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A B S T R A C T   

The use of photocatalysis activated by titanium dioxide nanostructured materials is a promising solution for 
many biomedical applications ranging from drug-free antibacterial to anticancer therapies, as well as for inno
vative hydrogel-supported phototherapies. This makes the effects of photocatalysis on the structure of bio
molecules of a great relevance in order to define the applicability of photocatalytic materials in the biomedical 
fields. In this work, the effects of nitrogen-doped titanium dioxide (N-TiO2) dispersed in a biocompatible chi
tosan/PEG hydrogel on myoglobin and bovine serum albumin as target model proteins were investigated. The 
efficiency of this composite biocompatible material in inducing damages on biomolecules was assessed under 
blue light illumination by using spectroscopic techniques. N-TiO2 nanoparticles were chosen as photocatalyst to 
trigger the photocatalytic process by irradiation with a blue light source, instead of higher energy sources, e.g. 
UV radiation, avoiding UV-related damages on biomolecules. In addition, the present work highlighted several 
advantages of using the hydrogel as medium for photocatalytic reactions. Firstly, N-TiO2 nanoparticles were well 
dispersed and stabilized in the hydrogel respect to the correspondent aqueous suspension, and the photocatalytic 
reactions can occur in a biomimetic and biocompatible environment suitable for biomolecules, such as proteins. 
Importantly, the chitosan/PEG hydrogel enabled a direct investigation of the effects of photocatalysis on proteins 
by direct in situ spectroscopic measurements without any need of recovery of the target molecules, nor stirring 
during the photocatalysis, which could be detrimental for delicate biomolecules structures. Finally, the possi
bility to run in situ spectroscopic measurements directly in the N-TiO2-loaded hydrogel during the photocatalytic 
process allowed kinetic studies of photocatalytic process to obtain information of the chemical and structural 
modifications of proteins over time and not only at the end of the photocatalysis. Therefore, the reported results 
highlight the possibility of using this system as biomimetic environment to investigate the photocatalysis of 
proteins in detail overcoming relevant technical aspects that typically limit the study of photocatalysis of bio
molecules, opening up the possibility to extend the approach to more complex biomolecular systems.   

1. Introduction 

Titanium dioxide (TiO2) and related materials are currently among 
the most effective photocatalysts, and they are widely exploited in 
several fields such as photovoltaics [1–3], cultural heritage [4–6], and 
environmental treatments [7–9]. Indeed, upon irradiation TiO2-based 
materials can induce photocatalysis, a light-triggered process consisting 
in the activation of a cascade of photochemical reactions mediated by 

highly reactive radical species. Such radicals were produced in presence 
of a photocatalyst, whose electrons can be excited to the valence band by 
a radiation of proper wavelength. The resulting excitons determine an 
electrons transfer process to the surrounding chemical compounds at the 
catalyst interface yielding to radical species, as in an aqueous medium 
where most of the holes in the valence band can react with H2O or hy
droxide ions (OH− ) to produce hydroxyl radicals (OH⋅), and the elec
trons in the conduction band can reduce O2 to produce superoxide ions 
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(O2
− ) [10]. Among the different materials, TiO2 allotropes exhibit the 

simplest chemical composition, and they are generally applied in pho
tocatalysis for their good properties in terms of photocatalytic effi
ciency, inexpensiveness, and nontoxicity. 

These properties have stimulated a growing interest towards the use 
of TiO2 in composites and colloids in Life Sciences [11]. In particular, 
several TiO2/polymer composites have been applied as coatings able to 
exploit the photochemical reactions induced by TiO2 to damage bio
molecules in viruses and bacteria, resulting in an effective antimicrobial 
activity [12–14]. 

The antimicrobial activity of TiO2 has been widely demonstrated to 
induce death and reduce infection activity of both gram-positive and 
gram-negative bacteria, leading to the possibility to design effective 
sterilizing coatings against different human pathogen microorganisms 
[15–17]. Also, the possibility to inactivate phages by the use of TiO2 
films has been reported, and the capsid protein integrity has been 
indirectly shown to be affected by photocatalysis by using Bovine Serum 
Albumin (BSA) as radical scavenger [18]. 

As colloidal formulation, TiO2 particles have shown the odds to use 
photocatalysis to design innovative antitumoral nanomaterials, as 
widely demonstrated against many types of cancer cells [19]. For this 
application, an interesting colloidal formulation consisting in antibody- 
bioconjugated TiO2 nanoparticles specifically targeting brain cancer 
cells has been reported [20]. 

To properly design such bioactive platforms, elucidating the effects 
of photocatalysis on biological structures at the molecular level is of 
great relevance. 

Several studies have made efforts in this direction, by evaluating the 
results by indirect tests, such as cell viability, proliferation assays, or 
formation of oxidation byproducts. For instance, studies on the effect of 
photocatalysis on the structure of bacteria membranes allowed to assess 
that the antimicrobial activity of photocatalysis is mainly due to per
oxidation of membrane polyunsaturated phospholipids [21]. The 
phospholipids peroxidation, which induces structural changes and 
destabilization in the bacteria membrane, has been identified as the 
predominant mechanism in determining TiO2 antibacterial effect 
[22–25]. 

Some efforts have been made towards a molecular insight on the 
effects of photocatalysis on proteins structure and function, as well. As 
an example, the structural changes on human serum albumin due to 
physisorption and photocatalysis at the surface of TiO2 films were 
investigate by Raman spectroscopy, with interesting evidences of pro
tein conformational changes [26]. The oxidative stress of proteins from 
fetal bovine serum has been evaluated upon treatment with TiO2 by use 
of molecular biology techniques, in order to figure out the mechanism of 
protein corona formation on the particles surface in biological media 
[27,28]. Photocatalysis on free amino acids, as shown for cysteine [29], 
can also give additional information on the chemical pathways a more 
complex peptide or protein can undergo under irradiation. 

Such molecular data result of high relevance to assess the safety of 
photoactive materials in a biological context [30], to enhance the 
effectiveness of TiO2-based materials in antitumoral and antimicrobial 
strategies [31], and to implement applications of photocatalysis even for 
environmental treatments and industry, for example, for protein 
degradation, as tested on model proteins such as lysozyme, BSA, and 
toxins [32,33], or to design advanced TiO2-loaded ultrafiltration mem
branes for removal of protein-based fouling from wastewater [34]. 

