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Dear Editor,

On behalf of the authors, I am writing to submit our manuscript entitled, “Titanium
Dioxide/Nitrogen-Doped Graphene-Biopolymer Based Nanocomposite Films for Pollutant
Photodegradation and Laser Desorption Ionization Mass Spectrometry of Biomarkers” by Tatiya
Siripongpreda, Noppakhate Jiraborvornpongsa, Russell J. Composto, and Nadnudda Rodthongkum to
be considered for publication as a research article in Nano-Structures & Nano-Objects.

This manuscript describes a nanocomposite-biopolymeric film based on nano-sized titanium
dioxide/nitrogen-doped graphene nanocomposite (TiO2/NG) for using in photodegradation, and laser
desorption-ionization mass spectrometry (LDI-MS). The TiO2/NG was composited using hydrothermal
reaction to form nano-sized TiO2/NG nanocomposites to minimize surface light reflection and improve
catalytic efficiency. Then, the nanocomposite nanoparticles were integrated with chitosan (CH) support
and spin-coated onto a silicon wafer to fabricate TiO2/NG-CH thin films. These films were applied for
ciprofloxacin photodegradation and applied as a solid matrix for LDI-MS detection of peptide biomarkers
at trace level with high sensitivity (e.g., angiotensin II, angiotensin I, bombesin, ACTH, and somatostatin
28).

From these satisfactory results, it was concluded that the developed TiO2/NG-CH thin films
can be considered as an alternative material that is potentially integrated and utilized for diverse
applications, including, environmental and biomedical application (e.g., pollutant removals and
biomarker detection).

We confirm that this manuscript is submitted to Nano-Structures & Nano-Objects and has not
been published elsewhere, and it is not under consideration for publication in other journals.

We hope that with the information provided, our revised manuscript is ready to undergo the peer
review process. In case that you have any question, please feel free to contact me at any time.

Sincerely,

Nadnalda — RodHongiomy
Nadnudda Rodthongkum, Ph.D.
Research Professor
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¢ TiO2/NG nanocomposite is successfully synthesized and it can reduce the band gap of
pristine TiOx.

e TiO2/NG-chitosan nanocomposite thin film is fabricated for pollutant photodegradation
and LDI-MS detection of biomarkers.

e The nanocomposite film shows higher efficiency for ciprofloxacin photodegradation
compared with NG-CH and TiO,-CH films.

e The nanocomposite film offers high laser absorption/desorption and it is applied as a

substrate for LDI-MS detection of biomarkers.
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Chemical states of ¢ in TiO; lattice ?? what it means??

We have corrected the mentioned error from “chemical states of ¢ in TiO; lattice” to “chemical
states of O* in TiO; lattice, hydroxyl groups and O from water absorption on TiO, surface” in
the revised manuscript (Page 12).

A Raman spectral analysis could be really useful in confirming the nanocomposite formation.
As suggested by the reviewer, raman spectral analysis was carried out to confirm the formation
of the nanocomposite. As illustrated in the raman spectra below, The main peaks of the pristine
NG spectra was 1346.88 and 1589.51 cm ™! which correspond to disordered (D band) and graphitic
ordered (G band) structures, respectively. The spectrum of TiO»/NG displyed significant raman
peaks at 147.03, 397.35, 516.72, and 641.06 cm™ from TiO» and two prominent peaks at 1352.88
and 1601.17 cm™!. It was found that peaks of D and G bands and the ratio between the intensities
of D and G bands (In/Is) indicating defect density in the graphitic structure of NG and TiO»/NG
was different. Moreover, D and G bands of the pristine were shifted when composited with TiO,
using hydrothermal treatment. This can confirm the formation of the TiO»/NG nanocomposite.
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Furthermore, the formation of the nanocomposite was confirmed by using elemental mapping and
XPS, which are illustrated in Fig. 2 and Fig. 3, respectively.

The nanocomposite films were exposed to ciprofloxacin solution to investigate the

degradation of CH, TiO2-CH, NG-CH and TiO2/NG-CH thin films. The aim was to study
degradation of the films or degradation of ciprofloxacin???

