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1. Introduction

We are pleased to introduce to you this Special Issue of Nanomaterials on ‘Luminescence
Nanomaterials and Applications’. Luminescence is a phenomenon that we experience daily
in our work and lives. Emerging nanotechnology and quantum dots offer a new class of
materials to make our lives better. For example, the applications of luminescent nanoparti-
cles for medical research are taking advantage of their high quantum yield, multi-colors,
high photostability, large surface-to-volume ratio, surface functionality, and small size.
For solid-state displays, they can provide more colors by simply adjusting the size of the
particles. In this Special Issue, we discuss nanomaterials with quantum size confinement,
photoluminescence, upconversion, thermoluminescence, and long persistence, as well as
their potential applications in cell labeling, imaging, detection, and sensing. This Special
Issue also covers the synthesis of luminescence nanomaterials, applications for in vitro and
in vivo imaging, detection based on fluorescence resonance energy, and the applications of
luminescent nanoparticles for photodynamic activation and solid-state displays, as well
as new materials and structures, such as perovskite quantum dots, and novel phenom-
ena, such as aggregation-induced emissions. In total, we have 15 papers (2 reviews and
13 research articles) for this Special Issue, which are summarized below:

2. Upconversion Luminescence Nanomaterials

Upconversion nanomaterials can emit high-energy lights when excited with two or
more low-energy photons. They can produce ultraviolet (UV)-visible or near-infrared (NIR)
light upon excitation with NIR light, depending on size or dopants, owing to their unique
properties, such as good optical stability, narrow emission band, large anti-Stokes spectral
shift, high levels of light penetration in biological tissues, long luminescence lifetime, and
high signal-to-noise ratio. The review paper by Dr. Jigang Wang and his collaborators
systematically introduced the physical mechanism of upconversion luminescence nanoma-
terials and their potential applications in bioimaging, detection, photodynamic therapy,
and therapeutics [1].

Upconversion nanocrystals converting near-infrared light into high-energy UV emis-
sions may provide many exciting opportunities for drug release, photocatalysis, photody-
namic therapy, and solid-state lasing. However, a key challenge is their low conversion
efficiency. For that, Dr. Chuanyu Hu’s team [2] proposed and developed dye-sensitized
and heterogeneous core-shell lanthanide nanostructures for ultraviolet upconversion im-
provement. They systematically investigated the main factors on ultraviolet upconversion
emission. Interestingly, they found a method for a largely promoted multiphoton upconver-
sion, which provides more opportunities for applications in biomedicine, photo-catalysis,
and environmental science.

3. Luminescence for Solid-State Lighting, Displays, and Anti-Counterfeiting

White-light-emitting diodes show great promise for replacing traditional lighting
devices because of their high efficiency, low energy consumption, and long lifetime. Metal
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organic frameworks (MOFs) are good materials for white-light emissions. The encap-
sulation of organic dyes is a simple way to obtain luminescent MOFs. In a review, Dr.
Derong Cao and his collaboration team summarized the recent research on the design and
construction of dye-encapsulated MOFs phosphors and their potential applications [3].

Dr. Dangli Gao and her collaboration team reported the optical properties of
Zn3GayGeOg:Mn phosphors that could be modified by different preparation methods, in-
cluding a hydrothermal method and solid-state diffusion combined with a non-equivalent
ion-doping strategy [4]. Consequently, Mn-doped Zn3Ga,GeOg phosphors prepared by a
hydrothermal method showed an enhanced red emission at 701 nm and a green persistent
luminescence at 540 nm, while the phosphors prepared by solid-state diffusion in combi-
nation with hetero-valent doping only exhibited an enhancement in the single-band red
emission. Furthermore, the substitution of hetero-valent dopant ion Li* into different sites
can change the emission colors. These fantastic phenomena were discussed in detail in the
paper [4].

The study of room-temperature phosphorescent carbon quantum dots is important
for various applications. Dr. Hongmei Yu et al. [5] successfully fabricated matrix-free
carbonized polymer dots (CPDs) that can produce green room-temperature phosphores-
cence under dual-mode visible- and ultraviolet-light excitations. Hydrogen bonding can
provide a space protection and stably excite the triplet state. This self-matrix structure
effectively avoids the non-radiative transition by blocking the intramolecular motion of
CPDs. The long lasting room-temperature phosphorescence is good for applications in
anti-counterfeiting.

4. Particle Based Sensing Technology

Early cancer detection is important, and plenty of sensors are being explored. Dr.
Liu and her collaboration team reported novel lanthanide-upconverted NaYF,;:Yb,Tm
fluorescence probes, which can detect cancer-related specific miRNAs in very low concen-
trations [6]. The detection is based on emissions at 345, 646, and 802 nm upon excitation at
980 nm. The two common proteins, miRNA-155 and miRNA-150, were captured by the de-
signed fluorescent probes. The probes can effectively distinguish miRNA-155 from partial-
and complete-base mismatched miRNA-155, which is critical for early cancer detection.

Sulfur quantum dots (SQDs) are considered potential green nanomaterials because
they have no heavy metals. Dr. Yang [7] and his collaboration team prepared SQDs by a
microwave-assisted method using sulfur powder as a precursor. SQDs show the highest
emission at 470 nm when excited at 380 nm and have a good sensitivity and selectivity in
alkaline phosphatase detection.

Radiation detection and dosimetry are old questions but pose new challenges for
security and safety. As such, Dr. Abd Khamim Ismail et al. [8] examined the thermolumi-
nescence dosimetry behaviors of Ag-ZnO films. The dose-response revealed high linearity
up to 4 Gy. The proposed sensitivity was 1.8 times higher than the TLD 100 dosimeters.

5. Particle-Based Therapeutics

Chemodynamic therapy (CDT) has received extensive research attention in recent
years. However, the efficiency of CDT is influenced by H,O, limitations in the tumor. In
this issue, Dr. Yang Shu and her collaborators [9] described a novel core-shell nanostructure,
namely a Cu-metal organic framework (Cu-MOF)/glucose oxidase (GOD)@hyaluronic
acid (HA) (Cu-MOF/GOD@HA), for the purpose of improving CDT efficacy by increasing
H,O; concentration and cancer cell targeting. The CDT enhancement as a result of GOD
and HA effects in Cu-MOF/GOD@HA was confirmed for both in vitro cell and in vivo
animal studies.

Photothermal therapy has been widely tested in treating bacterial infections [10,11].
Weiwei Zhang et al. [12] tested the growth inhibition of Staphylococcus aureus by using
a very low concentration of vancomycin and applying photothermal therapy with MoS,.
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MoS;-Van-FITC with near-infrared irradiation significantly inhibited S. aureus growth,
reaching an inhibition rate of 94.5%, indicating its possible use as a wound-healing agent.

Dr. Oleg A. Yeshchenko et al. [13] presented the thermoresponsive Zinc-TetraPhenyl
Porphyrin-based hybrid nanosystem. The shrinking of D-g-PNIPAM macromolecules
during a thermally induced phase transition leads to the release of both ZnTPP molecules
and Au NPs from the ZnTPP/D-g-PNIPAM/AuNPs macromolecule. The three-fold en-
hancement of singlet oxygen production with surface plasmon resonance is critical for
clinic applications.

6. New Materials and Structures

Bovine-serum-albumin-embedded Au nanoclusters are thoroughly investigated by
Radek Ostruszka [14] using continuous-wave electron paramagnetic resonance, light-
induced EPR, etc. In addition to the presence of Au(0) and Au(I) oxidation states in
BSA-AuNCs, a significant amount of Au(Il) was detected, which may come from a dispro-
portionation event occurring within NCs: 2Au(I) — Au(II) + Au(0).

Haibin Li et al. [15] reported on n-p BiO,CO3/ x-Bi,O3 heterojunction microtubes
and studied their photocatalytic activities under visible-light irradiation. The results
indicated that Bi;O,CO3/«-BipO3 with a BiO,CO3 mass fraction of 6.1% exhibited higher
photocatalytic activity than «a-BiOs.

Obtaining drinking water from seawater has always been a long-term goal. Here, Dr.
Zhongxin Liu et al. [16] reported on the use of graphene-loaded nonwoven fabric mem-
branes coated with graphene oxide for seawater purification. The photothermal membrane
is expected to be suitable for regional water purification and seawater desalination due to
its high light absorption, strong heating effect, and its evaporation rate, which is about five
times higher than that of non-woven fabric.

In this issue Dr. Yiqun Li et al. [17] synthesized a novel carboxymethylcellulose—
polyaniline-film-supported copper catalyst (Cull/IRQCMC-PANI) and used it as a dip
catalyst for aldehyde-alkyne—-amine coupling reactions with a high yield of 97%. They
found that Cull/I@CMC-PAN], as a good dip catalyst, is very useful in organic synthesis
due to its easy fabrication, convenient deployment, superior catalytic activity, and high
reusability.

We would like to thank the Nanomaterials Editorial Office for the opportunity to edit
this Special Issue, as well as all the authors for their valuable contributions and reviewers
for their valuable comments. This Special Issue would not have been possible without
them. We hope that this Special Issue can offer some valuable information and guidance
for future research directions.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Rare Earth Upconversion nanoparticles (UCNPs) are a type of material that emits high-
energy photons by absorbing two or more low-energy photons caused by the anti-stokes process. It
can emit ultraviolet (UV) visible light or near-infrared (NIR) luminescence upon NIR light excitation.
Due to its excellent physical and chemical properties, including exceptional optical stability, narrow
emission band, enormous Anti-Stokes spectral shift, high light penetration in biological tissues, long
luminescent lifetime, and a high signal-to-noise ratio, it shows a prodigious application potential for
bio-imaging and photodynamic therapy. This paper will briefly introduce the physical mechanism
of upconversion luminescence (UCL) and focus on their research progress and achievements in
bio-imaging, bio-detection, and photodynamic therapy.

Keywords: UCNPs; UCL; RE-doped; bio-imaging; PDT; bio-detection

1. Introduction

Luminescent materials are functional materials that absorb incident energy and subse-
quently emit incident energy in photons. Most luminescent materials, including organic
dyes and quantum dots (QDs) [1], follow Stokes Law. They absorb high-energy photons and
emit low-energy photons (energy reduction), known as downconversion materials [2-7].
On the contrary, UCNDPs relate to the conversion of long-wavelength NIR light with lower
energy into ultraviolet or visible light with higher energy. This process is also known as
the anti-stokes process, which is so-called the UCL phenomenon.

