction volume and the catalyst/dye ratio remained constant throughout the whole
experiment. The RhB solution was prepared by dissolving RhB in distilled water to obtain a
final concentration of 0.01 mM, and stored in the dark at 4 °C. The solution remained stable
for several months, and the same stock solution was used for all photocatalysis assays. To
verify the photoactivity of the synthesized catalyst, the following setup was employed.
Five milligrams of the catalyst Ti@ Glu was suspended in 2 mL of 0.01 mM RhB solution,
and 20 uL of H,O, was added to obtain a final concentration of 100 mM. Three vials were
prepared, subject to different irradiation conditions:

1.  Dark conditions: the vial was placed on a roller to ensure constant stirring and
wrapped with multiple layers of aluminum foil to prevent light exposure.

2. Natural light: the vial was positioned in natural light, while being stirred on a roller.

3. UVirradiation: the vial was placed on a magnetic stirrer inside a dark chamber under
an LED UV lamp (A = 395 nm), 50 W, with a light intensity of 300-350 mW / cm?.

After three hours of reaction, the samples were centrifuged to separate the catalyst
and obtain clear solutions. One milliliter of each supernatant was transferred into a plastic
cuvette (2.5 mL capacity) and analyzed using a JASCO V-730 UV-Vis spectrophotometer
(JASCO Corporation (Japan)). Spectra were recorded in the 390-600 nm range, and the
maximum absorbance at 552.5 nm (corresponding to RhB absorbance maximum) was noted.

2.5. Evaluation of Optimal [H,O,] Concentration for the RhB Degradation Reaction

For this analysis, the experimental setup was as follows: 5 mg of Ti@Glu was added
to 2 mL of 0.01 mM RhB solution, to which varying amounts of HO, were added. In total,
six different solutions were prepared, each containing a different concentration of hydrogen
peroxide in order to evaluate the relative behavior. The prepared vials were placed on a
magnetic stirrer inside a dark chamber, under a UV lamp (A = 395 nm, LED 50 W). Ab-
sorbance measurements were performed after 3 h. This time point was selected because, in
this interval, the differences in conversion between the various solutions (of different H,O,
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concentrations) were sufficiently pronounced, allowing for a clear and reliable comparison
of their relative efficiencies and enabling identification of the optimal concentration. After
three hours, the solutions were centrifuged, and 1 mL of each sample was transferred
into a plastic cuvette (2.5 mL capacity) and measured with the spectrophotometer in the
390-600 nm range. For each of the six samples, spectra were acquired and the maximum
absorbance value at 552.5 nm (A max of RhB) was recorded.

2.6. Preactivation Method by UV Lamp

For further investigation of the effect of UV exposure, the Ti@B Glu catalyst was first
“incubated” under UV light at 395 nm (LED lamp 50 W) for 1 h in distilled water (5 mg
catalyst in 2 mL water, stirred in a dark chamber). After this incubation, the suspension
was centrifuged, the solid was recovered and the procedure described above was followed.

2.7. Recyclability

To evaluate the recyclability of the catalyst and its relative efficiency after each washing
step, the chosen procedure for the RhB model was similar to the one described above. Five
milligrams of catalyst and 2 mL of RhB solution (0.01 mM) were added to a vial containing
H,0; (100 mM), and the mixture was irradiated under UV light (A = 395 nm, LED 50 W)
for 1 h. After the reaction, the samples were centrifuged to separate the solid catalyst
from the solution, whose UV-Vis spectra were then recorded in the 390-600 nm range. The
maximum absorbance at A = 552.5 nm was then measured.

Subsequently, the catalysts were washed with 1.5 mL of water and centrifuged for
2 min; this washing step was repeated again. After removal of the supernatant, the catalyst
was reused in a new reaction cycle under the same conditions. For each cycle, 2 mL of fresh
RhB solution (0.01 mM) and 20 uL of H,O, (final concentration 100 mM) were added to a
vial together with the recovered catalyst, and the mixture was irradiated under the same
UV light for 1 h. The absorbance at A = 552.5 nm was measured after each cycle. A total of
five recycling cycles were carried out.