The main purpose of this work was to study the potential of TiO»/NG-CH thin films for
ciprofloxacin degradation. The polymeric films degradation was examined to investigate the
dispersity of nanomaterials within the CH carrier, and an opimal exposure time for ciprofloxacin
degradation experiment.
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Titanium dioxide (TiOz)/nitrogen-doped graphene (NG) nanocomposite is prepared via a solvent-
free hydrothermal reaction. The resulting TiO2/NG materials exhibit a reduction of the band gap
energy compared to pristine TiOz from 3.27 eV to 2.69 eV. These materials are characterized by

scanning transmission electron microscopy (STEM), energy dispersive X-ray spectroscopy


https://www2.cloud.editorialmanager.com/nanoso/viewRCResults.aspx?pdf=1&docID=8394&rev=1&fileID=88268&msid=f13062ac-fc4e-4947-87dd-e899266a1f6e
https://www2.cloud.editorialmanager.com/nanoso/viewRCResults.aspx?pdf=1&docID=8394&rev=1&fileID=88268&msid=f13062ac-fc4e-4947-87dd-e899266a1f6e

(EDX), and X-ray photoelectron spectroscopy (XPS). To prepare biopolymer films with
photocatalytic properties, TiO2 and NG are mixed with biodegradable chitosan and spin-coated on
a silicon wafer. Film roughness and thickness are evaluated by atomic force microscopy (AFM).
These films are then tested for ciprofloxacin photodegradation by irradiating with visible light. In
comparison to the TiOz/chitosan films, the addition of NG substantially enhances
photodegradation efficiency by up to 34% upon the addition of 5% w/w of NG. Furthermore, this
film is shown to be a good substrate for biomarker detection using laser desorption ionization mass
spectrometry (LDI-MS). In summary, this nanocomposite-biopolymer film provides good
photocatalytic activity towards ciprofloxacin degradation and enhances the ionization efficiency
of peptide biomarkers in LDI-MS owing to high efficiency of laser absorption/desorption. This

nanocomposite film might be useful for environmental-related and medical application.
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1. Introduction

The rapid growth of industrialization and population has led to significant environment
challenges across the globe. The degradation of pollutants can play an important role in mitigating
the impacts of pollutant contamination while improving environment conditions particularly in
areas such as clean water, where photocatalysis can play an important role in facilitating the
degradation or breakdown of harmful pollutants. To prepare photocatalyst for such processes, a
solvent-free hydrothermal reaction is an attractive approach because it uses benign chemicals, is
economical, and has been shown to efficiently separate solid products [1-3].

Titanium dioxide (TiO2) is a wide band gap metal oxide semiconductor commonly used as a
photocatalysis [4] due to its strong oxidizing ability, chemical stability, low cost, and non-toxicity
[5]. There are three forms of TiO: including anatase, rutile, and brookite which consist of
interconnected TiO; octahedra with different degrees of distortion [6]. Anatase offers the highest
stability in the nanoscopic scale with high photocatalytic activity over rutile; however, anatase has
a wider band gap energy [7]. To reduce band gap energy of semiconductors, doping impurities can
induce intraband energy states and narrow of the band gap of pristine semiconductors to allow
compatibility with visible light [8]. Moreover, thermal treatments, such as annealing, of some
semiconductor materials (e.g., TiO>) critically affects electrical properties by decreasing their band
gap energy [9]. Graphene is an allotrope of carbon in the form of a single layered hexagonal lattice
with sp? hybridization having high conductivity, high stability, and a large specific surface [10].
Doping nitrogen atoms into graphitic structure to create nitrogen-doped graphene (NG) provides
functional groups, catalytic activity, with increased free carrier density [11, 12]. NG also exhibits
high electronegativity that promotes adsorption property and electron transportation [13]. Since

NG is graphitic structured material; NG displays and high electron mobility [14] indicating NG is



a promising component for altering electronic property [15-17] and advancing photocatalytic
performance of the semiconductors [18]. The addition of NG to TiO; is attractive because nitrogen
acts as an electron donor and graphene minimizes surface light reflection, enhancing light-material
interaction. According to previous reports, graphene-based materials-semiconductors hybrids
demonstrated enhancement of light absorption [19], which is related to photocatalytic activity [20-
22] and photochemical reaction [23]. Therefore, combining TiO> anatase nanoparticles with
carbon-based structures can potentially reduce band gap value of the TiO> since NG has
outstanding light absorption [24], and nitrogen dopant demonstrates the ability to reduce the
original band gap or to generate localized states in the band gap [25, 26]. Thus, NG is selected to
composite with TiO> nanoparticles to improve the recombination of photoexcited carriers,
improvement in light-material interaction and photocatalytic property of pristine TiO anatase [27]
for diverse applications.