When almost all the trivalent rare earth ions (RE3*) are excited externally, the rare
earth elements of 15 lanthanides, yttrium, and scandium can move between different
energy levels, because they have a unique 4f electron configuration energy level, such as
shown in Figure 1. In addition, due to the shielding of the secondary 5325196 shell, the
external environment has little effect on rare earth ions [8-11]. Under near infrared (NIR)
laser irradiation, typical lanthanide-doped upconversion nanoparticles exhibit anti-Stokes
shifted visible light and ultraviolet light emission, while the autofluorescence background
is minimal, and the light scattering of biological tissues is greatly reduced. The reduction
in light scattering caused by this near-infrared excitation will make the penetration depth
of biological tissues far greater than the penetration depth under ultraviolet or visible
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light excitation, which makes UCNP have great potential in biological applications [12-21],
including biological tissues imaging [22-24], biological detection [25-30], photodynamic
therapy, and other biomedical fields [31-36].

In this review, we briefly describe the luminescence mechanism and synthetic meth-
ods of UCNPs. However, the surface of UCNPs obtained through conventional surface
modification methods lacks the active groups that are binding to biomolecules, which
limits their application in the biological field to a certain extent. Here, we introduce several
surface modification methods and systematically discuss the latest progress of UCNPS in
biological imaging and photodynamic therapy.
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Figure 1. Energy-level diagrams of rare-earth ions. Typical upconversion emissive excited states
are highlighted by a red bold line. Reprinted with permission from ref. [11]. Copyright 2015
Annual Reviews.

2. Mechanism of Upconversion

In general, UCNPs are composed of inorganic crystal matrix and rare-earth ions, which
do not constitute the light-emitting energy level. The main function is to provide the lattice
structure of rare-earth ions to ensure they have appropriate luminescent conditions. Accord-
ing to current research, there are five upconversion mechanisms: excited-state absorption
(ESA), energy transfer upconversion (ETU), cooperative sensitization upconversion (CSU),
cross-relaxation (CR), and photon avalanche (PA) [37,38].

2.1. Excited State Absorption (ESA)

Excited state absorption (ESA) occurs in the form of continuous absorption of pump
photons by a single ion through the trapezoidal structure of a simple multistage system.
As shown in Figure 2a, it is realized by a three-level system that continuously absorbs two
photons. This mechanism is due to the equal separation degree of E1 and E2, E2 and E3,
and the storage capacity of intermediate E2. When an ion is excited from the ground state
to the E2 level, because the lifetime of the E2 level is very long, the other pump photon
is likely to absorb another photon before it decays to the ground state, so as to promote
the ion from the E2 level to the higher E3 level, resulting in the upconversion emission
of the E3 level. In order to meet the above process and achieve efficient ESA, the energy
states of lanthanide elements need to be arranged in a trapezoid, and only a few lanthanide
ions, such as Er®*, Ho®*, Tm3* and Nd3* have such energy level structure [39]. In addition,
it is found that the output wavelength of commercial diode lasers (about 975 nm and/or
808 nm) can well match the excitation wavelength of these energy level structures.
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Figure 2. Upconversion mechanisms of RE-doped UCNPs: (a) ESA, (b) ETU, (c) CSU, (d) CR and
(e) PA.

2.2. Energy Transfer Upconversion (ETU)

Unlike ESA, Energy transfer upconversion (ETU) involves two identical or different
ions. In this photophysical process, ion 1 transitions from the ground state to E2 by
absorbing excitation light; then the absorbed photon energy is transferred to the ground
state E1 and excited state E2 of ion 2, so that they are excited again, while ion 1 relaxes back
to ground state E1. In this process, the quantum yield of upconversion largely depends on
the average distance between ion 1 and ion 2, and is mainly determined by the concentration
of doped rare earth ions. The ETU process is the most important photophysical process
in upconversion luminescence, because so far, the use of upconversion nanoparticles for
therapeutic diagnostics and other applications is through the sensitizer Yb3*, which has
a strong absorption of the excitation light at 975 nm, thus making activators (Er’*, etc.)
produce more efficient fluorescence emission [40-45].

Moreover, the scattering and absorption of biological tissues at 975 nm are relatively
small, and no optical interference occurs. Here, Yb>* has a very good effect as a sensitizer
because it has a sufficiently large absorption cross-section in the near-infrared region of
about 975 nm. In addition, since Yb** has only two energy levels, its optimal concentration
can be maintained at a high level (20-100% for fluorinated nanoparticles) without causing
harmful cross-relaxation. To date, most research has focused on the development of Yb3*
sensitized upconversion nanoparticles pumped at about 975 nm. Using lanthanide ions
themselves as sensitizers, high-efficiency ETU can also be observed in single lanthanide
doping systems, for example, long-wavelength 1490 nm excitation of Er3+-doped LiYF, [46];
or doping under 1200 nm excitation NaGdF, nanoparticles doped with Ho3* [47]. The use
of other sensitizers can be used to quench and enhance the luminous intensity of certain
emission bands. For example, Nd3*, Ce®*, and Ho>* are used as sensitizers to enhance the
blue emission band of Tm3*, the red emission band of Ho®*, and the near-infrared emission
band of Tm3*, respectively [48-51].

2.3. Cooperative Sensitization Upconversion (CSU)

Cooperative sensitization upconversion (CSU) in Figure 2c is a photophysical process
of the interaction of three rare earth ions (two types). Ion 1 and ion 3 usually belong to the
same sensitizer, such as Yb>*. After being excited by light, ion 1 and ion 3 transition to
an excited state. However, ion 1 or ion 3 alone cannot excite ion 2, because their excited
state energy levels are quite different, so ion 1 and ion 3 need to be co-excited to produce
a virtual excited state energy level that can be compared with the excited state energy
level of ion 2. The ion 2 absorbs the energy of cooperative sensitization and emits a
higher energy photon. The photophysical process of CSU is often uncommon, because
the energy transfer efficiency is low, and the para-virtual pair energy levels in the transfer
process are involved. These energy levels must be described by quantum mechanics
in higher disturbances. Nevertheless, limiting the excitation to compensate for the low
efficiency provides a possibility to achieve high-resolution imaging, which is not possible
with other upconversion mechanisms. At present, the CSU mechanism of Yb3* /Tb3* [52],
Yb3* /Eud* [53], Yb3* /Pr3* [54] ion pairs has been reported.
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2.4. Cross-Relaxation (CR)

The CR process involves two identical or different ions. In the CR process, ion 1
transfers part of the energy of the E2 energy level to ion 2, causing ion 2 to transfer to a
higher excited state, while ion 1 returns to a lower energy level through a non-radiative
relaxation process (Figure 2d). Although CR is related to the concentration quenching
effect, it can be used to adjust the emission spectra of UCNPs. The related studies currently
reported include Y,03: Yb3* /Er®* [55], GAPO4:Sm3* [56], KYF4:Tb3*, Yb3* [57], etc.

2.5. Photon Avalanche (PA)

PA includes ESA process and CR process. Photon avalanche (PA) in Figure 2e is a
process of upconversion above a certain excitation power threshold. Once excited, the
upconversion fluorescence luminescence intensity will increase by orders of magnitude.
In addition, the excited state energy levels of rare earth ions are also required to have a
relatively high lifetime. In this process, the CR process mentioned above is also required.
Ion 2 transitions from E2 back to E1 and releases energy at the same time. Ion 1 absorbs the
energy and transitions from E1 to E2, and then transfers the energy to the E1 energy level
of ion 2. At this time, the E1 energy level of ion 2 will absorb photons through the ESA
process, which increases the population of the E1 energy level exponentially, leading to the
PA process. This photophysical process is often uncommon because of the higher excitation
power density required. Er®* /Yb3* co-doped NaBi(WOy), phosphor produces strong green
upconversion luminescence through the photon avalanche process [58]. Under excitation
at 980 nm, the seven-photon PA upconversion (UC) behavior of Er** ions and four-photon
NIR emission [59].

3. Synthesis Strategy and Surface Modification of UCNPs

The luminescence properties of upconversion nanomaterials are closely related to their
preparation methods. Different preparation methods will affect the size, morphology, and
corresponding microstructure of luminescent materials, making their application directions
more diversified. Among them, thermal decomposition, hydrothermal decomposition, and
co-precipitation are the three most commonly used methods, and their advantages and
limitations are shown in Table 1. Other synthesis methods, including sol-gel method and
combustion method, are also discussed for comparison [60-63].

Table 1. Advantages and disadvantages of upconversion nanoparticles synthesized by different methods and examples.

Method

Advantages Disadvantages Examples

Thermal Decomposition

ReF3 (Re = Y,La) [64]
NaLuFy [65]

NaYbF, [65]
The equipment is expensive; MF, (M = Ca,Sr,Ba) [66]
Large product volume; the precursor is sensitive LiYFy [67]
small size distribution to air; NaGdF, [68]
toxic by-products BaREF;5 (RE = Y,Gd) [69]

KY3Fy [70]
RE,O;3 (RE = Y,La,Gd) [71]
REOF (RE = Y,La,Gd) [72]

Hydrothermal Decomposition

REF; (RE = Y,La,Ce,Gd) [73]
MF, (M = Ca,Sr,Ba) [74]

NaYF; [75]
Tnexpensive precursors; Need an autoclave; NaLaF, [76]
1o need for post-processing; th? reaction process NaLuFy [77]
precise size and shape control is unobservable KMnF [78]
and uncontrollable BaGdF;5 [79]
RE,05 (RE = Y,Gd, Er) [80]
LaOF [81]

REPO; (RE = Ga,Yb,Lu) [82]
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Table 1.

Cont.