2.8. Radical Scavenging

To investigate the degradation mechanism of RhB and verify whether it follows a
radical pathway, L-histidine was employed as a radical scavenger. L-histidine is known
to be a quencher for both singlet O_2 and ¢OH [31]. Two solutions were prepared, each
containing 2 mL of 0.01 mM RhB and 5 mg of catalyst Ti@3Glu and H,O, (final concen-
tration: 100 mM). These were left to react under UV light for 1 h, after which they were
centrifuged and washed twice (according to the procedure described in Section 2.6), and
catalysts were then recovered. The catalysts were added again, respectively, to 2 mL RhB
and H,O, 100 mM. In only one of the two solutions, 2 mg of L-histidine was added for
a final concentration of 5 mM. The two solutions prepared (one with L-histidine, one
without) were reused in a second RhB degradation test in UV light for 1 h under magnetic
stirring. The solutions were centrifuged, and absorbance of supernatant was measured
at A = 552.5 nm. The results were analyzed to compare the behavior in the presence and
absence of the scavenger.

2.9. Evaluation of One Month Benchtop Stability and in Different Storage Conditions

The stability of the catalyst over time was also investigated. To assess this, the synthe-
sized catalyst, Ti@3Glu, was stored for 1 month on the benchtop in a plastic Eppendorf
tube. After this period, it was tested again under the same experimental conditions used
for the Rhodamine B model reaction, and the results were compared with those obtained
for the freshly synthesized catalyst. Specifically, 5 mg Ti@BGlu of catalyst was suspended
in 2 mL of 0.01 mM Rhodamine B solution, and H,O, (100 mM) was added. After 3 h under
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UV, the solution was centrifuged, and the absorbance of the supernatant was measured
at 552.5 nm. This value was used to compare the performance of stored versus freshly
prepared catalysts. In addition, the stability of the catalyst under different storage con-
ditions was evaluated (2.2.1) through the same RhB model just described. Specifically,
the performance of the catalyst stored on the benchtop at room temperature (which was
inevitably exposed to daylight) was compared with that of the same product stored for the
same period in the fridge (4 °C), in a light-shielding Eppendorf at room temperature.

3. Results and Discussion
3.1. Synthesis and Characterization of Ti Bionanohybrids

First, different enzymes were used in the synthetic protocol as scaffolds: CALB lipase
(monomer, 33 kDa), catalase (tetramer, 240 kDa) and (3-glucosidase (monomer, 120 kDa),
using TiCly as the Ti source in distilled water and NaOH to adjust the final pH to a
value around 10. However, the strategy was not satisfactory, and water was replaced
by a bicarbonate buffer to maintain good pH control throughout the whole synthesis.
Better outcomes were observed here. In the earlier attempts, addition of TiCly caused a
significant pH drop, leading to poor yields and unstable products. A 17% (v/v) measure of
THF was then introduced in the synthetic route to better solubilize the titanium species.
Additionally, the syntheses were both performed in the absence or in the presence of
hydrogen peroxide. Eventually, it was only possible to obtain a stable catalyst, with a
good yvield, by employing the protein (3-glucosidase. However, this method with THF in
the synthesis revealed, after several tests of degradation of Rhodamine B, relatively low
conversion values and adsorption of the compound to the material. Therefore, considering
the above, we performed the synthesis in the same way but without the addition of THF to
the solution, directly and exclusively in aqueous media. This route brought about the best
results so far. From a 60 mL synthesis, approximately 250 mg of catalyst called Ti@BGlu
was obtained. After grinding with a mortar, the material formed a fine white-yellow
powder, which could be directly employed in the rhodamine degradation assay, where it
exhibited good photocatalytic activity. Additionally, the solid product could be washed
and centrifuged multiple times without significant loss of mass. Maintaining a constant pH
throughout the process not only stabilized the reaction environment but also preserved
the structural integrity of 3-glucosidase essential for its role as a scaffold. Protein stability
ensures that functional groups remain available for coordination of the growing titanium
species, sustaining the templating effect necessary for nanobiohybrid formation. In the
control experiments, where the synthesis was performed without the enzyme, almost no
solid product (<5 mg) was obtained, demonstrating the necessary use of the protein as a
scaffold to obtain a valid catalyst.