Adsorption is one of the effective methods to remove pollutants based on pollutant
degradation [28] using biopolymers, for example, chitosan and cellulose, as adsorbents. Chitosan
(CH), a bio-derived non-toxic cationic biopolymer, has a charge density that depends on the degree
of acetylation and pH of the solvent [29], and is selected for using as a polymeric film support for
the nanocomposites prepared by spin-coating since CH possesses biocompatibility,
biodegradability and excellent film-forming ability [30]. According to the previous research, CH
shows the ability to improve the dispersibility of nanoparticles [31] and CH had excellent physical
properties as excellent carriers [32]. The immobilization of nano-catalysts or nanocomposites on
a support can alter electronic property [33] allows for improved catalytic efficiency [34], recovery

and recycling, and reduces particle leaching.



In addition to its photocatalytic activity, TiO> demonstrates great promise as a solid matrix
substrate for laser desorption-ionization mass spectrometry (LDI-MS) that substantially increases
the ionization efficiency of the organic molecules with low interferences compared with the
traditional organic matrices [35]. According to previous research, TiO; also demonstrates a high
specificity in ability to reversibly bind to phosphates, which is beneficial for applying in the
enrichment of phosphorylated peptides and organic phosphates [36]. N-doped graphene having sp?
hybridization and large specific surface area [37] with abundance of functional groups offers a
clearer matrix background, higher salt tolerance, and higher sensitivity compared with other
graphene-based materials [38, 39]. According to previous studies, the graphitic structure facilitates
integration of molecules onto the surface, and its large surface area enhances the interfacial
interaction [40] indicating that NG is suitable for utilizing in LDI-MS. LDI-MS is a high-
performance technique used to determine trace amount of chemicals or compounds in complex
mixtures. It can be used in monitoring the toxic substances in wastewater [41]. Currently, LDI-MS
has become a tool that is capable to detect not only identifying small molecules but also detecting
biomarkers and large molecules, and more. This directly provides health assessment and influences
overall well-being of the population.

In this study, a nano-sized TiO2/NG nanocomposite-biopolymer based thin film is a promising
solid matrix for biomolecule identification by LDI-MS. The peptide biomarkers are peptides that
are capable to indicate diseases [42]. The identification of peptide biomarkers helps diagnosis and
therapy of diseases, leading to effective health assessment and disease prediction [43].

Herein, the nano-sized TiO2/NG nanocomposite was synthesized using a solvent-free method
to increase photocatalytic activity via facile hydrothermal reaction to obtain a relatively low band

gap TiO2/NG that can absorb energy in visible range, and laser absorption ability, which the nano-



sized TiO2/NG nanocomposite can be adapted in coating [44] and numerous photoabsorption-
related applications including environmental and medical-related applications. These developed
TiO2/NG-CH thin films are firstly applied for pollutant degradation and as a substrate for LDI-MS

detection of large-molecule biomarkers and/or pollutants.

2. Experimental
2.1 Materials and instruments
Titanium dioxide nanopowder (TiO, anatase with <25 nm particle size) was purchased from
Sigma-Aldrich, USA. Nitrogen-doped graphene (NG) was obtained from ACS material, USA.
Chitosan (CH), Chitoclear® Cg-10 (Mw: 60 kDa and degree of deacetylation: 87%) was received
from Primex ehf., Iceland. Glacial acetic acid and isopropanol (IPA) were from Fisher scientific,
USA. N-type, oriented silicon wafers (dopant Ph, 10—20 Q-cm resistivity, single side polished)
were purchased from Silicon Quest International. Ciprofloxacin hydrochloride was purchased
from Selleck Chemicals, USA. Peptide calibration standard II was obtained from Bruker,

Germany. The pH meter was purchased from METTLER TOLEDO, USA.