Method

Advantages

Disadvantages

Examples

Co-precipitation

Fast synthesis speed;
inexpensive equipment and
safe precursors

Need post-processing

NaYF, [83]
NaGdF; [84]
NaTbF, [85]
NaLuFy [86]
KGdF, [87]
Can [88]
LaF; [89]
NaScF, [90]

Sol-gel Method

Inexpensive precursors;
small product size

The precursor preparation
process is complicated;
product is easy to reunite

Baln,O4:Yb3* /Tm3* /RE3*
(RE = Er*, Ho*) [91]
NaPbLa (M0Oy)3:
Er’*/Yb3* [92]
La4Ti30]z [93]
Gd,03: Er¥*/Yb?* /Bi3* [94]
CaTiyOg: Er¥*/Yb3* [95]

Combustion Method

Fast synthesis speed;
energy saving;

Expensive equipment;
high temperature;
the particle size of the

Bas (PO4)3OH: Er* /Yb3* [96]
NasY (POy): Er¥*/Yb3* [97]
BaLaAlOy:Er®* /Yb3* [98]

ZrO,: Ho?* /Yb3* [99]
LaOs: Er¥*/Tm3* [100]

controllable product quantity material is large and easy

to agglomerate

3.1. Thermal Decomposition Method

The thermal decomposition method is based on the high-temperature decomposi-
tion of organometallic precursors (such as metal trifluoroacetate) in high-boiling organic
solvents (such as 1-octadecene). Surfactants are long-chain hydrocarbons and functional
groups, such as -COOH, -NH, or -PO3H (such as oleic acid, oleyl amine, trioctyl phosphine
and trioctyl phosphine oxide), which are used as ligands, thus preventing the aggregation
of nanoparticles. This method was originally developed by Professor Yan and others
for the synthesis of LaF3 nanoparticles [64], and later extended to the synthesis of high-
quality NaYF, upconversion nanoparticles [65]. Capobianco et al. used trifluoroacetate
precursors to synthesize Yb, Er and Yb, Tm co-doped NaYF, nanoparticles [101,102]. The
asymmetric molecular structure of octadecene (with a high boiling point of 315 °C) is used
as a solvent, and oleic acid is used as a passivation ligand. Based on the separation of
nucleation and growth of nanocrystals, an improved method has been developed [100],
that is, the precursor is slowly added, followed by heating, to synthesize highly monodis-
persed nanoparticles. Using the same strategy, Murray and colleagues prepared hexagonal
NaYF,;:Yb,Er nanoparticle bodies, and precisely controlled their morphology and size [103].
Lim et al. The NaGdFy:Er®* /Yb** colloidal particles with an average particle size of 32 nm
were successfully synthesized by the thermal decomposition method. The prepared phos-
phor shows bright green upconversion luminescence under a 976 nm semiconductor laser.
Phosphor particles increase the scattering of optical coherence tomography (OCT) scanning
radiation, thereby observing higher image contrast [104]. So far, this method has been
widely used to synthesize a series of upconversion fluoride and oxyfluoride nanoparticles
(Table 1). Although this method can produce high-quality upconversion nanoparticles,
it also has some disadvantages, including expensive materials, air-sensitive precursors,
and the production of toxic byproducts (such as hydrogen fluoride). Recently, the Pu team
reported a safe and environmentally friendly method to replace octadecene (ODE) with
paraffin liquid as a high-boiling non-coordinating solvent [105]. This method is biologically
cheaper and sustainable.
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3.2. Hydrothermal Method

Hydrothermal synthesis is another cheap method to obtain high-quality nanocrystals.
This process is usually carried out at high pressure and high temperature above the
boiling point or even the critical point. A special container called autoclave is used. The
main disadvantages are the opacity of the reactor and the lack of in-situ reaction process
and mechanism research. On the other hand, the advantages of high crystallinity, good
dispersion, and no post-treatment make it one of the most popular synthesis technologies
of lanthanum-doped nanoparticles. Organic ligands/surfactants such as oleic acid [106],
ethylenediamine tetraacetic acid [107,108], cetyltrimethylammonium bromide [107], and
polyethyleneimine [109] are added together with precursors to achieve synchronous control
of size, morphology, crystalline phase, and surface properties. For example, Zhao and
colleagues reported the hydrothermal process of oleic acid mediated upconversion NaYF,
nanocrystal synthesis, which has different shapes and morphology, including nanotubes,
nanorods, and flower patterned nano disks [110]. Liu et al., used Ga®" doping method to
control the crystal phase [111]. They found that after on adding Ga®* (accurately controlling
the concentration), the required reaction temperature and time were greatly reduced, and
the ultra-small NaYF,; upconversion nanoparticles underwent a rapid cubic to hexagonal
phase transition. Li et al., demonstrated a synthesis strategy of multiphase, interface
controlled monodisperse nanoparticles based on Liquid-Solid-Solid transfer and separation
mechanism [112]. With some improvements, this method is also used for the preparation
of upconversion nanoparticles with different fluorine and oxyfluorine contents (Table 1).

3.3. Co-Precipitation Method

Among the various methods of preparing nanocrystals, the co-precipitation method
is the most promising technology, providing a convenient, safe, and economical method
for preparing ultra-small and monodisperse upconversion nanoparticles, without the
need for expensive equipment and toxic chemicals. These nanoparticles usually need
post-treatment (calcination or annealing) to improve the crystallinity of the material. This
method was first used by Veggel et al. for the synthesis of lanthanide ions (Eu, Er, Nd, and
Ho) doped LaF; downconversion nanoparticles [113]. Yi et al., subsequently demonstrated
the application of this method in the preparation of upconversion nanoparticles. They used
water-soluble precursors and octadecyl dithiophosphoric acid restriction ligands to prepare
ultra-small (5 nm) monodisperse nanoparticles [89]. Guo et al. synthesized monodisperse
NaYF4:Yb,Er upconversion nanoparticles of different sizes (37-166 nm) by adjusting the
molar ratio of ethylenediaminetetraacetic acid to total lanthanides [114]. They also found
that annealing these nanoparticles at a temperature of 400-600 °C can achieve a great
increase in luminous intensity (up to 40 times). Recently, Huang et al.’s team prepared Sc>*-
doped upconversion nanoparticles by lanthanide ion precipitation in the presence of oleic
acid and octadecene [90]. They found that the crystalline phase transition depends on the
volume ratio of oleic acid to octadecene, through the intermediate monoclinic/hexagonal
coexisting phase (oleic acid:octadecene = 3:9), from the pure monoclinic phase NazScFg
(Oleic acid: octadecene = 3:17) to pure hexagonal phase NaScF, (oleic acid: octadecene = 3:7).
Due to the small radius of Sc>*, the emission of NayScFs,:Yb,Er is quite different from
that of NaYF4:Yb,Er, which can extend the application range of upconversion luminescent
nanoparticles from optical communication to disease diagnosis.

3.4. Sol-Gel Method

The sol-gel method uses metal organics or inorganic salts as the matrix, generates
gelatin through the process of hydrolysis and polycondensation, and then is dried or
sintered to obtain UCNP. It has been successfully applied to the preparation of thin film
coatings and glass materials for upconversion luminescent materials [115,116], but usually
requires high-temperature post-processing to improve its crystallinity in order to obtain
better luminescence effects. Prasad and colleagues first prepared erbium-doped ZrO,
nanoparticles using sol-latex-gel technology [115]. However, the size of UCNP is difficult
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to control, and the agglomeration after high temperature calcination brings some difficulties
to the surface modification of the material and limits its biomedical applications [116-121].

3.5. Combustion Method

Different from the solvothermal method that uses lower temperature and longer
reaction time, the combustion method provides a time-saving (a few minutes) method
for the preparation of rare earth doped nanoparticles, and the reaction temperature is
generally 500-3000 °C. This process takes place in the form of a combustion wave under a
controlled explosion. The combustion method is based on a highly exothermic reaction.
A variety of oxides and oxysulfide-containing single nucleotide chain nucleotides were
synthesized by this method. For example, Zhang et al., used the glycine-nitrate process to
synthesize monoclinic phase GdyO3:Er** upconversion nanoparticles [122]. Dissolve the
Gd,03 and Er,O3 upconversion nanoparticles in diluted nitric acid, evaporate and heat.
Rapid self-sufficient combustion will produce fluffy powder, which is heated to 600 °C for
1 h to remove nitrates and organic residues. The combustion method has the advantages
of saving time and energy, but at the same time there is inevitably the phenomenon of
aggregation of synthetic materials.

It is also worth mentioning that flame synthesis is another fast method for preparing
upconversion nanoparticles. Ju et al., synthesized Y,O3:Yb,Er (or Tm,Ho) nanoparticles
with a gas-phase flame one-step method, with an average size of less than 30 nm [123]. The
results show that temperature has a strong influence on particle size, morphology, and
photoluminescence intensity.

4. Surface Modification of UCNPs

The surface of UCNP obtained by various methods usually contains water-transporting
organic ligands (amine oleate, octadecene, oleic acid, etc.). This makes UCNPs difficult to
dissolve in water, which affects their biomedical applications to a certain extent. Therefore,
it is necessary to modify the surface of UCNPs. So far, various surface modification meth-
ods have been reported, including silica coating, ligand exchange, ligand oxidation, ligand
attraction, and layer-by-layer assembly [124-133], as shown in Figure 3.
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Figure 3. (a) Schematic flow diagram of different surface modification methods (silica coating, ligand exchange, ligand
oxidation, ligand attraction, and layer-by-layer assembly). (b) Chemical reaction formula for preparing silica coating with
tetraethyl orthosilicate. (c) Basic reaction formula of ligand oxidation process.
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4.1. Silica Coating

Surface silanization (or coated silica coating) is an inorganic surface treatment strategy
that can make nanoparticles have water solubility and biocompatibility. It is known that
silica is highly stable, biocompatible, and optically transparent. When used as a coating
material, the method of surface silanization can flexibly provide abundant functional
groups (such as -COOH, -NH, -SH, etc.) to meet the various needs of binding with
biomolecules. Wang’s group reported that the surface of UCNP is coated with polyhedral
oligomeric silsesquioxane (POSS) to make the particles highly hydrophobic. They also
described the preparation of liquid marbles based on optically and magnetically active dual-
functional UCNPs, and their use as microreactors for the study of photodynamic therapy
of cancer cells [134]. Veggel et al., reported the synthesis of SiO,-coated LaF; 'Yb3* /Er3*
UCNPs using the Stober method, and the thickness of the silica shell was controlled below
15 nm [135].

4.2. Ligand Exchange

Ligand exchange is a surface modification method that replaces the original hydropho-
bic ligands with some hydrophilic ligands without significantly affecting the chemical
and optical properties of UCNP itself. Chow’s group prepared oil-soluble upconversion
luminescent nanocrystals by pyrolysis, which are wrapped by oleylamine molecules. Then
they exchanged ligands with dicarboxylic acid polyethylene glycol polymers and oley-
lamine molecules on the surface. Hydrophilic dicarboxylic acid PEG molecules can not
only convert nanocrystals into water-soluble form, but also further couple the surface
carboxyl groups with biomolecules [136]. Murray and colleagues reported the use of
nitrosotetrafluoroborate (NOBF,) to replace the OA and OM ligands attached to the surface
of nanoparticles, so that the nanoparticles can exist stably in a variety of polar media for a
long time without producing aggregation or precipitation [137].