The X-ray diffraction (XRD) pattern presented in Figure 2a of Ti@ Glu reveals that
the material exhibits low crystallinity, as indicated by the presence of broad diffraction
bands and the absence of sharp, well-defined peaks associated with typical crystalline TiO,
phases. Furthermore, if any crystalline domains are present, the crystallite size is likely
extremely small because of the very small intensity.

However, some peaks do show partial resemblance to brookite. The presence of
brookite can usually be evidenced by the characteristic peak at 20 = 30.8°, corresponding
to the (121) plane [15]. Moreover, the other peaks at 26 = 46° and 60° do match with the
diffractogram of reference for brookite (JCPDS #00-029-1360) [15]. It is possible then to
hypothesize the formation of the brookite crystalline form.

Additionally, a comparison between the patterns obtained immediately after synthesis
and recorded one month later shows no significant structural changes (Figure 2a).
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Figure 2. Structural Characterization of Ti@3Glu. (a) X-ray diffraction (XRD) pattern. (b) SEM image
(scale bar: 100 pm). (c) TEM images (scale bars: left image: 1 pm, right image: 200 nm).

SEM analysis of the Ti@3Glu hybrid revealed a heterogeneous morphology character-
ized by irregular aggregates and variable particle sizes (Figure 2b). The material appears to
form some clusters with larger agglomerates. SEM analysis was additionally performed to
compare the morphology of the catalyst immediately after synthesis to that after one month
of storage on the benchtop at room temperature. The sample after one month showed a
similar appearance (data not shown).

Transmission electron microscopy (TEM) images showed the presence of nanoclouds,
from around 100 nm to 700 nm (Figures 2c and S1), demonstrating the nanostructured
character of the material. Analysis of dynamic light scattering (DLS) corroborated this
result, showing an average size of 482.2 nm with a stable colloidal dispersion and a zeta
potential measurement of —46 mV (Figure S2), indicating a broad particle size distribution,
so in turn a broad or multimodal population.

3.2. Photocatalytic Degradation of RhB

Initially, Ti@3Glu was evaluated in the degradation of RhB (0.01 mM) in water at
room temperature under different illumination conditions (Figure 3). All experiments refer
to a hydrogen peroxide concentration of 100 mM (Figure 3a). Reaction without a catalyst or
directly using a free enzyme did not show any catalytic activity (data not shown).

As shown in Figure 3, after 3 h of reaction, the conversion catalyzed by Ti@B3Glu
under UV light was significantly higher, reaching a value of 84%, whereas the degradation
process in natural light was 29%. In the dark, conversion was even slower than in natural
light, with a value of 18%, and almost five times less than under UV light.

This clearly demonstrates that the activity enhancement is linked to exposure to
a specific wavelength (395 nm), which corresponds to the theoretical band gap of the
semiconductor. Therefore, photocatalytic behavior can be confirmed.

Additional tests were designed to investigate how lower H,O, concentration could
affect the reaction performance described above. H,O, concentrations of 50 mM and 0 mM
were tested. In these conditions, degradation at 3 h was reduced by 30% (60% instead of
84%) for the 50 mM solution. Instead, without hydrogen peroxide, after the same time
interval, only slight conversion was observed (7%).
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Figure 3. (a) Photocatalytic degradation of RhB (2 mL, 0.01 mM) under different lighting conditions
after 3 h of reaction with 5 mg of catalyst and 100 mM H,0O,. (b) Absorption spectra of RhB
degradation (2 mL, 0.01 mM), after UV illumination, reacting with 5 mg catalyst and different
hydrogen peroxide concentrations (0200 mM). The dark blue line represents the blank of the
absorbance of the RhB solution before the catalytic process (0 s). The curves were acquired after 3 h
of reaction.