2.2 Synthesis of the titanium dioxide/nitrogen-doped graphene (TiO2/NG) nanocomposites
TiO2 nanopowder and varied amount of NG ranging from 0.0 - 15.0% w/w were mixed in
with ultrapure water and sonicated for 8 h. Subsequently, the dispersion was added to a 100 mL
Teflon-line autoclave and heat-treated at 180°C for 24 h. After the hydrothermal reaction, the
obtained nanocomposite suspension was centrifuged at 8000 rpm for 15 min and washed the with

ethanol for 3 times. Then, the nanocomposite was dried at 60°C.



2.3 Material Characterization

UV-Vis-NIR spectrophotometer (Varian Cary 5000, Agilent) was used for the determination
of absorption spectra. Scanning transmission electron microscope (STEM, JEOL F200) was used
for size and morphology observation of nanomaterials and elemental mapping. The particle
surfaces were investigated by using a scanning electron microscope (SEM) (Hitachi SU3500 -
Horiba X-manX). X-ray Photoelectron Spectroscopy (XPS) (Kratos Analytical Axis UltraDLD)
was used to analyze elemental composition of nanocomposites and chemical state. Atomic force
microscope (AFM, Bruker Icon) was utilized for nanoparticle analysis and surface roughness

measurement.

2.4 Band gap estimation

The synthesized TiO2/NG nanocomposites were sonicated with DI water for 3 h before
filtration with a 0.22 pum filter to eliminate aggregates. TiO2/NG colloidal solution was determined
by measuring its absorbance using UV-Vis-NIR spectrophotometer [45, 46]. Band gap energies of
the synthesized nanocomposites were calculated by using Tauc function, which is based on the

energy-dependent absorption coefficient () that is expressed by eq. 1:
(o hv)"Y = B(hv — E,) (eq. 1)
Where # 1s the Planck constant, v is the photon’s frequency, E; is the band gap energy, and B

is a constant. The y factor was %2 or 2 for indirect transition band gaps [45].

2.5 Preparation of CH thin films with TiO»/NG nanocomposites
CH powder was dissolved in a mixture of 50% v/v acetic acid (1.0% v/v) and IPA. TiO, or

Ti02/NG nanocomposites (0.075% w/v) were added to the CH solution, sonicated for 3 h and



filtrated with a 0.22 um filter. The silicon wafer was cut into 1.0 x 1.0 cm? and washed with
methanol and toluene then, dried with N>. 50 uL of the prepared solution was dropped onto the

silicon wafer and spin-coated using 5000 rpm for 1 min.

2.6 Photocatalytic activity of TiO»/NG-CH thin film

The photocatalytic degradation of ciprofloxacin was studied under visible light irradiation
using a 300 W Xe lamp with a UV cutoff filter. The spin-coated films (CH, TiO>-CH, NG-CH,
TiO2/NG-CH) with size of 1.0 x 1.0 cm? were immersed in 3.0 ml of ciprofloxacin solution with
a concentration of 50 mg/mL without adding H>O», and exposed to visible light for 60 min. The
concentration of ciprofloxacin solutions before and after exposing to light in the visible range was
measured in a range of 300-700 nm by using a UV-Visible spectrophotometer. The photocatalytic

efficiency (%) is calculated using the following eq. (2):
Efficiency (%) = (Co -C¢)/Co (eq.2)
Where Cy corresponds to initial concentration, and Ce corresponds to final concentration after

irradiation [47].

2.7 Laser desorption ionization mass spectrometry (LDI-MS) of CH film with TiO»/NG
The standard peptide solution (1 M) was dropped onto the as-prepared spin-coated wafer and
dried at a room temperature 25+5 °C prior to attaching to the target plate and inserting into LDI-
MS. All LDI-MS experiments were performed on a Bruker Autoflex Max MALDI-TOF mass

spectrometer with 30% N> laser (337 nm) intensities and 30 laser shots.