4.3. Ligand Oxidation

Ligand oxidation is another effective method to obtain water-soluble UCNP based
on the selective oxidation of surface carbon-carbon double bonds (R—CH = CH—R"). This
method requires the presence of unsaturated bonds in the original ligand. For example, the
OA ligand on the surface of UCNPs can be oxidized to azelaic acid (HOOC(CH,); COOH),
thereby making UCNP a hydrophilic material. Li’s group uses m-chloroperoxybenzoic
acid as an epoxidizing reagent to oxidize the oleic acid ligand with carbon double bonds
on the surface to a ternary epoxy compound, and then interact with organic molecules
containing active functional groups (such as MPEG oh) to carry out a ring-opening reaction.
Hydrophilic molecules are grafted onto oleic acid molecules to form the water-soluble
conversion of luminescent nanoparticles [133]. Yan et al. used a clean and easily available
strong oxidant ozone to oxidize the OA on the surface of UCNPs to azelaaldehyde or
azelaic acid through ozone decomposition under certain conditions [138]. However, the
ligand oxidation method has disadvantages such as long time and low efficiency, which is
not conducive to actual production.

4.4. Ligand Attraction

The amphiphilic substance with both hydrophilic and hydrophobic functional groups
acts on the surface of the nanoparticles. The hydrophobic functional groups in the substance
are adsorbed by the oleic acid ligands on the surface of UCNPs through hydrophobic inter-
action, while the hydrophilic functional groups act as surface modification. Yi et al., first
synthesized NaYF,:Yb/Er@NaYF; upconversion luminescent nanoparticles with surface
oleylamine modified by thermal decomposition method, using polyacrylic acid embedded
with octylamine and isopropylamine as modifiers, using the hydrophobicity of polymer
molecules. The hydrophobic interaction between the octyl and isopropyl groups of the
UCNPs and the hydrophobic hydrocarbon groups on the surface of the UCNPs makes the
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polymer coat the surface of the UCNPs. The carboxyl groups in the polymer molecules
make the hydrophobic UCNPs hydrophilic, realizing the resistance to UCNPs.

4.5. Layer-by-Layer Assembly

Layer-by-layer assembly involves the electrostatic adsorption of oppositely charged
anions or cations on the UCNP surface. Electrostatic attraction is one of the strongest and
most stable interactions known in nature. Specific layer-by-layer modification usually
contributes to the specific biological applications of UCNP. The advantage of this method
is that it can prepare coated colloids of different shapes and sizes, with uniform layers of
different compositions and controllable thickness [139]. Most importantly, this method can
control the surface potential, size, and incorporated functional group ligands of UCNP,
which is very important for cell internalization and biological targeting. Polyacrylic acid
(PAA) coated with Yi groups on the surface of upconversion luminescent nanocrystals by
the layer assembly method. PAA contains 25% octylamino groups and 40% isopropylamine
groups, which can transfer oil-soluble upconversion luminescent nanocrystals to the water
phase and further couple with biomolecules [140].

In addition to the improvement of biocompatibility, surface modification can also
improve the optical properties of UCNPs, laying a foundation for the further application of
UCNPs in bioimaging and other fields.

5. Biological Applications of UCNPs

Compared with traditional luminescent materials (including organic dyes and quan-
tum dots), UCNPs have the advantages of high chemical stability, good optical stability,
and narrow band gap emission. In addition, under the excitation of near-infrared light,
it has strong biological tissue penetration, no damage to biological tissue, high signal-to-
noise ratio, and has been widely used in the biological field. This paper also focuses on
the application of up conversion luminescent materials in biological imaging, biological
detection, and photodynamic therapy [141,142].

For highly infiltrative cancers, including glioblastoma multiform (GBM), it cannot be
resected completely. Routinely, the conventional direct introduction to UCNPs suspension
into the tissue will cause a series of biocompatibility problems. Thus, implantation of optical
fiber has a heavy burden on the patient’s body and a high risk of infection. Daniel et al. [143]
reported the fabrication of an optical-guided UCNPs implant. Comparatively, the highly
biocompatible UCNPs implant is placed into the brain via craniotomy and sealed. Then,
the NIR light source passes through the healed scalp and points in the implant to stimulate
the UCNPs implant, which will emit visible light to target the photosensitive metabolite
protoporphyrin-IX (PpIX) in brain tumors. The flexible light guide with FEP coating
approved by the FDA can also maintain NIR to visible light spectrum transduction when
the implant is bent to 90°, as shown in Figure 4a. The tumor size of PDT-treated mice was
significantly smaller than untreated mice, as shown in Figure 4b. Implant-based UCNPs
also allow them to recover from the tissue when they are no longer needed, which cannot
be achieved by direct injection of UCNPs suspension into the tissue. A wide range of
emission spectrum can be engineered into UCNPs so that the implant can activate multiple
drugs simultaneously without cross-interference.

Wang et al. [144] reported a method that can change intracellular pH UCNP@ZIF + TPP + PA
nanometer material. The intracellular pH is usually weakly alkaline, which is not conducive
to the application of acid-responsible nanomaterials. The proposed new nanomaterials
(UCNP@ZIF + TPP + PA) were designed with NaYF,: Yb: Tm (UCNPs) inner core coated
by the framework of porous imidazolium zeolite (ZIF-8) for co-loading of photoacid (PA)
and acid-responsive porphyrin (TPP). With 980 nm laser irradiation, the emission light of
UCNPs activated PA to release H*. In the new acidic environment, TPP was protonated to
increase its water solubility and reduce its aggregation. Simultaneously, transformed UV
Vis also activates protonated TPP, which produces more singlet oxygen (*O,) to kill cancer
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cells, to enhance the therapeutic effect of photodynamic therapy (PDT); the synthesis route
and therapeutic principle are shown in Figure 5.
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Figure 4. (a) UCNPs implant when not excited with NIR and emission intensities visualization at
different angles of UCNPs implant bending, excited with 1583 mW cm 2 of NIR. (b) IVIS imaging
indicates that PDT mouse tumors were regressing, as compared to other control groups. The normal-
ized change of tumor burden in all experiment groups over time (1 = 5 mice/group. * p = 0.0327,
*** p =0.0002, **** p < 0.0001. Two-way analysis of variance (ANOVA) with Bonferroni’s multiple
comparison test), reprinted with permission from ref. [143]. Copyright 2020 John Wiley and Sons.

UCNP@ZIF-8+TPP+PA UCNP@ZIF+TPP+PA

Figure 5. Synthetic route and anticancer mechanism of UCNP@ZIF + TPP + PA. Responding to weak
acid tumor microenvironment, UCNP@ZIF + TPP + PA released TPP. When acid-responsive TPP
entered the weak alkaline cell, it aggregated again. With 980 nm light irradiation, UCNP emitted
UV-Vis light. Photoacid absorbed UV-Vis light and changed its structure to produce H+, which
restructured the intracellular pH value. In the new weak pH, the aggregation of TPP was decreased
by its protonation. Meanwhile, protonated TPP was activated by the transformed UV-Vis light and
produced more 'O, for enhancing PDT, reprinted with permission from ref. [144]. Copyright 2014
Royal Society of Chemistry.
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One of the key challenges in the process of PDT therapy is the accurate killing of cancer
cells without destroying normal cells to achieve the desired therapeutic effect. Li et al. [145]
designed a type of upconversion nanoprobes (mUCNPs) for intracellular cathepsin B (CAB)
reactive PDT, composed of multi-shell upconversion nanoparticlesNaYF;: Gd@NaYF,:Er,
Yb@NaYFy: Nd, Yb), with the function of in situ self-tuning therapy effect prediction, as
shown in Figure 6.
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Figure 6. Schematic illustrations of (a) synthesis of the upconversion nanoprobe and (b) Intracellular
CaB-Activated PDT with CaB imaging for Therapeutic Effect Prediction, reprinted with permission
from ref. [145]. Copyright 2020 American Chemical Society.

Similarly, the Zhang group [146] designed an amplifier with multiple upconversion lu-
minescence, composed of photo-caged DNA nano-combs and upconversion nanoparticles
(UCNPs) sensitized with IRDye® 800CW, to realize the near-infrared light switch cascade
reaction triggered by specific microRNA and accurate photodynamic therapy for early
cancer. Under 808 nm light irradiation, the generated ultraviolet light cuts off the “photo-
zipper” to induce the cascade hybridization reaction of the microRNA response. This
activates the photosensitizer connected to different hairpins to produce reactive oxygen
species (ROS) under the blue light emitted simultaneously, to carry out effective PDT, as
shown in Figure 7. The amplifier showed desirable serum stability, excellent controllability
of reactive oxygen species generation, high specificity for target cancer, and sensitivity to
specific microRNA expression. In vivo and in vitro experiments showed strong inhibition
on cell proliferation, strong ability to induce apoptosis of tumor cells, and distinct inhibition
of tumor growth.
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Figure 7. (a) Schematic illustration of NIR photo-switched miRNA amplifier for precise PDT. (b) Rep-
resentative images at day 10 and (c) tumor volumes of early-stage breast cancer-bearing mice, treated
with saline, CSUCNPs-DNC'Pc-PPa” and CSUCNPs-DNCPc-PPa’” before and after 808 nm light
irradiation at 1 W/cm?. Error bars indicate means & SD (1 = 5), reprinted with permission from
ref. [146]. Copyright 2020 John Wiley and Sons.
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Lin et al. [147] designed a spindle-like UCNPs nanoprobe, coated with a layer of gold
nanoparticles to enhance upconversion luminescence (UCL), as shown in Figure 8. The
results of biocompatibility, blood routine, bioimaging, and anti-cancer tests showed that
it was easier for the spindle-like nanoprobes to enter biological tissues. In addition, the
combination of SPS@Au and ZnPc (SPSZ) is a potential candidate for synergistic immune
photodynamic therapy (PDT), with enhanced UCL effect and excellent biocompatibility.

500 nm

200 nm

Figure 8. TEM image of (a) spindle precursor and (b) SPS@Au (LBL1) and (c) SPS@Au (LBL2)
and (d) SPS@Au (LBL3). Reprinted with permission from ref. [147]. Copyright 2020 American
Chemistry Society.