Then, to see the effect of higher concentrations of hydrogen peroxide, 125 mM, 150 mM
and 200 mM H,O, concentrations were tested. However, further increasing the concentra-
tion produced only minor improvements, with values approaching 85-90%. All measure-
ments were taken at 552.5 nm (Apax of RhB) after 3 h.

Figure 3 shows the UV-Vis absorption spectra (390-600 nm) recorded after 3 h of
reaction for each concentration. Examination of the acquired spectra shows that higher
degradation was accompanied by a progressive blue shift in the absorption maximum,
indicating that changes in the dye were occurring. This suggests the effective degradation
of RhB. Additionally, the appearance of a new absorption peak in the UV region suggests
the formation of the dye’s degradation products, further supporting the successful activity
of the catalyst.

3.3. Reutilization and UV-Preactivation Phenomenon

The recyclability of the Ti@B3Glu catalyst was evaluated through repeated RhB degra-
dation cycles under UV LED illumination. Each cycle lasted 1 h. Interestingly, in cycle
two, a nearly complete degradation of the substrate was observed (Figure 4a) after only
one hour, and the solution became completely clear. This enhanced performance persisted
through the fifth cycle, indicating that the catalyst’s efficiency significantly increased after
its initial UV exposure (Figure 4a). In order to demonstrate that the pretreatment with
UV light before starting the reaction strongly affects the photodegradation capacity of the
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catalyst, the Ti@B Glu hybrid was first dissolved in an aqueous solution and placed under
UV light.

(a
100%

90% -
80% -
8 70% -
5 60% A
=
©
°

mcycle1 mcycle2 ncycle3 ' cycled4 cycle5

Cycle1 Cycle2 mCycle3 mCycle4 mCycle5

Figure 4. (a) RhB degradation percentage during five consecutive recycling cycles of Ti@3Glu under
UV illumination. (b) RhB degradation during five consecutive recycling cycles of Ti@3Glu under
UV-395 nm illumination. Here, the catalyst was pre-incubated for 1 h under UV-395 nm (LED 50 W)
light in water before the standard reaction.

Then, the catalyst was used in the RhB photodegradation. After this, the photodegra-
dation conversion observed was 80% in a 1 h incubation, 5-fold higher than that observed
without pretreatment (Figure 4b). This high conversion was even slightly increased after a
second cycle of reusing the same catalyst, keeping the high efficiency intact after five cycles
of reuse (Figure 4b), demonstrating the high recyclability capacity of this new Ti catalyst.

Additional tests were performed to verify whether the same conversion values could
be obtained without washing in order to determine if any RhB degradation products were
adsorbed on the catalyst surface, potentially reducing its activity by blocking the reactive
sites. This was a way to better clarify the reason for increased activity after washing (data
not shown).

The hypothesis that degradation byproducts accumulate on the catalyst surface and
reduce its activity can be excluded for the following reasons. First, when the catalyst was
reused without washing, its performance did not decrease significantly; on the contrary,
high photoactivity was maintained, achieving up to 91% dye degradation. Second, if the
observed behavior was solely due to adsorption and no UV-induced effects on the catalyst
occurred, the experiment involving prior UV incubation in water would have resulted
in low activity during the subsequent cycle, similar to the first cycle in the Rhodamine B
reaction (approximately 16% degradation; see Figure 4a). Therefore, the hypothesis that
surface hindrance by degradation products limits catalyst activity can be discarded.
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3.4. Catalytic Mechanism of RhB Degradation

To investigate the degradation mechanism of RhB operated by the catalyst Ti@Glu
and define whether it proceeds via a radical pathway, L-histidine was used as a radical
scavenger. L-histidine is known to quench singlet oxygen and hydroxyl radicals [31]. So
if reactions were proceeding via formation of these two species, the degradation of RhB
would not occur, or would occur to a minor extent, with the radicals being “subtracted”
by histidine.