3. Results and discussion
3.1 Characterization of TiO»/NG nanocomposite

The as synthesized TiO2/NG nanocomposites were characterized by TEM as shown in Fig.
la. prepared using a hydrothermal reaction, a key feature of these nanocomposites are the round
TiO> particles with a diameter of approximately 20 nm. According to previous research, the high
temperature of the hydrothermal reaction is an important factor determining the shape and size of
TiO; [48].

Furthermore, SEM was used to characterize the pristine TiO», nitrogen-doped graphene (NG)
and TiO2/NG nanocomposites containing 1 to 5% of NG. TiO; presented large aggregates (Fig.
1b) whereas the NG exhibited a smooth and flat surface with some wrinkles (Fig. 1¢). After
hydrothermal reaction, the morphologies of TiO2/NG nanocomposites with different NG loading
were examined and found to differ from pristine TiO>. Specifically, the particles exhibited rougher
surfaces and smaller diameters compared to the pristine TiO,. It was found that TiO2/NG5%
showed the smallest particles and with the roughest surface among 3 different types of TiO2/NG
nanocomposites (Fig. 1d — 1f) while the TiO2/NG1% showed the biggest particles. This difference
in surface area may affect the photocatalytic efficiency as well as laser absorption/desorption

behavior.



c) Nitrogen-doped graphene

d) TiO,/NG1% f) TIO,/ING5%

s “ . Wi

Fig. 1 TEM micrographs of a) TiO2/ NG nanocomposites with magnification of 250k, and SEM
micrographs of b) TiO2, ¢) NG, d) TiO2/NG1%, e) TiO2/NG2.5%, and f) TiO2/NG5%

nanocomposite with magnification of 20k.

SEM-EDX spectra of TiO2 and TiO2/NG nanocomposites are shown in Fig. 2. As shown in
Fig. 2a, the spectra showed peaks of Ti (K, L) and O (K) from the pristine TiO», whereas the inset
shows mapping of Ti (green) and O (oxygen) from the nanoparticles. After the hydrothermal
reaction of TiO2 with NG (Fig. 2b), the high intensity of Ti and O with lower intensity of C and N
verifies that NG was successfully coated onto TiO2 nanoparticles. This is confirmed by the inset

illustrating elemental mapping of C and N from NG co-locating with the Ti and O signals.
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Fig. 2 STEM-EDX analysis and elemental mapping of a) TiO2 nanoparticles, and b) nano-sized
TiO2/NG nanocomposites. The inset shows mapping of titanium and oxygen from the TiO», and

carbon and nitrogen from the NG.
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XPS was used to investigate the elemental composition and chemical state of materials, as
illustrated in Fig. 3. As shown in Fig. 3a, Ti2p signals of pristine TiO> are presented at 455.1
(2p312), 456.3 (Ti 2p32), and 461.1 eV (Ti 2p1s2) [49]. The XPS peaks of Ols at 529.9, 532.1, 533.6
and 535.1 eV correspond to different chemical states of O in TiO> lattice, hydroxyl groups and
O? from water absorption on TiO; surface [50]. Fig. 3b shows XPS spectra of NG with O1s peaks
located at 530.0 (O—C=0), 532.5 (C—OH), and 533.8 (C—O-C) eV [51]. The N1ls peak at 401.9
eV is attributed to a graphitic-nitrogen, where a nitrogen atom replaces a carbon atom within the
graphene layer [52]. The Cls of pristine NG presents peaks at 281.7 eV, 283.9 eV, which are
related to carbon with sp? and sp® hybridization [53], 284.6 (C—C), 285.5 (C—O) and 287.1 (C=0)
eV [51, 54]. The XPS of the TiO2/NG nanocomposite exhibited peaks shifts from the pristine TiO»
and NG, as shown in Fig. 3¢. All Ti2p peaks shifted to higher binding energy caused by electron
transfer between O and Ti, consistent with leading to higher amount of Ti*" [55]. The Ols peak
shifts are consistent with bond formation of Ti—O,, C—Ti—Ox (and/or —OR), C—Ti—~OHy (and/or —
OR) [56]. In addition, N1s peak located at 399.8 eV shows lower binding energy than NG
consistent with the appearance of pyridine-like and pyrrole-like nitrogen [52]. The Cls peak
located at 284.6 eV are consistent with the appearance of C—N and/or C-O species, whereas peaks
at 286.4 and 288.3 eV can be attributed to C-O bonding in the sample. In summary, the XPS
spectra indicated that the chemical state of the TiO2/NG nanocomposites are modified compared

with to the pristine materials.
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Fig. 3 XPS spectra of a) TiO», b) NG, and c¢) TiO2/NG nanocomposite.