The Li group [148] designed core-satellite metal-organic through electrostatic self-
assembly framework@UCNP superstructures, composed of a single metal-organic frame-
work (MOF) NP as the core, and Nd3*-sensitized UCNPs as the satellites. In vitro and
in vivo experiments show that the double photosensitizer superstructure has a three-mode
(magnetic resonance/UCL/ fluorescence) imaging function and excellent anti-tumor effect
under the excitation of 808 nm near-infrared light, avoiding overheating caused by laser
irradiation. After being exposed to an 808 nm laser for 5 min, the temperature of the
irradiated area was lower than 42 °C, and without damage to mice. However, under the
same conditions, a 980 nm laser can heat the irradiated area to above 50 °C and severely
burn the skin. These findings indicate that 808 nm excitation has a much weaker tissue
thermal effect and is more suitable for biological applications.

Sun et al. [149] designed and prepared one kind of lanthanide (Ln**)-doped upcon-
version nanocomposites with multi-functions, which can not only provide temperature
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feedback in PTT process, but also play the photodynamic therapy (PDT) function for the
synergistic effect of tumor therapy. Based on NaYF:Yb, Er upconversion nanoparticles
(UCNPs), mesoporous SiO, was modified on the surface combined with photosensitizer
Chlorin e6 (Ce6) molecules, which could be excited by red emission of Er** under the
980 nm laser. Cit-CuS NPs were further linked on the surface of the composite as a pho-
tothermal conversion agent, therefore, the temperature of the PTT site can be monitored by
recording the ratio of I55/Is45 of green emissions, especially within the physiological range,
as shown in Figure 9. Based on the guidance obtained from spectral experiments, they
further investigated the dual-modal therapy effect both in vitro and in vivo, respectively,
and acquired decent results.

In addition, these rare earth doped nanoparticles also have strong scintillation lumi-
nescence that can be used for X-ray induced photodynamic therapy, which is a very hot
area, as this new therapy can be used for deep as well as skin cancer treatment [150-163].

a b A2sc
AR header ? Caz.sc
= | EZ233c
Heater & i 3 | E3s2sc il
NPs cenl 8 | zZassc Ll
e > | E=rse ; ¥
% | ER4c ,‘g
e Objecive c | EZaesc g‘/g
Computer
Laser fiter "‘I”" |
\\_I,_’_I*_. Spectrometer =
450 500 550 600 650 700
d Wavelength (nm)
c 7] ®m Experimental data = v Experimental data
4 ——Fit (r*=0.993) g —— Fit (r*=0.990)
J R(/525//545)=0.00383 7-0.88065 . NUs25//545)=-1.17276x(1/7)+2.60122
3 3
=, X
=1 &
Z ] =4
= E
T T T T T T T T T
295 300 305 310 315 320 3.15 3.20 3.25 3.30 3.35

Temperature (K) 11T x10° (K"

Figure 9. (a) Schematic diagram of the detection of the temperature and emission spectrum of
UCNPs-Ce6@mSiO,-CuS incubated with cells in physiological range; (b) UCL emission spectrum
of UCNPs-Ce6@mSiO,-CuS incubated with cells at different temperatures by external heating. The
peaks were normalized at 525 nm; (c) FIR of the green UC emissions for the 2H11/2/4S3/2 — 4115/2
transitions relative to the temperature of UCNPs-Ce6@mSiO,-CuS incubated with cells. The inset
picture is the AFM image of the cell after spectral detection; (d) A plot of In(I5»5/Is45) versus 1/T to
calibrate the thermometric scale for UCNPs-Ce6@mSiO,-CuS incubated with cells. Reprinted with
permission from ref. [149]. Copyright 2019 Elsevier.

6. Summary and Perspective

Over the last decades, UCNPs have made remarkable advances in the treatment of
critical diseases, greatly promoting the application of modern precision medicine in the life
system with its enhanced therapeutic effect, high space-time controllability, deep tissue
penetration, and minimal invasion. However, despite the remarkable achievements, there
are still some challenges of UCNPs. (1) The stability of luminous efficiency after surface
modification: in the surface modification, the oil-soluble molecules will be modified to
improve biocompatibility. Nevertheless, the dispersing ability of UCNPs in oil and water is
different. After surface modification, it is easy to cause fluorescence quenching and reduce
the upconversion efficiency. (2) The biological toxicity of UCNPs: many studies have
shown that the reasonable optimization of chemical composition, particle size distribution,
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and surface modification can significantly improve the biocompatibility of UCNPs, which
can be used in biomedical applications. However, there are no tests to evaluate its long-
term toxicity, including potential immune response and mutagenic effect. (3) Technical
gaps in clinical trials: so far, UCNPs-based phototherapy has not been applied to human
beings, mainly due to biosafety or therapeutic effect. There is still a long way to go from
laboratory animals to human-level technical standard updates. In summary, UCNPs offer
a tremendous opportunity to practice precision medicine. We expect that stable surface
modification, low toxicity, and clinical trials will make UCNPs more competitive in the
biological field.
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Abstract: Upconversion nanocrystals that converted near-infrared radiation into emission in the
ultraviolet spectral region offer many exciting opportunities for drug release, photocatalysis, photo-
dynamic therapy, and solid-state lasing. However, a key challenge is the development of lanthanide-
doped nanocrystals with efficient ultraviolet emission, due to low conversion efficiency. Here, we
develop a dye-sensitized, heterogeneous core-multishelled lanthanide nanoparticle for ultraviolet
upconversion enhancement. We systematically study the main influencing factors on ultraviolet up-
conversion emission, including dye concentration, excitation wavelength, and dye-sensitizer distance.
Interestingly, our experimental results demonstrate a largely promoted multiphoton upconversion.
The underlying mechanism and detailed energy transfer pathway are illustrated. These findings
offer insights into future developments of highly ultraviolet-emissive nanohybrids and provide more
opportunities for applications in photo-catalysis, biomedicine, and environmental science.

Keywords: lanthanide nanoparticles; ultraviolet upconversion; dye sensitization; heterogeneous
nanoparticles; energy transfer; luminescence enhancement

1. Introduction

Lanthanide-doped upconversion nanoparticles can absorb near-infrared (NIR) laser
light and emit visible and ultraviolet light, with potential applications in bioimaging [1-5],
biotherapy [6-12], and so on. In particular, the applications of these nanoparticles in
optogenetic [13,14], photothermal [15,16], and photodynamic [17-19] therapy could be
achieved via ultraviolet (UV) light emission under NIR excitation. Although UV light can
be obtained by Nd3*- and Yb3*-sensitized upconversion [17,18,20,21], it is challenging to
realize the high luminescence intensity needed to satisfy the minimum requirement of
biological applications. This obstacle can be addressed in several ways: by controlling
dopant composition [22], nanoparticle phase and size [23], excitation beam pulse width [24],
and nanoparticle core—shell design [21,25-29]. Very recently, our group has made significant
progress in overcoming the difficulty using an upconverted excitation lock-in (UCEL)
strategy [30].

Hybrid systems are composed of inorganic nanoparticles and an organic dye, which
can significantly strengthen the absorbance and expand the absorbance spectra of in-
organic nanoparticles [31], leading to enhancement of their emission intensities. It has
been demonstrated that NIR dye can effectively enhance the upconversion emission of
lanthanide-doped nanoparticles [14,32-34]. However, previous studies have mainly fo-
cused on the analysis of visible upconversion emission. Little effort has been made to
develop a hybrid nanoparticle with enhanced UV luminescence.
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In this study, we developed IR-806-loaded upconversion nanoparticles (Gd-CSyS,S;@
IR-806) with enhanced upconversion emission in the UV spectral region. The key factors
that influence upconversion emission were studied, including dye concentration, excitation
wavelength, and distance between the dye and the sensitizer Nd** (Scheme 1). We also
demonstrated the dominant effect of ligand loading on multiphoton upconversion. In
addition, the upconversion mechanism and the energy transfer pathway in Gd-CSyS;S;@IR-
806 hybrid nanoparticles were carefully studied. This study provides new insights into the
mechanistic understanding of UV upconversion luminescence in hybrid nanoparticles and
enables new opportunities for these nanomaterials in a broad range of applications.
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Scheme 1. Schematic illustration of the key factors that influence UV enhancement in IR-806-
loaded upconversion nanoparticles, including dye concentration, excitation wavelength, and dye-
sensitizer distance.

2. Materials and Methods
2.1. Materials

Gd(CH3CO,)3-xH20 (99.9%), Nd(CH3CO;)3-xH0 (99.9%), Y(CH3CO,)3-xH20 (99.9%),
Yb(CH3CO3)3-xH,0 (99.9%), Tm(CH3CO;,)3-xH,0 (99.9%), NaOH (>98%), NH4F (>98%),
chloroform(99.9%), oleic acid (OA, 90%), and 1-octadecene (ODE, 90%) were all pur-
chased from Sigma-Aldrich (Shanghai, China). IR-806 is supported by Dr. Sanyang Han
from the University of Cambridge. IR-780 iodide, 4-mercaptobenzoic acid, and N,N-
dimethylformamide (DMF, anhydrous, 99.8%), as raw materials of IR-806, were obtained
from Sigma-Aldrich (London, UK). Dichloromethane (DCM, AR) and diethyl ether (AR),
as solvents for the synthesis of IR-806, were obtained from Lab-Scan (London, United
Kingdom). Chloroform (AR), cyclohexane (AR), and ethanol (AR) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals and reagents
were used as received without further purification unless otherwise noted.

2.2. Characterization

Luminescence emission measurements were obtained with an FS5 (Edinburgh, UK)
conjugated with 808 nm (CNI, MDL-III-808-2.5W, China), 793 nm (CNI, MDL-III-793-2.0W,
China), and 980 nm (CNI, MDLIII-980-2.0W, China) diode lasers at room temperature. The
decay curves were recorded by a lifetime spectrometer (FS5, Edinburgh, UK), in conjunc-
tion with pulsed 808 nm, 793 nm, and 980 nm diode lasers and a picosecond pulsed light
emitting diode (EPLED-270). Low-resolution transmission electron microscopy (TEM) mea-
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surements were carried out on an HT7700 field emission transmission electron microscope
operated at an acceleration voltage of 120 kV. The energy-dispersive X-ray (EDX) spectrum
was obtained with an HT7700 field emission transmission electron microscope equipped
with an Oxford Instruments system. High-resolution TEM images were obtained using
an FEI Talos F200S transmission electron microscope operated at an acceleration voltage
of 200 kV. HAADF-STEM and elemental mapping images were obtained using an FEI
Talos F200X transmission electron microscope. Powder X-ray diffraction (XRD) analysis
was performed on a Rigaku D/Max-2200 system equipped with a rotating anode and a
Cu K« radiation source (A = 0.15418 nm). The excitation power density was measured
using a TS5 laser power densitometer (Changchun New Industries Optoelectronics Tech-
nology, China). UV-vis absorption spectra were obtained using a PerkinElmer LAMBDA
750 ultraviolet-visible-near-infrared spectrometer and a Hitachi U-3010 spectrophotometer.
All spectra were recorded under identical experimental conditions unless otherwise noted.
Key experiments were repeated three times, and all other experiments were repeated twice.