In this context, a simple and direct approach to directly monitor and 
investigate the chemical and conformational changes due to photo
catalysis on biomolecules at molecular and supramolecular level is 
highly demanded. Especially for proteins, the study on the effects of 
photodegradation turns to be even more challenging whether informa
tion on the protein unfolding upon photocatalysis are required. More
over, protein adsorption on the photocatalyst surface in a colloidal 
suspension further complicates the protein study after photocatalysis as 
leads to an impractical recover of the biomolecules from the system for 

next analyses [35]. 
In the present study, the potentiality of nitrogen-doped titanium 

dioxide (N-TiO2) photocatalyst was exploited to set up a new system to 
investigate and directly monitor the chemical and conformational 
changes of proteins upon photocatalysis by a spectroscopic approach. 
The herein shown system was designed to overcome the typical issues of 
photocatalysis of biomolecules in order to obtain more detailed infor
mation on the effects of photocatalysis at molecular and structural level. 
To this aim, the N-TiO2 powder and the target protein were dispersed in 
a biopolymeric hydrogel of chitosan (Ch) cross-liked with poly(ethylene 
glycol)diglycidyl ether (EPEG) [36]. Such composites of chitosan com
bined with TiO2-based structures characterized by photocatalytic ac
tivity constitute an interesting class of spreadable soft materials [37] for 
applications in the biological field, especially for antimicrobial treat
ments [38,39]. 

The entrapment of both N-TiO2 and protein molecules in a hydrogel 
network is an ease and biocompatible way to solve different technical 
issues encountered in studying protein photocatalysis. Firstly, the 
hydrogel environment is highly hydrated, this being fundamental to 
maintain native-like conformation in proteins. Several hydrogels have 
been successfully applied as media for proteins loading, especially for 
protein conformational studies [40,41], as well as in controlled release 
experiments [42–44]. These systems have shown the feasibility of pro
tein loading in hydrogel with protein activity retention, and the possi
bility to investigate structural changes, aggregation and fibrillation 
processes induced in an intracellular-mimicking hydrated environment. 
In particular, chitosan hydrogels attracted a remarkable interest as they 
represent an interesting biocompatible and highly hydrated three- 
dimensional network [45]. They contain large amounts of water, thus 
resembling biological tissues, and have demonstrated to be particularly 
suitable for proteins entrapment [46,47]. In addition to the above 
mentioned chitosan hydrogels properties, the Ch/PEG hydrogel shows 
the advantage to be a light-transparent network not interfering with N- 
TiO2 activation by blue light, and it is suitable for study protein states by 
means of UV–visible absorption and fluorescence spectroscopies, with 
no need of protein recovery procedures. 

Also, the encapsulation of the photocatalyst in a hydrogel represents 
a strategy to overtake limitations typical of colloidal suspensions, which 
in this specific case is represented by the tendency of N-TiO2 to pre
cipitate in aqueous media. As an alternative, stirring can limit the 
photocatalyst sedimentation, but can at the same time induce undesired 
structural changes in proteins, as unfolding or aggregation due to shear 
forces [48,49]. The possibility to use a stable dispersion of N-TiO2 
instead of TiO2 represents a further advantage, since the former pho
tocatalyst is well-known to be triggered under visible light irradiation 
[31,50]. In fact, the use an UV source to activate TiO2, whose band gap is 
in the range 3.4–3.1 eV, corresponding to wavelength of 365–400 nm 
[51], represents a major limit for TiO2 practical application in biological 
systems [52,53]. Doping the TiO2 structure with nonmetal elements 
such as carbon, nitrogen, sulfur and phosphorus is the most exploited 
strategy to synthesize visible-light sensitive materials [54–58]. In 
particular, using nitrogen as doping agent is among the most pursued 
choice, because of its promising characteristics, such as easy introduc
tion of nitrogen atoms through a simple aqueous sol–gel synthesis in 
presence of inexpensive chemicals as nitrogen source, e.g. urea, 
ammonia, ammonium salts [59]. 

Upon the N-TiO2 and protein loading in the Ch/PEG hydrogel, the 
photocatalytic process was activated by irradiation with a blue light LED 
centered at 420 nm. Here, globular proteins, such as Myoglobin and BSA 
were chosen as model proteins for their structural and chemical stabil
ity, as well as for their well characterized oxidation and conformational 
states in aqueous solutions and hydrogels [41,60]. The photocatalysis 
effects on protein structure were investigated by means of UV–visible 
absorption and fluorescence in situ measurements in the N-TiO2-loaded 
hydrogel. This strategy successfully allows for an in-depth investigation 
of the effects of photocatalysis on model proteins, with the possibility to 
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extend the approach to study photocatalysis effects on more complex 
biomolecular systems. Also, reported N-TiO2-loaded Ch/PEG hydrogel 
can represent a relevant biocompatible system to be applied as new 
photoactive gel for antimicrobial applications in skin infections treat
ment and biofilm degradation. 

2. Materials and methods 

2.1. Materials 

Titanium (IV) isopropoxide (TIPP, 97 %), isopropyl alcohol (≥99.8 
%), urea (suitable for cell culture), chitosan (Ch, medium molecular 
weight, 75–85 % N-deacetylated), poly(ethylene glycol)diglycidyl ether 
(EPEG, average Mn 500), glacial acetic acid (AcOH, ≥99 %), methyl 
orange (for microscopy), Myoglobin (from equine skeletal muscle, 
95–100 %), albumin (BSA, from bovine serum, > 96 %) were all pur
chased by Sigma Aldrich. Ultrapure water (Smart2Pure filtration system, 
Thermo Fischer Scientific Inc., 18.2 MΩ) was utilized for all the solu
tions preparation. 

2.2. N-TiO2 synthesis and Characterization. 

N-TiO2 was prepared by a sol–gel synthesis with urea as nitrogen 
source. The Ti/N molar ratio was set at 1:6, to maximize the catalytic 
efficiency [56]. In a typical experiment, 4 mL of titanium (IV) isoprop
oxide were added dropwise to a mixture of isopropyl alcohol/water 1:10 
v/v. Then, 3.75 mL of 10 M aqueous urea was added drop by drop, and 
the suspension kept under vigorous stirring for 4 h. The mixture was 
dried at 100 ◦C overnight, and calcined at 400 ◦C for 3 h. The yellow 
powder was crushed and washed by sonication in acetone, ethanol, and 
water for 1 h each. The undoped TiO2 was synthesized through the same 
protocol, with no addition of urea, and used as reference. 

The N-TiO2 powder was characterized by FTIR by using a Bruker ATR 
FTIR spectrometer, model Alpha in attenuated total reflection (ATR) 
mode, equipped with a diamond interface. Spectra were acquired in the 
range 4000–400 cm− 1 with a resolution of 2 cm− 1 and an average of 64 
scans each. 