3.2 Band gap estimation

The band gap energies of TiO2/NG nanocomposites were calculated using the Tauc function.
As presented in Fig. 4a, the band gap energy value of pristine TiO2 in anatase form is 3.27 eV.
The NG concentrations were varied from 1.0% w/w to 15.0% w/w. After mixing NG with TiO2
and processing using a hydrothermal reaction, the band gaps were altered. Although an alteration
was observed upon adding 1.0% w/w NG, the band gap decreased rapidly when NG concentration
increased from 2.5% to 5.0%, reaching the lowest band gap energy of 2.69 eV. Further increase in
NG concentration to 7.5% resulted in an increase in the band gap energy to 3.41ev followed by a
decrease to 3.19 eV at the highest concentration, 15% w/w. Subsequent property measurements
were carried out on the TiO2/NG nanocomposite containing 2.5%NG, which exhibits the lowest
band gap as 2.69 eV.

Using UV-visible spectroscopy, the spectra in Fig. 4b show the absorbance of the pristine
TiO2 and TiO2/NG nanocomposites for NG concentrations from 1 to 15% w/w. The spectra
indicated that adding of NG altered the absorbance of TiO2, which indicates a change in the
photocatalytic reaction efficiency. An optimum content of NG at 2.5% w/w was selected for further

experiments because this TiO2/NG nanocomposite exhibited the lowest band gap value.
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3.3 Chitosan films with TiO2/NG

As displayed in Fig. 5, the solvent used to spin-coat chitosan and chitosan with TiO2/NG
affected film quality. The spin-coated CH using 1% acetic acid (Fig. 5a) displayed non-
homogeneous films with large comets radiating outward from the center of the silicon wafer, which
was possibly caused by low viscosity of the CH/solvent solution. Since IPA is known to disperse
NG [57], IPA was mixed with acidic acid (1% acetic acid with 50% IPA). It was found that films
prepared with neat CH and chitosan with TiO2/NG exhibited thicknesses of 209.1 + 17.2 nm (Fig.
5b) and 302.5 + 9.4 nm (Fig. Sc), respectively. These high-quality films exhibited fewer defects
and have a uniform color across the 1 cm x 1 cm silicon substrate. The change in color near the
edges of the substrate were caused by a change in film thickness associated with the spin coating
process itself. The better film formation using the acetic acid/IPA solvent mixture, which is a non-
toxic cosolvent[58-60], was due to the higher viscosity of CH solution caused by IPA addition.
The grayish color in Fig. Sa indicates a thinner film, compared with the blueish color in Fig. Sb
and Sc.

Film thickness of chitosan was measured as a function of chitosan concentration. The
thickness of CH films spin cast from acetic acid increased from 17nm to 56nm but exhibited a
large standard deviation consistent with poor film quality as plotted in Fig. 5d. On the other hand,
CH films spin cast from a mixture of acetic acid and IPA increased from 16nm to 292nm with
relatively low standard deviation (Fig. Se) consistent with the homogeneity of the spin-coated
films. Accordingly, a CH concentration of 1.5% w/w spin cast from a mixture of acetic acid and
IPA with a nominal thickness of 200nm was used to prepare chitosan films with TiO»/NG for

further experiments.
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Fig. 5 Photographs of spin-coated silicon wafer of: a) chitosan dissolved in acetic acid, b) chitosan
dissolved in acetic acid/isopropanol, and c) chitosan with TiO2/NG nanocomposite dispersed in
acetic acid/isopropanol, and d) thickness of spin-coated chitosan thin film dissolved in acetic acid,
e) thickness of spin-coated chitosan thin film dissolved in acetic acid/isopropanol using 5000 rpm

(n=3).