2.3. Method
2.3.1. Synthesis of NaGdF;:49%Yb,1%Tm Core Nanocrystals

NaGdF, doped with 49 mol % of Yb and 1 mol % of Tm (NaGdF4:49%Yb,1%Tm)
was synthesized via a modified literature procedure [28,35,36]. A water solution of
Gd(CH3COy);3 (0.067 g; 0.2 mmol), Yb(CH3CO,)3 (0.069 g; 0.196 mmol), and Tm(CH3CO,)3
(0.001 g; 0.004 mmol) was combined with OA (5 mL) and ODE (5 mL) in a 50 mL two-neck
round-bottom flask. The mixture was heated to 150 °C and maintained at this temperature
for 1.5 h to form the lanthanide—oleate precursor. After cooling to 50 °C, a methanol
solution consisting of NH4F (0.05 g; 1.36 mmol) and NaOH (0.04 g; 1 mmol) was added to
the mixture and stirred for 30 min. The solution was heated to 100 °C for 20 min in vacuo
to remove methanol. The resulting solution was quickly heated to 300 °C and maintained
at this temperature for 1.5 h with nitrogen before cooling to room temperature. The ob-
tained nanocrystals were precipitated by centrifugation at 8000 rpm for 5 min and then
washed with cyclohexane and ethanol three times. The core nanoparticles were dispersed
in cyclohexane (4 mL) for further shell coating.

2.3.2. Synthesis of NaGdF,;:49%Yb,1%Tm@NaYF;:20%Yb Core-Shell Nanocrystals

The synthesis procedure for core-shell nanoparticles was similar to that in our pre-
vious paper [36]. We use the obtained NaGdF,:49%Yb,1%Tm nanocrystals as seeds for
subsequent shell coating. NaYF; with 20 mol % of Yb (NaYF4:20%Yb) precursor was
prepared via the same procedure as mentioned above, except that different amounts of
OA (3 mL) and ODE (7 mL) were used. After cooling to 80 °C, the cyclohexane solution
of NaGdF4:Yb/Tm nanoparticles (4 mL) was added and kept at 80 °C for 30 min to re-
move cyclohexane. Then, a methanol solution of NH4F (0.05 g; 1.36 mmol) and NaOH
(0.04 g; 1 mmol) was added to the mixture and stirred at 50 °C for 30 min. Subsequently,
the mixture was heated to 100 °C for 20 min in vacuo to remove methanol. The solu-
tion was then heated to 300 °C for 1.5 h under a nitrogen atmosphere. After cooling to
room temperature, the core-shell nanoparticles were collected and washed using the same
post-treatment approach as for core nanocrystals. NaGdF;@NaGdF4:49%Yb,1%Tm and
NaYF,@NaGdF4:49%Yb,1%Tm were synthesized using a similar method to core-shell
nanocrystals except for the use of NaGdF; and NaYF; as seeds.

2.3.3. Synthesis of NaGdF;:49%Yb,1%Tm@NaYF,:20%Yb@NaGdF4:50%Nd,10%Yb and
NaGdF4:49%Yb,1%Tm@NaYF;:20%Yb@NaGdF4:50%Nd,10%Yb@NaGdF,
Core-Multishell Nanocrystals

The following multishelled core-shell nanoparticles were prepared using a procedure
similar to the NaGdF4:49%Yb,1%Tm@NaYF;:20%Yb core-shell nanoparticles: NaGd
F,@NaGdF:49%Yb,1%Tm@ NaYF;:20%Yb; NaYF;@NaGdF4:49%Yb,1%Tm@NaYF,: 20%Yb;
NaGdF;@NaGdF,:49%Yb, 1%Tm@NaYF,:20%Yb@NaGdF4:50%Nd,10%Yb; NaYF; @NaGdF,:
49%YDb,1%Tm@NaYF,:20%Yb@NaGdF,:50%Nd,10%Yb;NaGdF,@NaGdF,:49%Yb,1%Tm@
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NaYF,:20%Yb@NaGdF,:50%Nd,10%Yb@NaGdF,; NaYF,@NaGdF4:49%Yb,1% Tm@NaYFy:
20%Yb@ NaGdF,:50%Nd,10%Yb@NaGdF,.

2.3.4. Preparation of Dye-Sensitized Upconversion Nanoparticles

The synthesis of IR-806 followed a well-established method [32]. Then, the IR-806
was dissolved in CHCI3 (0.01 mg/mL). The as-prepared core-multishell nanocrystals
were centrifuged and dissolved in CHCl; to a final concentration of 0.375 mg/mL. The
samples were prepared by adding different amounts of IR-806 to Gd-CSyS,S3 CHCl3
solution (4 mL) and stirring for 2 h at a speed of 700 rpm at room temperature before UV-
vis-NIR absorption and standard fluorescence measurements. All samples were prepared
and measured in a dark environment.

3. Results
3.1. Synthesis of Core—Multishell Upconversion Nanoparticles

We previously designed a heterogeneous core-multishell nanoparticle with enhanced
UV upconversion emission, involving six- and five-photon upconversion processes [30].
The optimum doping concentration and nanoparticle design were determined according
to our previous reports [36]. From our previous photoluminescence results, the opti-
mized nanostructure was determined to be NaGdF4:49%Yb/1%Tm@NaGdF4:20%Yb@
NaGdF4:10%Yb/50%Nd@NaGdF,. Recently, we found that when the NaGdF4:20%Yb
was replaced with NaYF4:20%Yb, UV emission was significantly enhanced due to the ef-
fective suppression of energy consumption induced by interior energy traps. Herein,
we chose this heterogeneous nanostructure as an experimental model to further en-
hance upconversion emission in the UV range. We first synthesized the core-multishell
NaGdF4:49%Yb,1%Tm@NaYF4:20%Yb@NaGdF,:10%Yb,50%Nd@NaGdF, (Gd-CSyS,S3)
nanoparticles using a layer epitaxial growth method. Transmission electron microscopy
(TEM) images showed that the nanoparticles had a uniform size of about 28 nm and
the thickness of each layer was ~2 nm (Figure S1). The as-prepared nanoparticles were
identified as the hexagonal phase by X-ray powder diffraction (XRD, JCPDS file number
27-0699, Figure S2). In addition, the constitution of the heterogeneous core-multishell
nanostructures was confirmed by high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM), elemental mapping images and energy dispersive
X-ray (EDX) spectra (Figure 1b,c, Figures S3 and S4), where brighter regions correspond to
heavier elements (Gd, Yb, and Nd) and lighter regions correspond to lighter elements (Y).

3.2. Remarkable UV Enhancement

To enhance upconversion emission in the UV range, we chose a near-infrared (NIR)
fluorescent dye (IR-806) to sensitize upconversion nanoparticles, due to its intense ab-
sorption in the NIR range [33]. As shown in Figure 2a, the fluorescence spectrum of
IR-806 has considerable overlap with the absorbance of Gd-CSyS;S3 nanoparticles with
Nd3* (*F3,,—%ly,,) sensitizer, ensuring an effective energy transfer from IR-806 to the
nanoparticles. We then utilized a modified Hummelen’s method to load the IR-806 onto
the surface of Gd-CSyS;S3 nanoparticles [32]. In addition, free IR-806 has an absorption
band at 1708 cm ! in the FTIR spectrum, corresponding to the stretching mode of ~-COOH.
The absorption band at 1708 cm~! disappeared when IR-806 was bound on to the surface
of the nanoparticles. Nevertheless, absorption bands at 1560 and 1450 cm ! were observed
on Gd-CSyS,S3@IR-806, corresponding to the antisymmetric and symmetric vibration
modes of the -COO™ group. This indicates that the IR-806 carboxylic acid group was
bound onto the surface of Gd-CSyS5,S3, since the carboxylic region changed [33]. The
successful preparation of IR-806-loaded Gd-CSyS,S3 nanoparticles was demonstrated by
Fourier-transform infrared spectroscopy (FTIR) analysis (Figure 2b), which is consistent
with the previous report [32]. In addition, we also compared the absorption spectra of
Gd-CSy$5;53, IR-806, and Gd-CSyS,S3@IR-806. As shown in Figure 2¢, Gd-CSyS,S3@IR-806
nanoparticles showed an intense absorbance band peaking at ~800 nm, further prov-
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ing the successful loading of IR-806. Consequently, we observed more than 70-fold
enhancements in Tm3" emission over the whole wavelength range from 240-700 nm
by Gd-CSyS;S3@IR-806 compared with Gd-CSyS,S3 nanoparticles, owing to the fact
that the absorption cross section of Gd-CSyS;S3 was significantly enhanced after IR-806
loading. Furthermore, we also observed more than 600-fold, 300-fold, 150-fold, and
30-fold enhancements in UVC (240-280 nm), UVB (280-320 nm), UVA (320—400 nm),
and visible (400-700 nm) regions, respectively (Figure 2e). Similarly, we synthesized the
NaGdF,:18%Yb,2%Er@NaYF4:20%Yb@NaGdF4:10%Yb, 50%Nd@NaGdF, nanoparticles
with IR-806 loading. The emission intensity in the UV spectral region increased by more
than 60 times, while the intensity in the visible region increased by only 30 times (Figure S5).
Taken together, these results demonstrated that the overall enhancements were dominated
by increased emission in the UV spectral regions, which is consistent with the dominant
effect of ligand coordination on multiphoton upconversion [37]. Notably, the enhancement
factors in the UV spectral region are remarkably larger than those in the visible region,
offering enticing prospects for NIR light-mediated UV upconversion nanoparticles.