X-ray Photoelectron Spectroscopy (XPS) spectra were recorded with 
a PHI 5000 VersaProbe II scanning XPS microprobe (ULVAC-PHI, Chi
gasaki, Japan) using a monochromatic X-ray source (Al Kα, hν = 1486.6 
eV). Electrons were collected using a 100 μm diameter beam (25 W, 15 
kV) and a hemispherical analyzer operating in FAT mode, angled at 45◦

with respect to the analyzed surface. During all collections, both elec
trons and Ar+ ions were used to compensate superficial charging. Survey 
spectra were collected with a pass energy (PE) of 117.500 eV and an 
energy resolution of 1.000 eV; high resolution spectra were collected 
with a PE of 23.5 and an energy resolution of 0.500 eV. Obtained 
binding energy values are referred to adventitious carbon (284.80 eV) 
used as internal reference. 

The particles size was obtained in acidic suspension of HCl (pH 2) by 
a Zetasizer Nano ZS Malvern instrument at 25 ◦C with an equilibration 
time of 180 s. Each size measurement was obtained as the mean of 10 
runs with duration time of 10 s. The sample was also imaged by Scan
ning Electron Microscopy (SEM) by drop casting the acidic particles 
suspension on a metallic stub to dry the sample overnight at room 
temperature. The sample surface was sputter-coated with gold before 
SEM imaging. The SEM images were acquired by a FEI Versa 3D mi
croscope at an accelerated voltage of 20 kV, current of 27 pA, and 
magnification of 20 000× and 40 000×. 

The nanostructure of the nanoparticles was also investigated by 
Atomic Force Microscopy (AFM). Sample solution used for DLS was 
diluted 1:10 000 and 20 μl aliquots were drop casted on freshly cleaved 
mica and dried on air at room temperature. The AFM images were ac
quired in air by means of a Bruker FAST-SCAN microscope equipped 
with a closed-loop scanner. The scans were obtained in tapping mode by 
using FAST-SCAN-A probes with apical radius of about 5 nm. Each AFM 

image was obtained with a pixel resolution comparable to the tip size. 
The diameter of the nanoparticles was estimated by evaluating their 
height from the AFM scans. 

UV–vis diffuse reflectance spectra were recorded by using a UV–vis- 
NIR V-770 Jasco spectrophotometer equipped with a 60 mm integrating 
sphere (ISN-923). Photocatalyst powder was placed in the solid sample 
holder and measurements were performed in the range 200–800 nm by 
setting a scan speed of 100 nm/min and a bandwidth of 2 nm. The 
Kubelka-Munk transformation was applied to the retrieved data to 
calculate the photocatalyst band gap energy.[51]. 

2.3. Hydrogel preparation and Loading. 

N-TiO2 powder was dispersed in a chitosan solution (3 % w/v in 
AcOH 1 % v/v), and an equal volume of pure EPEG was added to induce 
the gelification process at 65 ◦C for 1 h. The amount of N-TiO2 loaded in 
the gel is 20 mg/mL respect to the final hydrogel volume. The resulting 
hydrogel was soaked overnight in an aqueous solution of the target 
molecule, such as methyl orange (50 mg/L), Myoglobin (2 mg/mL), or of 
BSA (1 mg/mL). The volume of solution is 5 times the volume of the 
hydrogel to induce both hydrogel swelling and target molecules loading. 
Reference hydrogel with no addition of N-TiO2 was prepared and loaded 
with target molecules by the same protocol. 

2.4. Photocatalysis 

The photocatalytic process was activated by exposing the N-TiO2/ 
hydrogel loaded with the target molecule to a LED emitting in the blue 
spectral region (Lumileds, L1CU-VLT1000000000). The LED spectrum 
was recorded by an Avantes multichannel spectrometer AvaSPec-3648 
(Figure S1A). 

All the photocatalysis experiments were carried out by exposing 
samples to the LED light at 2 cm distance (scheme of the experimental 
setup in Figure S1B). The power of the blue LED was measured at 2 cm 
distance by using a standard silicon calibration cell through a tester and 
a value of 8 mW/cm2 was recorded. 

At first, methyl orange photostability under blue light exposition was 
tested by measuring absorption spectra of a 3 mL solution in a quartz 
cuvette (optical path 1.00 cm) at different time of irradiation 
(Figure S2). Then, methyl orange dye (50 mg/L) was used for reference 
photocatalysis experiments performed in aqueous suspension of N-TiO2 
(10 mg/mL) by keeping the system under continuous stirring. A 
centrifugation step at 6000 rpm for 10 min was needed to remove out 
the photocatalyst particles before recording absorption spectra of 3 mL 
of the supernatant solution in a quartz cuvette (optical path 1.00 cm). 

The stability of the Ch/PEG hydrogel after 10 days of storage in the 
dark at room temperature without irradiation was firstly evaluated by 
UV–vis spectroscopy (Figure S3). Thus, experiments in hydrogel were 
carried out by filling a quartz cuvette (optical path 0.50 mm) with the N- 
TiO2-loaded hydrogel loaded containing the target molecule, then 
exposing the sample to the LED light. The same protocol was applied to 
assess the hydrogel (Figure S4) and aqueous Myoglobin (1 mg/mL) 
(Figure S5) photostability under blue light irradiation in the herein 
tested experimental conditions. Absorption and fluorescence spectra 
were carried out directly on the cuvette containing the hydrogels at 
different irradiation times. 

2.5. Absorption measurements 

Photocatalysis effects were evaluated by UV–vis absorption spec
troscopy using a UV–vis-NIR V-770 Jasco spectrophotometer. Spectra of 
the solutions and hydrogels were recorded in 1.00 cm and 0.50 mm 
optical path quartz cuvettes, respectively. Spectra were acquired in the 
range 200–800 nm, with a bandwidth of 2.0 nm, and a scan speed of 200 
nm/min. 
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2.6. Fluorescence spectra 

The steady-state fluorescence measurements were carried out in the 
range of 300–550 nm using a Jasco-FP-8500 spectrofluorometer by 
setting the excitation wavelength (λex) at 280 nm, the excitation and 
emission bandwidth at 2.5 nm, and a scan speed of 200 nm/min. Spectra 
of the hydrogels were recorded in 0.50 mm optical path quartz cuvettes. 
The cuvette was placed in a sample holder and positioned at 90◦ respect 
to the detector for fluorescence measurements. 

3. Results and discussion 

In the present work a Ch/PEG hydrogel loaded with the blue light 
sensitive N-TiO2 photocatalyst was applied as biocompatible medium 
for studying the photocatalysis of model globular proteins, such as 
equine skeletal muscle Myoglobin and BSA. In Fig. 1, a scheme of the 
main steps of the sol–gel synthesis optimized to obtain the N-TiO2 
nanoparticles, as well as the Ch/PEG formation step and protein loading 
were drawn. 