3.4 Photocatalytic activity of chitosan films with TiO2/NG
The photocatalytic activity of the TiO»/NG-CH films was evaluated under the visible light
irradiation. The nanocomposite films were exposed to ciprofloxacin solution to investigate the
degradation of pristine chitosan films as well as those containing particles, namely TiO,-CH, NG-

CH, and TiO2/NG-CH. Because as-cast films are smooth, the surface roughness determined from
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AFM can be used as an indication of the extent of degradation of films upon exposure. As
displayed in Fig. 6a, at time 0 min, all as-prepared films were relatively smooth with a surface
roughness from 0.3 nm to 0.6 nm. The addition of nanomaterials increased the roughness (Ra) of
the films. Averaged across 10 x 10 micron image, the Ra for the as cast films increases from 0.3,
0.5, 0.5, and 0.6 nm, respectively. The higher roughness value of TiO2/NG-CH compared to TiO»-
CH and NG-CH might be due to the higher concentration of TiO2/NG nanoparticles dispersed in
the chitosan film after filtration since the size of TiO2/NG nanoparticles was smaller than the
pristine NG and TiO> nanoparticles and exhibited better dispersity in CH solution.

After 30 min of exposure with visible light, the surface roughness of all films increased,
including the pure CH film (10x). This might be due to the degradation or swelling behavior of
CH since pKa of ciprofloxacin is 6.09 [61] leading to protonation of CH. In all cases though the
films containing chitosan were rougher than the chitosan control film at 30 min and 60 min. After
30 min of ciprofloxacin exposure, the surface roughness of all films increased dramatically,
particularly the films containing NG (NG-CH and TiO2/NG-CH). The high regions are bright
whereas the low regions are dark (see color scale to right of height image). After 30 min of
exposure, the roughness of the NG-CH and TiO2/NG-CH films are similar (13.0 nm vs 12.4 nm)
as shown in Fig. 6. Interestingly, at 60 min of exposure, the roughness of all film decreased, except
NG-CH with no significant difference. This result suggested that CH (carrier polymer) was
degraded and the silicon wafer, denoted by the low (dark) areas, was directly exposed to the
ciprofloxacin solution. Thus, degradation of the “high” regions occurs whereas the lower regions
remain the same. Thus, 60 min of ciprofloxacin exposure was selected to study the photocatalytic

efficiency of chitosan nanocomposite films.
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Fig. 6 AFM images and surface roughness of thin films: a) CH, b) CH with TiO2, ¢) CH with NG,
and d) CH with TiO2/NG nanocomposite after exposed to 50 pg/mL Ciprofloxacin at different

time intervals (n=3).

Photocatalytic mechanism is described next. Based on a conventional photocatalyst, TiO»,
photons with higher energy than the band gap of the photocatalyst produces *OH by oxidizing -
OH/H20O or ciprofloxacin, and degrades ciprofloxacin to its intermediates and final product,
respectively [62, 63]. Ciprofloxacin is a zwitterionic compound. However, it was observed that
ciprofloxacin dissolved in DI water at a concentration of 50 pg/mL resulted in a pH range of
approximately pH = 8.15 - 8.33 indicating a basic solution. In this environment, it was noted that

the CH polymeric carrier was unable to dissolve in the ciprofloxacin solution. This confirmed that
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the degradation of ciprofloxacin and CH can be attributed to the embedded TiO;-containing

photocatalysts.