As shown in Figure 5, the effect of L-histidine in this experiment was clear: when
absent, RhB degradation reached 98%, whereas in its presence, degradation dropped to
21%. This significant decrease confirmed that the photocatalytic process involves reactive
oxygen species (ROS) and proceeds via a radical mechanism.

100%
90% -
80% -

£ 70% A

& 60% A

2

8 50% -

%40% .

Q 30% o
20% -
10% A
0%

98%

21%

Without L-Histidine = With L-Histidine

Figure 5. Catalytic RhB degradation in the presence or absence of L-histidine. The values shown
correspond to absorbance of the solution after 1 h of “UV activation” and following 1 h of reaction
(RhB 2 mL 0.01 mM, 100 mM H,O;, 5 mg catalyst, LED UV light 50 W, and 5 mM L-Histidine in one).

The photocatalytic degradation of RhB can then be defined to proceed via the gen-
eration of reactive oxygen species (ROS), initiated by the excitation of the semiconductor
under UV light. Upon irradiation, electrons (e ™) and holes (h*) are generated in the conduc-
tion and valence bands, respectively. These charge carriers participate in redox reactions
that produce oxide radicals, which are responsible for the oxidative breakdown of RhB
molecules. The general mechanism proposed in the literature suggests that electrons react
with dissolved oxygen to form superoxide radicals and other ROS, while holes oxidize
surface-bound water or hydroxide ions to generate additional reactive species. These ROS
attack RhB molecules, leading to its breakdown and complete degradation [15].

Moreover, previous studies have shown that the addition of hydrogen peroxide (H,O,)
accelerates the degradation process, which is consistent with its role as a promoter of «OH
formation [23]. This observation aligns with our findings, where increasing concentrations
of H,O; led to higher RhB degradation, showing that H,O, contributes to the generation
of ROS and improves photocatalytic activity.

The specific mechanism of RhB photodegradation by the TiO; hybrid in the presence
of H,O, is described further below:

TiOy + hv — e +h” 1)

e + HZOZ — -OH™ + «OH (2)

h* + HzOz — OOZH (3)

oOH + RhB — CO, + HyO + other products 4)
eO,H + RhB — CO, + HyO + other products (5)
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Due to photoexcitation of the catalyst, electron-hole pairs were formed on the surface
of TiO; nanoparticles in the hybrid (Equation (1)). Then, in the presence of hydrogen
peroxide, electrons in the conduction band are captured by it, breaking the molecule
and generating hydroxyl radicals (Equation (2)). Additionally, holes in the valence band
can also react with hydrogen peroxide: the hole extracts an electron from the hydrogen
peroxide, oxidizing it. This generates hydroperoxyl radicals, which are highly reactive
species (Equation (3)). Thus, the processes used to photodegrade RhB molecules are based
on the possibility of the RhB molecules being directly degraded to small molecules by an
attack of the active oxidative radicals (Equations (4) and (5)) [32,33].

In this process, the presence of L-histidine competed to trap the radicals, and therefore
reduced the photodegradation of RhB in its presence, as we observed.

3.5. Stability

The long-term stability of the catalyst was evaluated by comparing its photocatalytic
performance after storage under different conditions (Figure 6). The catalyst Ti@3-Glu was
tested one month after synthesis, after being stored on the benchtop in a plastic Eppendorf
tube at room temperature. The RhB degradation assay, as previously described, was used
to assess activity, and the results were compared with those obtained using the freshly
synthesized catalyst. As shown in Figure 6 (blue), storage under ambient conditions led
to a 67% reduction in photocatalytic efficiency after one month. The stability test was
then performed after storage of the catalyst under different conditions for 14 days: on the
benchtop (exposed to light and at room temperature), in the dark at room temperature, and
in the dark at 4 °C.