The N-TiO2 photocatalyst was synthesized by a sol–gel method by 
using urea as a nitrogen source (Fig. 1A). The method offers the possi
bility to obtain a blue light sensitive photocatalyst by a simple approach, 
with no use of hazardous chemicals. Urea decomposition can be used as 
a convenient strategy for the in situ production of ammonia [61] during 
the calcination process, leading to nitrogen incorporation in the TiO2 
lattice.[56] Then, the obtained N-TiO2 particles were dispersed in the 
chitosan/EPEG solution and the gelation process was thermally induced 
(Fig. 1B). The N-TiO2-loaded Ch/PEG was soaked in the target molecule 
solution overnight to induce the hydrogel swelling and the molecules 
loading. 

3.1. Characterization of N-TiO2 

The obtained N-TiO2 powder was characterized in terms of chemical 
composition, particles size and interaction with UV–visible light. 

Firstly, the chemical composition of the N-TiO2 powder was 

investigated by means of ATR FTIR and XPS spectroscopies. These 
measures are aimed at investigating the N-TiO2 chemical properties by 
comparison with the reference pristine TiO2. 

In Fig. 2A, FTIR measurements in ATR mode are reported. According 
to the literature, the ATR FTIR spectrum of the undoped TiO2 is char
acterized by typical broad absorption band at around 3400 cm− 1 and by 
a sharper band at 1630 cm− 1 attributed to symmetric and asymmetric 
stretching vibrations, and bending of O–H bonds, respectively. The 
former signal is related to O–H vibrations in titanol groups and surface 
adsorbed water molecules, the latter signal is due to moisture [62]. A 
strong absorption band is also observed from 1100 cm− 1 ascribed to 
stretching modes characteristic of the Ti-O bonds [63]. In the observed 
spectral region TiO2 and N-TiO2 are almost superimposable. An addi
tional narrow absorption peak at 2050 cm− 1, related to -N––N- bond 
stretching and reported for some N-TiO2 samples [64,65], is observed 
confirming the efficiency of the doping process. 

The chemical composition of the TiO2 and N-TiO2 powders was 
analyzed by means of XPS. The comparison of the two XPS surveys 
spectra of TiO2 and N-TiO2 in Fig. 2B, besides the expected Ti, O and C 
peaks, showed as a main difference a peak in the N 1 s region (around 
400 eV). Such a region was further analyzed at higher resolution 
(Fig. 2C), showing the presence of two main components: a typical 
“organic nitrogen” at 400 eV, attributable to aminic/amidic nitrogen, 
and a second peak (397.5 eV) characteristic of a metal bound N atom 
[56,66,67]. The second component demonstrates the successful syn
thesis of the N-TiO2, as clearly shows the presence of nitrogen doping 
agent atoms directly bound to the metal titanium atoms. 

In addition, characterization of the N-TiO2 particles size was carried 
out by dynamic light scattering (DLS) measurements upon suspension in 
an acidic medium, SEM and AFM. 

The low pH allows DLS measurements by slowing the sedimentation 
process through the electrostatic stabilization of the particles [68,69]. In 
Fig. 3A the size of the N-TiO2 and TiO2 particles suspended in HCl (pH 2) 
is shown. The size distribution of the particles reveals a hydrodynamic 
diameter centered at 250 nm for the undoped material with a poly
dispersity index of 0.185. For the N-TiO2 particles the hydrodynamic 

Fig. 1. Schematic representation of A) synthesis of the N-TiO2 photocatalyst through the sol–gel approach, and B) scheme of the Ch/PEG hydrogel preparation and 
trapping of N-TiO2 nanoparticles (yellow spheres) and of the target protein. 
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diameter is smaller, with a maximum in the size distribution at 200 nm 
and a polydispersity index 0.093. 

The particles size of the N-TiO2 photocatalyst was also investigated 
by SEM, as shown in Figure S6. In accordance with DLS, the N-TiO2 
particles deposited on a metallic support in the dry state exhibit an 
irregular shape, in some cases characterized by sharp edges, with a 
diameter in the range of 100–350 nm. 

To further characterize the structure of the N-TiO2 particles at the 
nanoscale, AFM measurements were performed. In Fig. 3B a represen
tative AFM measurement of the N-TiO2 is reported, along with zoom of 
selected areas to evidence the presence of two different particles pop
ulations. In particular, the AFM analysis of the sample evidenced the 
presence of both large clusters with characteristic size in the scale of 
~200 nm, and smaller isolated nanoparticles. To further investigate the 
particles size, the height profiles of the sample in different regions were 
measured, as reported in Figure S7. These measurements highlighted 
that the smaller particles are characterized by a height in the range of 
10–20 nm (blue lines), and that the larger structures obtained by smaller 
particles clustering, are characterized by a height in the range of 30–50 
nm (green lines). 

Taken together these measurements support the evidence that mul
tiple nanoscale species are present in the photocatalyst sample. Both 
large aggregates and small isolated nanoparticles are found. Likely, the 
large aggregates consist in clusters of smaller nanoparticles, obtained 
during the calcination step at 400 ◦C at the end of the sol–gel synthesis. 
Indeed, the clustering of nanoparticles through sintering during thermal 
treatments is a common phenomenon for TiO2-based nanomaterials 
[70–73]. Therefore, we can conclude that the N-TiO2 powder here re
ported shows a structure at the nanoscale that is typically observed for 

TiO2-based materials. 
Finally, a fundamental characterization of the N-TiO2 is the evalua

tion of its interaction with light. The energy necessary for the photo
catalyst to be activated depends on the band gap value, which in turns 
determines the wavelength of the irradiation light. Compared to the 
undoped material, which is typically white, the nitrogen doping of TiO2 
structure led to a yellow powder (Chromaticity diagram CIE 1930 in 
Figure S8), suggesting a band gap narrowing. The optical properties of 
both N-doped and undoped materials were determined by UV–vis 
diffuse reflectance spectroscopy. In Fig. 4A, the reflectance spectra 
confirm that N-TiO2 sample has modified optical properties with respect 
to the pristine TiO2. 

As expected, the undoped TiO2 is characterized by a high reflectance 
in the whole visible range (400–800 nm). A critical decay of the signal is 
observed for wavelengths above 350 nm, whilst, as expected, the decay 
of diffuse reflectance intensity is red shifted for N- TiO2 [56,65]. These 
data are in line with previously reported measurements, and clearly 
indicate that the new material absorbs in the visible blue light spectral 
range. By the reflectance spectra it is possible to calculate the band gap 
energy of the photocatalysts by using the Kubelka–Munk method [51]. 
The band gap energy calculated is 3.1 eV for the undoped TiO2, in 
accordance with reported values [51], and 2.8 eV for N-TiO2. A scheme 
of the effect of the nitrogen atoms in the TiO2 structure on the band gap 
values is drawn in Fig. 4B. In terms of wavelength, the band gap energies 
correspond to 400 nm and 442 nm, respectively. Therefore, the N-TiO2 
offers the possibility to use a blue light instead of a radiation in the UV 
range for the material activation. 