3.5 Photocatalytic efficiency of chitosan films with TiO; and NG

To investigate the photocatalytic activity of chitosan films with TiO, and NG, the
photocatalytic degradation of ciprofloxacin was studied. Films of CH, TiO,-CH, NG-CH, and
TiO2/NG-CH on silicon wafers (1.0 x 1.0 cm?) were immersed in 50 pg/mL ciprofloxacin solution
without adding H202, and exposed to visible light for 60 min. The results show that TiO2/NG-CH
films exhibit significantly higher photodegradation efficiency (%) than TiO>-CH (4.44+0.38%)
and NG-CH (3.60+1.06%), as shown in Fig. 7a. We attribute this higher efficiency to the reduced
band gap of the TiO2/NG nanocomposites resulting in enhanced absorption of light in the visible
range. Interestingly, although it did not exhibit the lowest calculated band gap, the highest
photodegradation efficiency was observed for TiO2/NG5%-CH film (34.16+0.06%). This result
might be possibly related to the adsorption of ciprofloxacin on the surface of TiO2/NG5%-CH
films [64], attributed to an attractive interaction between ciprofloxacin and the TiO»/NG
nanocomposite. This attraction likely results from strong binding between the aromatic rings of
ciprofloxacin with the graphitic structure of NG via n-7 interaction, as well as hydrogen bonding
between ciprofloxacin and NG in the nanocomposites. Significantly, the TiO2/NG5%
nanocomposite had higher surface area due to smaller particles in comparison to TiO2/NG1%
(26.3£0.4% in efficiency), and TiO2/NG2.5% (28.910.3% in efficiency) with the lowest calculated
band gap. The absorbance intensity indicates the concentration of ciprofloxacin as shown in Fig.
7b. The absorbance of ciprofloxacin in CH films with TiO>/NG was lower than CH films with

TiO, and NG alone. The lowest absorbance of degraded ciprofloxacin using TiO2/NG
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nanocomposite-CH thin films were TiO2/NG5%, TiO2/NG2.5%, and TiO2/NG1%, respectively.
Thus, TiO2NG5%-CH film was the most suitable nanocomposite-containing biopolymeric film for

ciprofloxacin degradation application.
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Fig. 7 a) Photodegradation efficiency (%) of CH-based thin films towards ciprofloxacin under 60

min of irradiation (n=3), and b) ciprofloxacin spectra after 60 min of irradiation.

3.6 chitosan films with TiO> and NG as a solid matrix for LDI-MS

As a second application, Fig. 8 displays LDI-MS spectra of chitosan films with TiO2 and NG
as a solid matrix for LDI-MS to identify peptides. As displayed in Fig. 8a, the uncoated wafer with
conventional matrix showed the ability to determine angiotensin II, angiotensin I, substance P, and
bombesin but exhibited relatively low S/N ratio (signal-to-noise ratio) and high background noise.
In contrast, chitosan films with TiO2/NG on silicon were able to identify peptide biomarkers
including angiotensin II, angiotensin I, substance P, ACTH (1-17), ACTH (18-39), and
somatostatin 28 (Fig. 8b) with high signal/noise ration. The improved performance of the
TiO2/NG-CH nanocomposite might be due to ability of the enrichment of peptides on the TiO»,
adsorption properties of NG and laser efficiency due to the nano-sized particles. These biomarkers
indicate the physiological state of the human body. For instance, angiotensin I, angiotensin I, and
ACTH are related to arterial pressure and hydro-electrolyte balance [65], cell growth regulation
[66], and post-stroke depression [67], respectively. Moreover, the silicon wafer with the coated
exhibited high signal intensity at low m/z (mass-to-charge ratio) with high S/N ratio. These results
demonstrate the promising potential of TiO2/NG-CH films as an alternative substrate for LDI-MS

in peptide biomarker identification to diagnose diseases.
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Conclusions

Nano-sized TiO2/NG were synthesized via hydrothermal reaction to enhance
photocatalysis, UV-Visible absorption and laser absorption properties. The band gap of
nanocomposite was lower than pristine TiO», decreasing from 3.37 eV to 2.69 eV, indicating the
higher light absorption capacity of TiO2/NG. These nanoparticles were embedded in chitosan by
spin coating on a silicon wafer to create nanocomposite-biopolymer films and shown to degrade
ciprofloxacin without adding H>O». These nanocomposite films exhibited higher photocatalytic
activity towards ciprofloxacin compared to TiO»-chitosan and NG-chitosan films. Furthermore,
the nanocomposite film was successfully tested as a sensitive LDI-MS solid matrix that can be
used to detect peptide biomarkers for disease diagnosis. In summary, this novel film might be a

promising material for pollutant degradation and biomarkers detection in the future.
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