@ (b)

— -~ NaGdF.
———— NaGdF.:Yb/Nd
———— NaYFa:Yb

— . NaGdFsYb/Tm

(c)

Figure 1. Schematic illustration and characterization of Gd-CSyS,S3 heterogeneous nanoparticles.
(a) Diagrammatic representation of Gd-CSyS;S3 nanostructure. (b) High-angle annular dark-field
scanning transmission electron microscopy (HAADEF-STEM) image of Gd-CSyS;S3 nanoparticles.
Inset: high-resolution TEM of as-prepared Gd-CSyS,S3 nanoparticle. (c) HAADF-STEM image and
elemental mapping image of Gd-CSyS;S3 nanoparticles, revealing the spatial distribution of the Y,
Nd, Gd, and Yb elements in the heterogeneous nanoparticles.

3.3. Optimum Weight Ratio between IR-806 and Nanoparticles

We determined the optimum weight ratio of Gd-CSyS,S3:IR-806 by setting a series of
weight gradients from 120:1 to 180:1 (myps:mir-gpe)- As shown in Figure 3a, the optimum
weight ratio was determined to be 160:1. The optimized number of dye molecules on the
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surface of Gd-CSyS,S3 nanoparticles was calculated to be 395 [32]. Note that the absorbance
of Gd-CSyS,S3@IR-806 increased as IR-806 increased. However, when the weight ratio
of Gd-CSyS,S3: IR-806 was smaller than 160:1, the emission intensity decreased due to
fluorescence quenching caused by dye self-quenching. Due to the critical role of the Nd®*
sensitizers in mediating energy transfer from the dye to the upconversion nanoparticles,
we verified that the optimum doping concentration of Nd** was 50 mol% (Figure S6). We
then quantified the energy transfer efficiency of IR-806 to Gd-CSyS,S3 by measuring the
lifetime of the IR-806 in a pair of Gd-CSyS,S3 samples with and without Nd3* nanoparticles.
Due to energy trapping by Nd**, the lifetime is shortened from 1.20 ns to 1.13 ns for Gd-
CSyS5,S3@IR-806. However, the lifetime of IR-806 was essentially unchanged after loading
on Gd-CSySgge,y,10%YbS3@IR-806, due to the absence of N ds+ dopants. The energy transfer
efficiency was calculated to be 5.8% according to the following equation [38]:
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Figure 2. Preparation and characterization of Gd-CSyS,S3@IR-806. (a) IR-806 emission spectrum and Gd-CSyS,S3 nanopar-
ticles absorption spectrum. (b) FTIR of Gd-CSyS,;S3@IR-806 and IR-806. (¢) The absorption spectra of Gd-CSyS,S3, IR-806,
and Gd-CSyS,S3@IR-806. (d) Emission spectra of Gd-CSyS,S3 with and without IR-806 loading under 808 nm CW diode
laser at a power density of 10 W/cm?. (e) The enhancement factors of upconversion emission were obtained by comparing

the results for samples with and without IR-806 loading. The emission intensities were calculated by integrating the spectral
intensities in the UVC (240-280 nm), UVB (280-320 nm), UVA (320-400 nm), and visible (400-650 nm) ranges.

3.4. The Effect of Excitation Wavelength on UV Upconversion Emission

To investigate the enhancement effect on upconversion emission under 793, 808, and
980 nm excitation, we measured two series of Gd-CSyS,S3 nanoparticles with different
amounts of IR-806 loading. As shown in Figure 3d, the emission intensities of Gd-CSyS,S3
were slightly improved after IR-806 loading under 793 nm excitation. In contrast, their
emission intensities decreased under 980 nm excitation (Figure 3e). These results can be
ascribed to poor matching between the excitation wavelengths (793 nm and 980 nm) and
the absorption of IR-806. We then normalized the luminescence spectra of Gd-CSyS,Ss

30



Nanomaterials 2021, 11, 3114

nanoparticles under three different excitation wavelengths. We found that the ratio was
unchanged for UVC, UVB, UVA, and visible spectral regions under 793 nm and 980 nm
excitation. In contrast, the normalized intensity of the UVC spectral region clearly increased
(Figure S7), indicating effective energy transfer from IR-806 to the nanoparticles under
808 nm excitation.
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Figure 3. Optimizing the weight ratio of Gd-CSyS;S; to IR-806 and calculating the energy transfer efficiency. (a) The
emission spectrum of Gd-CSyS,S3 (4 mL in CHCl3, 0.375 mg/mL) after adding various masses of IR-806 dye under 808 nm
excitation. (b) The absorption spectrum of Gd-CSyS;S3 (4 mL in CHCl3, 0.375 mg/mL) with various masses IR-806 dye.
(c) The decay curves of Gd-CSyS;S3, Gd-CSyS;(90%, 10%Yb) S3@IR-806, and Gd-CSyS,S;@IR-806. (d,e) The emission spectra of
Gd-CSyS,S3 (4 mL in CHCl3, 0.375 mg/mL) after adding various masses of IR-806 dye under 793 nm and 980 nm excitation,

respectively.

3.5. The Effect of IR-806 Sensitizer Distance on UV Upconversion

To study the effect of the distance between Nd** and IR-806 on UV upconversion
emission, we synthesized a pair of nanoparticles: Gd-CSyS;S; and Gd-CSyS; (without
the third shell protection) shown in Figure 4a. Comparing the emission intensities of Gd-
CSyS,S3 and Gd-CSyS, with and without IR-806, the emission intensities of the Gd-CSyS,
nanoparticles without shell protection increased by more than 230 times overall, while only
70-fold enhancement was observed in Gd-CSyS,S3, which has 2 nm thickness shell protec-
tion. Furthermore, UV and visible emission intensities increased more than 500-fold and
130-fold, respectively, for the nanoparticles without shell protection (Figure 4b). Notably,
the transfer efficiency decreased as 1/ RO [39]. Therefore, the enhancement factor decreased
as the distance between the dye and the sensitizer increased.

Similarly, we synthesized two pairs of nanoparticles: NaGdF,@ NaGdF;:49%Yb,1%Tm
@NaYF4ZZOO/OYb@NaGdF4ZlO‘Von,50°/oNd@NaGdF4 (Gd-CSlsyS3S4) VS. NaGdF4@NaGdF4Z
49%YDb,1%Tm@NaYF4:20%Yb@NaGdF,:10%Yb,50%Nd (Gd-CS;SyS3) and NaYF;@NaGdF,:
49%YDb,1%Tm@NaYF4:20%Yb@NaGdF4:10%Yb,50%Nd@ NaGdF (Y-CS;SyS3Ss) vs. NaYFy
@NaGdF4:49%Yb,1%Tm@NaYF4:20°/on@NaGdF4:lO%Yb, 50%Nd (Y—CsleS3) (Figure 58)
The core—multishell structures are illustrated in Figure S9. To study the effect of different
structures on emission enhancement, NaGdF, and NaYF, without any dopants were used
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as a core to shorten the distance between the NaGdF4:49%Yb,1%Tm emissive layer and
IR-806. The emission intensities of IR-806 grafted on Gd-CSSySz and Gd-CS;SyS3S,
increased 99 and 20 times, respectively, while the luminescence intensity in the UV region
increased by 118 and 25 times and that in the visible region increased by 82 and 16 times,
respectively. Moreover, the emission intensities of Y-CS;SySs and Y-CS;SyS3S, improved by
72 and 18 times after IR-806 loading. We also observed 81-fold and 22-fold enhancements
in the UV spectral region and 63-fold and 14-fold enhancements in the visible region
(Figure S10). These results are also consistent with our luminescence analysis, in that
a significant enhancement in the UV luminescence of Gd-CSyS,S3 nanoparticles was
observed compared to the visible range (Figure S11).

300 400 500 600 700
Wavelength (nm)

Figure 4. The effect of the distance between IR-806 and sensitizer Nd3* on upconversion emission. (a) Schematic illustration
of the nanostructural design to study the distance effect on upconversion emission. (b) The emission spectra of Gd-CSyS,S3,
Gd-CSyS,S3@IR-806, GA-CSyS,, Gd-CSyS,@IR-806 under 808 nm excitation.

3.6. Energy Transfer Mechanism

As shown in Scheme 2, IR-806 effectively absorbs the laser energy due to the absorp-
tion cross section under 808 nm excitation. To generate an efficient dye sensitization process,
Nd®* plays a critical role in bridging the energy transfer from the dye to the upconversion
nanoparticles. Nd3* ions trap the energy from the 808 nm laser and IR-806 mainly via the
fluorescence-resonance energy transfer process and then gather photons at the F5, energy
state. Subsequently, relaxing to the 4F, /2 energy state, Nd3* transfers the energy to Yb3+
by an efficient energy transfer process. As an energy migrator, the excited Yb3* popu-
lates the energy states of Tm3* and gives rise to emission at 475 nm (!G;—3Hg), 450 nm
(1D, —3Fy), 360 nm(* Dy —3Hg), 345 nm(*14—3Hs), and 290 nm(11—3Hg). Apart from emit-
ting, Tm>* serves as an energy donor donating energy to the Gd>* ions via a five-photon
process. Meanwhile, the six-photon upconversion process of 253 nm (°Dg,,—8S7/,) and
the five-photon upconversion processes of 273 nm (6I]—>857 /2), 276 nm (6IJ—>887 /2), 279 nm
(°}—8S; ), 306 nm (°P5/,—8S;,), and 310 nm (°P;,,—8S;,) are observed with the as-
sistance of the appropriate energy matching of the following transition of 2F5/,—2F7/,
(9750 cm ™1, Yb3*): 6P]—>6D] (~8750 cm~!, Gd®*). Notably, the utilization of an optically
inert NaYF, host lattice with Yb®* dopants as the interlayer plays a decisive role in pro-
tecting the energy by cooperative dye and Nd** sensitization from interior lattice defects,
making it possible to effectively further increase UV via dye sensitizing.