100%
90% -
80% A

X
3
S 70% A 67%
2
S 60% o 55%
3]
'8 50% A 43%
= 40% A
S
T 30% o 27%
(=]
£ 20% A
10% +
0%
0%
Benchtop, 1 month m Benchtop 14 days
m Dark, 14 days Fridge, 14 days

iZBenchtop, 14 days, recycled

Figure 6. Photocatalytic activity loss (%) of Ti@pB-Glu after storage under different conditions and
incubation times. One month of incubation at 25 °C on the bench (blue), 14 days of storage on the
benchtop at room temperature (black), 14 days in the dark at room temperature (dark gray), 14 days in
the fridge at 4 °C (light gray), and recycled catalyst for 14 days on the benchtop at room temperature
(green dashed line).

After two weeks of storage, the activity decreased under all conditions, with the most
evident loss observed for the sample stored on the benchtop (55% loss of activity), followed
by storage in the dark at room temperature (43% loss), while the sample refrigerated at
4 °C and in the dark catalyst preserved the highest activity (27% loss) (Figure 6, black, dark
gray, and light gray, respectively).

These results indicate that exposure to light and ambient conditions accelerates deac-
tivation of the catalyst, decreasing its photocatalytic activity. This result is coherent with
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what was obtained for one month of benchtop storage, describing a progressive decline in
performance over time.

Additionally, to further investigate whether any reactivation was possible through
recycling, the same catalyst stored on the benchtop was centrifuged, washed, and reused
in a RhB degradation test following the recyclability protocol. Despite the previously
observed decrease in activity after storage, the recycling procedure demonstrated a partial
restoration of the catalyst’s initial performance. High degradation values were achieved
(~90%, data not shown) within just 1 h, obtaining values even higher than the fresh catalyst.
So the loss of activity due to benchtop storage could be recovered. This observation strongly
suggests that UV irradiation induces modifications, improving photocatalytic efficiency,
and restoring the negative effects produced by keeping the catalyst under natural light.

4. Conclusions

This work successfully demonstrated a sustainable and efficient strategy for synthesiz-
ing 3-glucosidase/titanium nanobiohybrids to perform as efficient photocatalysts for envi-
ronmental remediation. By employing (3-glucosidase as a protein scaffold in combination
with TiCly and H,O; in a buffer with controlled pH, it was possible to obtain a functional
hybrid material under mild conditions containing brookite TiO, nanostructures without
the need for calcination or energy-intensive steps and using a straightforward method.

The synthesized nanobiohybrids exhibited remarkable photocatalytic performance,
achieving nearly complete degradation of RhB under UV light within one hour. The catalyst
is capable of degrading RhB at a concentration approximately 36 times higher than the
critical limit in water (0.14 ppm) [25]. The catalyst also showed excellent recyclability
over five consecutive cycles and retained activity after storage. Radical scavenging experi-
ments further revealed that the degradation mechanism involves reactive oxygen species
(ROS), primarily hydroxyl and superoxide radicals, which is consistent with the expected
photocatalytic pathway of Ti-based materials.

This performance opens up promising opportunities for practical applications, such as
rapid wastewater treatment in textile and pharmaceutical industries, disinfection systems
for healthcare environments, and portable purification devices. The combination of UV-LED
activation and fast degradation kinetics defines these nanobiohybrids as an energy-efficient
solution for environmental remediation and beyond.

Compared to conventional Ti-based nanoparticle synthesis methods, which often
require high temperatures and long processing times, the bio-assisted approach presented
here offers a simpler and more scalable alternative. The ability to control nanopar-
ticle formation through enzymatic scaffolds allows for designing materials with on-
demand properties.

The promising results obtained in this study highlight directions for future research.
Exploring alternative titanium precursors could influence the structural and catalytic prop-
erties of the hybrids, potentially leading to improved or different performance. Achieving
solar-driven activity would significantly broaden the potential of these nanobiohybrids
as catalysts for water treatment and environmental remediation. Overall, this study pro-
vides evidence of the possibility of employing novel titanium bio-nanohybrid systems for
photocatalytic treatment of waters and other environmental applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano16130823/s1, Figure S1. TEM images of Ti@p-Glu. Figure S2.
DLS analysis.
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