Fig. 2. Chemical characterizations of N-TiO2 particles (red) by using the undoped TiO2 (black) as reference: A) ATR FTIR spectra in the range 4000–800 cm− 1, and B) 
XPS survey spectra in the range 1000–0 eV. In panel C) the high-resolution N 1 s peak of N-TiO2 analyzed as a sum of two components at 400.0 eV (blue line) and 
397.5 eV (green line), corresponding to organic N and N-Ti components, respectively. 

Fig. 3. Size characterization of N-TiO2 particles (red) by using the undoped TiO2 (black) as reference: A) size of purified particles (0.01 mg/mL) dispersed in aqueous 
HCl at pH 2 determined by DLS measurements, and B) representative AFM image of N-TiO2 particles (scale bar 1 μm) with dashed squares select regions corre
sponding to the zoom of areas showing larger clusters and free nanoparticles (scale bars 200 nm). 
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3.2. N-TiO2 photocatalytic properties 

The first step in the present study consisted in the evaluation of the 
photocatalytic properties of the N-TiO2 powder activated by irradiation. 
The photocatalytic efficiency of N-TiO2 was firstly evaluated in an 
aqueous suspension of methyl orange dye, a small organic molecule. 
Assessing the photocatalytic properties of materials by means of the use 
of this dye is a widely used method in this field both for life and material 
science applications [74–76]. In the selected experimental conditions 
this dye is highly stable under illumination at 420 nm. Changes in 
methyl orange spectrum, both in terms of shape and intensity, are 
related to the degradation of the dye, due to radical photocatalytic re
actions [77]. 

Methyl orange (50 mg/mL) in aqueous suspension containing 10 
mg/mL N-TiO2 was uniformly illuminated for 18 h under stirring. At 
selected time points, the irradiated sample was spun down and the su
pernatant was recovered. In Fig. 5A, UV–vis absorption spectra of the 
isolated methyl orange solution at defined time points are reported. 

As it is evident, the initial spectrum of methyl orange dye (black line) 
shows the characteristic absorption band of the dye [78,79]. As can be 
seen, this band undergoes critical modifications: the peak decreases in 
intensity and undergoes a blue shift along with relevant bands shape 
modification. The observed modifications are in line with the ones re
ported in the literature as a consequence of molecular degradation due 
to the photocatalytic reactions [80–82]. The change in the band shape 
can be attributed to the several methyl orange byproducts obtained 
during the photocatalytic process, which activates a cascade of chemical 
degradation pathways [74]. A qualitative estimation of the velocity of 
the photodegradation induced by N-TiO2 is reported in Fig. 5B, where 
the decay of the absorbance value measured at 464 nm is shown. These 
results confirm photocatalytic effectiveness of the N-TiO2 as illuminated 

with blue light. 
As performing the analysis in aqueous suspension, sedimentation of 

the N-TiO2 readily occurs. This does not constitute a technical problem 
when analyzing small soluble molecules, as the solution can be easily 
stirred without inducing damages to the sample. However, to analyze 
molecules characterized by higher complexity, like proteins, stirring 
procedure may be not desirable as it can induce protein unfolding or 
aggregation due to shear forces [48,49]. 

Then, the possibility to investigate photocatalysis processes on bio
molecules encapsulated in the Ch/PEG hydrogel was explored. This 
chemical hydrogel was obtained by chitosan crosslinking with EPEG, an 
epoxy-terminated PEG derivative, and the success of the crosslinking 
reaction was assessed by UV–vis absorption spectroscopy. For the Ch/ 
PEG hydrogel a characteristic absorption band at 305 nm was observed, 
which can be related to the crosslinking bonds formed through the re
action of the chitosan primary amino groups and the reactive epoxide 
rings at the EPEG termini [83]. The chemicals involved in the hydrogel 
synthesis do not present absorption in this spectral region (Figure S9). 

Also, the Ch/PEG hydrogel was chosen as it presents suitable prop
erties as dispersing medium for N-TiO2 powder and as protein encap
sulating network, as well as for its good photostability, and reduced 
degradability during photocatalysis induced by N-TiO2 in the present 
experimental conditions. 

To test the effects of photocatalysis on the matrix, the hydrogel was 
loaded with N-TiO2 (20 mg/mL), then exposed to blue light LED over 
time (Figure S10). In the observed experimental conditions, the larger 
observed change consists in an initial decrease after 1 h of irradiation of 
the main peak centered at about 305 nm. For longer irradiation time this 
absorption peak did not show any further modifications. This effect was 
ascribed to a hydrogel structural rearrangement, e.g. swelling/equili
bration to the experimental conditions. The Ch/PEG hydrogel in these 

Fig. 4. N-TiO2 (red) and undoped TiO2 (black) A) UV–vis diffuse reflectance spectra in the range 200–800 nm, and B) relative scheme of the effect of the nitrogen- 
doping process on the TiO2 band gap value. VB and CB labels indicates the valence and conduction bands. 

Fig. 5. A) UV–vis absorption spectra in the range 330–600 nm of methyl orange (50 mg/L) supernatant recovered from aqueous suspension containing 10 mg/mL N- 
TiO2 at different irradiation time points, and B) time evolution of absorbance measured at λ = 464 nm. 
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conditions presents a suitable stability to further modifications due to 
photocatalytic reactions. 

Remarkably, the N-TiO2-loaded hydrogel does not present absorp
tion in the visible spectral region. In addition, no significant fluores
cence emission signal was detected from the hydrogel under excitation 
at λex of 280 nm (Figure S11). 

These features highlighted that the N-TiO2-loaded Ch/PEG hydrogel 
is a potential photocatalytic material, in terms of both stability to pho
tocatalysis and transparence to visible light, confirming its suitability for 
further absorption and fluorescence experiments in the visible range by 
a simple spectroscopic approach. 

The photocatalytic activity of N-TiO2 was at first tested on the model 
dye methyl orange loaded in the hydrogel matrix. In Fig. 6A, the ab
sorption spectra of methyl orange trapped in the N-TiO2-loaded hydro
gel is shown at different time points during the exposure to blue LED 
light. 

Before the photocatalysis process was activated, the spectrum of 
methyl orange (Fig. 6A, black line) showed analogous spectral features 
of the correspondent spectrum in suspension (Fig. 5A, black line). The 
absorbance value measured at λ = 464 nm for the methyl orange in the 
N-TiO2-loaded hydrogel was 0.18, which corresponds to the expected 
value calculated with an optical path of 0.50 mm and a molar extinction 
coefficient εMO = 25 100 M− 1cm− 1 [84]. 

Upon irradiation, it is evident that the absorption spectrum of the 
dye undergoes critical modifications as a function of time. In particular, 
a decrease in intensity and a blue-shift with relevant shape modification 
for the band at λ = 464 nm is observed. The same is also observed for the 
component at λ = 424 nm which flattens and blue-shifts during photo
catalysis. These data clearly evidence the photocatalytic activity of N- 
TiO2 in the Ch/PEG hydrogel matrix, and the suitability of the system to 
catalyze photodegradation of organic compounds. 

In addition, comparing the photocatalysis of methyl orange in 
aqueous suspension in Fig. 5A and the corresponding process in the Ch/ 
PEG hydrogel in Fig. 6A, it is possible to observe that similar modifi
cations of the UV–vis absorption spectra of methyl orange occur over 
time both in aqueous suspension and in the hydrogel. An analogous 
decay of the intensity at λ = 464 nm is reported for both experiments in 
Fig. 5B and Fig. 6B, as well. Then, the data suggest that the model dye 
undergoes an analogous process of degradation during photocatalysis in 
the two tested media. 

Therefore, we can conclude that the results suggest analogous pho
tocatalysis mechanisms for the methyl orange dye, and that the process 
takes place in the herein reported Ch/PEG hydrogel as expected for a 
typical aqueous environment [59,77]. Also, we can infer that the elec
tron and hole transportation occurs as widely described in literature for 
the N-TiO2 photocatalyst synthesized by sol–gel method under visible 
light irradiation [50,59]. 

Finally, the possibility to carried out photocatalysis experiments in a 

static system with no need of stirring was assessed as a key point for the 
following experiments with proteins as target molecules. 

3.3. Photocatalysis of Myoglobin 

Photocatalysis on biomolecules was firstly studied on the well- 
known model protein, Myoglobin, that was chosen as suitable biomol
ecular target. Myoglobin is a ubiquitous protein and its structure is 
conserved in proteins found in many organisms ranging from human to 
bacteria [85]. It is a small monomeric protein (≃18 kDa) consisting of 
153 amino acids that has been named the hydrogen atom of biology 
[86], and it plays an essential role in oxygen transport and storage. Its 
structural and functional details are well characterized. It contains a 
heme group with a central iron atom as prosthetic group [87], which 
plays an important physiological role as it binds small molecules as 
molecular oxygen or carbon monoxide and it can function as a scavenger 
against free radicals [88]. 

In addition, Myoglobin has been chosen as model protein to study the 
effects of photocatalysis by means of UV–vis absorption spectroscopy. In 
fact, the presence of the heme prosthetic group in its structure plays a 
key role in determining the spectral features of Myoglobin absorption 
spectrum in the visible range, such as the Soret band and the Q bands 
[89]. These typical bands allowed for a direct investigations of the ef
fects of photocatalysis on Myoglobin. In addition, Myoglobin is reported 
to play also the biological role of scavenger in vivo because of the heme 
redox reactivity [88]. Therefore, there is also a further interest in 
elucidating how the heme group reacts with radical species during the 
photocatalysis process. 

Myoglobin was loaded in the N-TiO2-loaded hydrogel and the UV–vis 
absorption measurements to test the photocatalysis effects were per
formed as a function of time. Importantly for the present work, the 
spectrum of Myoglobin in the hydrogel does not present significant 
differences with the one acquired in solution this suggesting no modi
fication of the protein structure and chemistry, and confirming the 
suitability of the gel for protein trapping and further photocatalysis 
experiments. In Fig. 7, the spectral changes in the UV–vis absorption 
spectrum of Myoglobin embedded in N-TiO2-loaded hydrogel during 
irradiation are shown at different time points up to 6 h. The measure
ments on untreated sample (t = 0, pink line), shows the typical intense 
and sharp Soret band centered at around 400 nm (Fig. 7A), and the Q 
bands between 480 and 650 nm (Fig. 7B). The Soret peak in the visible 
range presents convenient properties for spectroscopic studies and the 
involved electronic transition is deeply understood [90–92]. The spec
tral profile depends on the electronic state of the molecules and in 
particular is sensitive to the charge, spin, and ligation state of the heme 
iron. Thus, modifications in Soret profile reveal changes in the config
uration of the heme molecular environment and/or to the oxidation 
state of the molecules [93]. The so called Q bands in the heme proteins 

Fig. 6. A) UV–vis absorbance spectra in the range 330–600 nm for methyl orange (50 mg/L) in N-TiO2-loaded Ch/PEG hydrogel, and B) decay of the absorbance 
measured at λ = 464 nm. 
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have been largely used to monitor modifications in their structure, 
ligand binding and redox state [89,94]. 

During the photocatalysis process, relevant spectral changes can be 
monitored both in the Soret and Q bands spectral range. Specifically, the 
most evident effect of photocatalysis on Myoglobin is the decrease in 
absorption along with a red shift on the Soret band, reported in Fig. 7A. 
Additionally, in the latest phase of Myoglobin photodegradation (t > 4 
h) the Soret band broadens, and absorption components appear in the 
range 420–450 nm. These changes can be ascribed both to changes in 
protein redox state, and to modification of the overall protein structures. 
It is likely that multiple reactions occur in the sample leading to critical 
and heterogeneous damages in Myoglobin structure. 

This hypothesis is supported also by spectral changes in Q bands 
region, shown in Figure 7B. A complex spectral evolution upon photo
catalysis was observed. At the beginning, the untreated sample presents 
two main peaks, at 500 nm and 590 nm, labeled as Q1 and Q3 in 
Figure 7B, and a less intense component Q2 at 540 nm. The Q1 peak 
undergoes a monotonic decrease in intensity with the irradiation time, 
while the Q3 peak does not seem to undergo critical modifications. After 
4 h of irradiation the growth of a broad band in the range 525–590 nm is 
observed in the spectral range of Q2. Interestingly, a new signal, labelled 
as Q4 and not present in the initial Myoglobin spectrum, appears at 610 
nm after 3 h of irradiation as a consequence of Myoglobin photo
catalysis. These changes can be related to radical oxidation of the heme 
group at the iron center [95]. 

The interpretation of the detailed changes in protein structure is out 
of the scope of this work, but qualitative interpretation of the data reveal 
that multiple damages occur at molecular level involving at least the 
hydrophobic pocket surrounding the prosthetic group. Furthermore, the 
occurrence of the observed changes in the Q bands region, as well as for 
the Soret band, could be attributed to the formation of high-valent iron 
states, as a result of the metal oxidation due to radicals produced 
through the photocatalysis process, as also reported for heme synthetic 
derivatives in photo-oxidative reactions [87,95]. 

3.4. Photocatalysis of BSA 

BSA was selected as a second model protein to assess the possibility 
of using the N-TiO2-loaded hydrogel matrix for the spectroscopic anal
ysis of photocatalysis effects on biomolecules. BSA is one of the most 
widely studied and applied protein in biophysics, biology and 
biochemistry with uncountable applications in bio- and nanotech
nology. It is a globular protein (≃66 kDa) formed by a 583 amino acids 
single chain. The tertiary structure of this really stable protein is well 
defined and stabilized by 17 disulfide bonds. As the other serum albu
mins, it plays a key role in the transport of a large number of exogenous 
and endogenous ligands and it can be considered one of the main 

circulating antioxidant in the blood [96,97]. BSA modifications at mo
lecular level following photocatalisis were followed by means of steady- 
state fluorescence spectroscopy. The intrinsic fluorescence signal of BSA 
is mainly due to two tryptophans, embedded in two different domains: 
Trp-134, located in proximity of the protein surface, but buried in a 
hydrophobic pocket of domain I, and Trp-214, located in an internal part 
of domain II [98]. The intrinsic fluorescence can be easily monitored 
over time during photocatalysis with high sensitivity, and enables to 
obtain information on both chemical and structural changes at the 
tryptophan residues. Indeed, the intrinsic fluorescence of BSA can be 
modified as a consequence of chemical reactions at the aromatic resi
dues, or by protein unfolding, which can be monitored through the 
solvatochromism of the tryptophan indole fluorophore, whose fluores
cence is sensitive to changes in the local microenvironments [99,100]. 

Firstly, the sensitivity of fluorescence was exploited to reveal 
conformational changes of the protein when loaded in the hydrogel. In 
Fig. 8A, the fluorescence spectra of BSA in aqueous solution, in the Ch/ 
PEG hydrogel and in the N-TiO2-loaded Ch/PEG hydrogel are reported. 
These measurements are aimed at highlighting possible effects of 
encapsulation and direct interaction with N-TiO2 structures. 

As shown, the protein fluorescence maximum at 342 nm observed in 
aqueous solution is red shifted to 346 nm upon loading in the hydrogel 
matrix (Fig. 8A, inset). This effect can be attributed to the slight 
conformational changes of the protein due to different environment 
[101]. The observation that the intrinsic fluorescence of peak of the 
protein embedded in the hydrogels is narrower than the one measured in 
solution is consistent with protein encapsulation in a more rigid envi
ronment. The spectral profile of the fluorescence emission band is not 
modified by the presence of N-TiO2 particles in the gel. This suggests a 
minimal interaction of the protein with N-TiO2 as embedded in the 
hydrogel, avoiding adsorption and undesired unfolding at the photo
catalyst interface. 

The BSA loaded in the N-TiO2-loaded Ch/PEG hydrogel was exposed 
to the blue light LED to activate the photocatalytic process. The time 
evolution of BSA fluorescence emission spectrum as a function of irra
diation time is reported in Fig. 8B. As can be seen, fluorescence intensity 
monotonically decreases as a function of time. Decrease in fluorescence 
intensity was previously observed for BSA and attributed to partial 
unfolding of the protein following denaturation, aggregation or degra
dation [99,102–104]. Thus, it is possible to attribute changes in protein 
conformation to photocatalytic effects occurring in the N-TiO2-loaded 
hydrogel. These changes may be due to chemical modifications of spe
cific target residues, which in turn modify Trp environment. 

4. Conclusions 

In the present study, the photocatalytic activity of N-TiO2 particles 

Fig. 7. UV–vis absorption spectra of Myoglobin (2 mg/mL) in 20 mg/mL N-TiO2-loaded hydrogel: A) Soret band in the spectral range of 350–475 nm, and B) Q bands 
in the spectral region of 475–675 nm, at different time points during irradiation under the blue light LED up to 6 h. The Q bands are labelled as Q1 to Q3 in the initial 
Myoglobin spectrum. A new component at λ = 610 nm, labelled as Q4, appears during photocatalysis. 
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embedded in Ch/PEG hydrogel on globular proteins was analyzed. The 
N-TiO2 particles were successfully produced by a sol–gel synthesis in 
presence of urea as a nitrogen source. The combination of the N-doping 
along with the nanoscale structure of the synthesized N-TiO2 led to an 
ideal material for photocatalysis of biomolecule with good catalytic 
activity under blue light irradiation. The obtained N-TiO2 powder was 
dispersed in a biocompatible chitosan hydrogel, which represents an 
ideal matrix for both photocatalyst and biomolecules loading. The chi
tosan hydrogel is characterized by good biocompatibility and trans
parency in the visible range, ideal features for biological investigations 
through a spectroscopic approach. We observed photocatalysis effects 
induced by visible light illumination in standard model systems like 
methyl orange and target proteins, such as Myoglobin and BSA. The high 
transparency and the stability of the gel against photocatalysis allowed a 
direct in situ investigation of protein modifications upon photocatalysis 
by the use of readily accessible methods, as UV–vis and fluorescence 
spectroscopies, with no need of protein recovery steps before the spec
tral analysis, avoiding undesired protein loss and structural changes. 
This may allow detailed analysis in real time of specific target systems 
which may be relevant for the advancement of photocatalysis-based 
strategies to face relevant biomedical issues, such as the design of 
antitumoral and antimicrobic platforms. This work opens up the possi
bility to easily study the effects of photocatalysis on biomolecules and 
more complex biological structures at molecular level. In particular, this 
photocatalytic material is found to induce, under visible irradiation, 
critical multitarget damages in the hydrophobic pocket surrounding the 
prosthetic group in Myoglobin and on the oxidation state of iron. 
Fluorescence measurements indicate that photocatalysis readily induces 
BSA unfolding. These damages clearly alter molecular structure of these 
biological molecules and as a consequence their function. This together 
with the good mechanical properties of the material, such as good 
resistance and spreadability, the reported N-TiO2-loaded hydrogel pre
sents promising features towards the realization of a new photoactive 
hydrogel for topical antimicrobial applications in the field of photo
therapy, e.g. treatments of skin infections and biofilm degradation. 
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Fig. 8. A) Normalized fluorescence spectra of BSA (1 mg/mL) in aqueous solution (black), in Ch/PEG hydrogel (red), and in 20 mg/mL N-TiO2-loaded hydrogel 
(blue) recorded in the range 300–550 nm. Inset: zoom of the emission maxima; B) Decay of fluorescence intensity of BSA (1 mg/mL) in N-TiO2-loaded hydrogel at 
different time points during irradiation under the blue light LED up to 4 h. Data reported in (B) are obtained from fluorescence spectra normalized respect to the 
absorption at λ = 280 nm. The changes in the fluorescence signal cannot be attributed to self-absorption of light in the sample as the absorption is 0.5 at the λex = 280 
nm and less than 0.1 at λem = 345 nm. 
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I. Dékány, Adhesion and inactivation of Gram-negative and Gram-positive 
bacteria on photoreactive TiO2/polymer and Ag–TiO2/polymer nanohybrid films, 
Appl. Surf. Sci. 371 (2016) 139–150, https://doi.org/10.1016/j. 
apsusc.2016.02.202. 

[17] R.J. Barnes, R. Molina, J. Xu, P.J. Dobson, I.P. Thompson, Comparison of TiO2 
and ZnO nanoparticles for photocatalytic degradation of methylene blue and the 
correlated inactivation of gram-positive and gram-negative bacteria, 
J. Nanoparticle Res. 15 (2013) 1432, https://doi.org/10.1007/s11051-013-1432- 
9. 

[18] N. Kashige, Y. Kakita, Y. Nakashima, F. Miake, K. Watanabe, Mechanism of the 
photocatalytic inactivation of Lactobacillus casei phage PL-1 by titania thin film, 
Curr. Microbiol. 42 (2001) 184–189, https://doi.org/10.1007/s002840010201. 

[19] N. Lagopati, K. Evangelou, P. Falaras, E.-P.-C. Tsilibary, P.V.S. Vasileiou, 
S. Havaki, A. Angelopoulou, E.A. Pavlatou, V.G. Gorgoulis, Nanomedicine: photo- 
activated nanostructured titanium dioxide, as a promising anticancer agent, 
Pharmacol. Ther. 222 (2021), 107795, https://doi.org/10.1016/j. 
pharmthera.2020.107795. 

[20] E.A. Rozhkova, I. Ulasov, B. Lai, N.M. Dimitrijevic, M.S. Lesniak, T. Rajh, A high- 
performance nanobio photocatalyst for targeted brain cancer therapy, Nano Lett. 
9 (2009) 3337–3342, https://doi.org/10.1021/nl901610f. 

[21] Y. Zhang, L. Zhou, Y. Zhang, Investigation of UV-TiO2 photocatalysis and its 
mechanism in Bacillus subtilis spore inactivation, J. Environ. Sci. (China) 26 
(2014) 1943–1948, https://doi.org/10.1016/j.jes.2014.07.007. 

[22] P.C. Maness, S. Smolinski, D.M. Blake, Z. Huang, E.J. Wolfrum, W.A. Jacoby, 
Bactericidal activity of photocatalytic TiO2 reaction: toward an understanding of 
its killing mechanism, Appl. Environ. Microbiol. 65 (1999) 4094–4098, https:// 
doi.org/10.1128/aem.65.9.4094-4098.1999. 
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Immunomodulatory activity of zinc peroxide (ZnO2) and titanium dioxide (TiO2) 
nanoparticles and their effects on DNA and protein integrity, Toxicol. Lett. 227 
(2014) 56–64, https://doi.org/10.1016/j.toxlet.2014.02.027. 

[31] C.W. Dunnill, I.P. Parkin, Nitrogen-doped TiO2 thin films: photocatalytic 
applications for healthcare environments, Dalt Trans 40 (2011) 1635–1640, 
https://doi.org/10.1039/c0dt00494d. 

[32] S. Hirakura, T. Kobayashi, S. Ono, Y. Oaki, H. Imai, Fibrous nanocrystals of 
hydroxyapatite loaded with TiO2 nanoparticles for the capture and photocatalytic 
decomposition of specific proteins, Colloids Surf. B Biointerfaces 79 (2010) 
131–135, https://doi.org/10.1016/j.colsurfb.2010.03.041. 

[33] I. Liu, L.A. Lawton, D.W. Bahnemann, P.K.J. Robertson, The photocatalytic 
destruction of the cyanotoxin, nodularin using TiO2, Appl. Catal. B Environ. 60 
(2005) 245–252, https://doi.org/10.1016/j.apcatb.2005.03.006. 

[34] K.A. Gebru, C. Das, Removal of bovine serum albumin from wastewater using 
fouling resistant ultrafiltration membranes based on the blends of cellulose 
acetate, and PVP-TiO2 nanoparticles, J. Environ. Manage. 200 (2017) 283–294, 
https://doi.org/10.1016/j.jenvman.2017.05.086. 

[35] S. Loreto, B. Cuypers, J. Brokken, S. Van Doorslaer, K. De Wael, V. Meynen, The 
effect of the buffer solution on the adsorption and stability of horse heart 
myoglobin on commercial mesoporous titanium dioxide: a matter of the right 
choice, PCCP 19 (2017) 13503–13514, https://doi.org/10.1039/c6cp08585g. 

[36] S. Bratskaya, Y. Privar, D. Nesterov, E. Modin, M. Kodess, A. Slobodyuk, 
D. Marinin, A. Pestov, Chitosan gels and cryogels cross-linked with diglycidyl 
ethers of ethylene glycol and polyethylene glycol in acidic media, 
Biomacromolecules 20 (4) (2019) 1635–1643. 

[37] A.E. Mohamed, W.E. Elgammal, A.M. Eid, A.M. Dawaba, A.G. Ibrahim, A. Fouda, 
S.M. Hassan, Synthesis and characterization of new functionalized chitosan and 
its antimicrobial and in-vitro release behavior from topical gel, Int. J. Biol. 
Macromol. 207 (2022) 242–253, https://doi.org/10.1016/j. 
ijbiomac.2022.02.173. 

[38] M. Mesgari, A.H. Aalami, A. Sahebkar, Antimicrobial activities of chitosan/ 
titanium dioxide composites as a biological nanolayer for food preservation: a 
review, Int. J. Biol. Macromol. 176 (2021) 530–539, https://doi.org/10.1016/j. 
ijbiomac.2021.02.099. 

[39] T. Kamal, Y. Anwar, S.B. Khan, M.T.S. Chani, A.M. Asiri, Dye adsorption and 
bactericidal properties of TiO2/chitosan coating layer, Carbohydr. Polym. 148 
(2016) 153–160, https://doi.org/10.1016/j.carbpol.2016.04.042. 
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