3.7. Back Energy Transfer from Nanoparticles to IR-806

As well as increasing the luminescence intensity, a back energy transfer process from
IR-806 to Gd-CSyS,S3 occurred. As depicted in Figure 5 and Figure S12, the lifetime of
Gd3* at 253, 276, and 310 nm, and Tm3* at 290, 345, 475, and 650 nm slightly decreased
after IR-806 loading, which can be ascribed to the nonradiative energy transfer from Gd>*
and Tm?3* to IR-806 [40-42].
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Figure 5. The decreased lifetime of Tm®* and Gd®* for Gd-CSyS,S3@IR-806. (a-f) The Tm?* and Gd®* lifetime decay curves
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4. Discussion

In this study, we developed a dye-sensitized heterogeneous lanthanide nanoparticle
to regulate the energy transfer pathway for UV enhancement by 808 nm excitation. We
systematically studied the influence of dye concentration, excitation wavelength, and
distance between the dye and the sensitizer Nd3* on upconversion emission, especially
in the UV spectral region. Dye loading can improve the absorption of excitation light and
thus improve the efficiency of energy-transfer-mediated upconversion. Moreover, our ex-
perimental results demonstrated a strengthened multiphoton upconversion process, which
can be ascribed to the dominant effect of ligand loading on upconversion emission from
high-lying energy states. The fundamentals gained from our investigations may provide
insights into promoting the multiphoton upconversion process and the future design of
organic—inorganic hybrid luminescent nanoparticles for applications in photocatalysis,
biomedicine, environmental science, and more.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11113114/s1. Figure S1: TEM and size distribution of Gd-CSYS2S3 nanoparticles;
Figure 52: XRD of Gd-CSYS2S3 nanoparticles; Figure S3: EDX of Gd-CSYS2S3 nanoparticles; Figure S4:
EDX lining analysis of Gd-CSYS2S3 nanoparticles; Figure S5: luminescence emission of NaGdF4:18%Yb,
2%Er@NaYF4:20%Yb@NaGdF4:10%Yb, 50%Nd@NaGdF4 with and without IR-806 loading; Figure Sé6:
luminescence emission of Gd-CSYS2S3 nanoparticles with different Nd3+ doping before and after
IR-806 loading; Figure S7: normalized intensity of luminescence spectra of Gd-CSYS2S3 with various
contents of IR-806; Figure S8: TEM images of as-synthesized nanoparticles with different structures
for distance effect studies; Figure S9: schematic illustration of five types of core-multishell structures
including Gd-CSYS2S3, Y-CS1SYS3, Y-CS1SYS354, Gd-CS1SYS3, and Gd-CS1SYS3S4; Figure S10:
luminescence spectra of as-synthesized nanoparticles with different structures for distance effect
studies; Figure S11: normalized intensities of luminescence spectra of corresponding nanoparticles
for distance effect studies; Figure S12: the lifetime decay of Tm3+ at 650 nm in Gd-CSYS2S3 and
Gd-CSYS2S3@IR-806 nanoparticles under 808 nm excitation.
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Abstract: The development of white light emitting diodes (WLEDs) holds great promise for replacing
traditional lighting devices due to high efficiency, low energy consumption and long lifetime. Metal-
organic frameworks (MOFs) with a wide range of luminescent behaviors are ideal candidates to
produce white light emission in the phosphor-converted WLEDs. Encapsulation of emissive organic
dyes is a simple way to obtain luminescent MOFs. In this review, we summarize the recent progress on
the design and constructions of dye encapsulated luminescent MOFs phosphors. Different strategies
are highlighted where white light emitting phosphors were obtained by combining fluorescent dyes
with metal ions and linkers.

Keywords: metal-organic frameworks; organic dye; luminescence; white light emitting diodes

1. Introduction

White light emitting diodes (WLEDs), as solid-state lighting sources, have attracted
increasing attention in the past decades owing to their potential applications in displays
and lighting [1]. WLEDs are energy saving and environmentally friendly, and have higher
luminous efficiency than conventional incandescent and fluorescent lamps [2]. Moreover,
WLEDs emit polychromatic light rather than monochromatic light that was emitted by
traditional light emitting diodes (LEDs) [3]. It is well known that white light can be
generated by mixing primary colors (red, green and blue) in appropriate proportions or
using a pair of complementary colors [4]. Light sources with Commission International
de l'Eclairage (CIE) coordinates (0.33, 0.33), color correlated temperature (CCT) between
2500 K and 6500 K, and color rendering indices (CRI) value above 80 are preferred for
high-quality white light illumination [5]. Quantum yield (QY) is another important photo-
physical parameter, which refers to the ratio of photons emitted to the photons absorbed
(unless otherwise specified, QY in this review is the absolute quantum yield). Currently,
there are mainly two approaches to produce WLEDs: (1) multichip combination, in which
three LEDs with primary colors are mixed appropriately to generate white light [6] and
(2) phosphor-converted WLEDs (pc-WLEDs) approach, where phosphors are excited by a
single-chip LED to produce white light. For pc-WLEDs, white light can often be obtained
by a blue LED coated with a yellow-emitting phosphor or a ultraviolet (UV) LED coated
with mixing phosphors [7]. Most commercially available WLEDs are pc-WLEDs due to the
high cost and poor color stability of the color-mixed LEDs [8]. The first commercial WLED
was developed by Nichia Chemical Co. in 1996 [9], which adopted a blue LED (InGaN)
with yellow-emitting phosphor (YAG:Ce). Since then, tremendous progress has been made
and the luminous efficacy has increased from 5 Im/W to over 300 Im/W [3]. Phosphors are
of vital importance in determining the optical properties of WLEDs, including luminous
efficiency, chromaticity coordinates, color temperature, lifetime and reliability. WLEDs
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phosphors should have the following properties: strong light absorption, broad excitation
spectrum, useful emission spectrum, high quantum efficiency, optimal Stokes shift, high
stability, etc. [4]. Current phosphors are almost all based on rare-earth metals and their
self-quenching and absorption effects lower the phosphor performances [10]. Therefore, it
is urgent to develop new phosphors, especially organic luminescent phosphors.

Metal-organic frameworks (MOFs) are a class of porous crystalline materials com-
posed of inorganic and organic moieties via coordination bonds, which are known for
tunable pore size, high surface areas, structure flexibility and multiple functionality. These
extraordinary properties have made MOFs ideal candidates for catalysis, gas storage and
separation, membranes, biomedical imaging and luminescence-based sensing and light-
ing [11,12]. Specially, MOFs offer a unique platform for the development of luminescent
materials due to structural predictability, multifunctionality, nanoscale processability and
well-defined environments for luminophores in crystalline states [13,14]. Luminescence in
MOFs can arise from organic ligands, metal ions and charge transfers such as ligand-to-
metal charge transfer (LMCT), metal-to-ligand charge transfer (MLCT), ligand-to-ligand
charge transfer (LLCT) and metal-to-metal charge transfer (MMCT) [15]. In addition, some
guests introduced into MOFs via supramolecular interactions can emit or induce lumines-
cence, and white light can be easily obtained by rational structure design and luminescent
guest selection. Overall, these various effects have naturally led to speculation that MOFs
could find potential applications in WLEDs. The first attempt to obtain white light by
using MOFs can be traced back to 2007 [16]. Since then, different color-emitting lanthanide
metals, conjugated organic ligands and guest species such as dye molecules and quantum
dots have been incorporated in MOFs to generate white light [17,18].

Encapsulation of emissive organic dyes is quite a simple way to obtain MOFs with
multiple luminescence emissions [19]. Organic dyes are probably the most widespread
fluorophores among the luminescent materials because of wide excitation band, large
absorption coefficient, moderate-to-high quantum yields, short fluorescent lifetime and
great availability [20]. However, there are two serious problems when directly applying
organic dyes in WLEDs. One is the aggregation caused quenching (ACQ) effect induced by
-7t stacking interactions of the organic dyes, which results in low fluorescence intensity in
solid states in comparison with their bright solution states. Additionally, the other is the
thermal and photo-stability of organic dyes [10]. MOFs are ideal supporting materials to
prevent organic dyes aggregating in solid states [21,22], since MOFs are highly porous and
able to encapsulate molecular dyes in confined pores, so they are capable of preventing
aggregation-induced quenching and restricting internal molecular motions to inhibit non-
radiative relaxation [23]. In addition, by carefully choosing fluorescent linkers and organic
dyes, MOFs can serve as an antenna to transfer energy to the dyes. The emissions from
encapsulated dyes can be easily adjusted by changing the component and content of dyes.
Moreover, diverse luminescence properties can be achieved by engineering interactions be-
tween dyes and constituents of MOFs. Thus, encapsulation of dyes into MOFs is massively
proposed as phosphor converters in white light emitting diodes [21].

There are three major methods to encapsulate organic dyes in MOFs [21]. The first is
the two-step synthesis method, in which the pristine MOF is synthesized first and then
immersed in a solution of fluorescent dyes. Despite the simplicity of this approach, the
mismatch size between MOF aperture and organic dyes not only restricts the choice of
dyes, but also causes guest leakage, which hiders the extensive application of this approach.
The second is the in situ encapsulation method, where dyes are introduced during the
crystal formation. Although this method is helpful in obtaining fluorescent MOFs with
uniform distribution of fluorescent dyes, more factors including pore size, pore windows
and structures of MOFs for desired organic dyes should be considered. The final method
is to use fluorescent linkers incorporated in the frame of MOFs, in which permanent
fluorescence can be easily obtained, although the steric hindrance caused by bulky ligands
often reduces the yield of the fluorescent of MOFs. In practice, fluorescent ligands are
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often combined with dyes to induce dual emissions, and the ligand-to-dye energy transfer
process can be controlled by changing the excitation energy.

MOFs materials with porosity, multifunctionality and crystallinity have aroused much
interest since the debut of the “metal-organic frameworks” concept in 1995 [24], and the
scope of this research has expanded from structure design and topology analysis to a
wide range of applications in gas storage, catalysis and biomedicine [11,12,25-28]. A
number of excellent reviews have summarized the properties and applications of lumi-
nescent metal-organic frameworks (LMOFs) [8,10,13-15,17,19,20,29-32], while the reviews
that specifically and systemically discuss the encapsulation of organic dyes in MOFs
(dye@MOFs) for WLEDs applications are still rare. This review mainly summarizes recent
progress achieved in developing pc-WLEDs based on dye@MOFs, where white light can be
generated by coating the dye encapsulated MOF hybrids on the corresponding blue-LED
chip or UV-LED chip. The emphasis was put on the white light emitting phosphors fabrica-
tion. The origin of luminescence in dye@MOFs has been discussed to tune high-quality
white light.

2. Phosphors Excited by Blue-LED Chip

The combination of a blue-LED chip with yellow phosphors belongs in a partial
conversion. The blue light emitting from LED chip is partially absorbed by the phosphor
and refurbished into yellow light, while the remaining part of blue light is transmitted
through the phosphor [3]. The blue and yellow light, as a pair of complementary colors,
mix together to generate white light. Generally, compared to the UV chip WLEDs, the blue
LED chips have higher theoretical efficiency, better reproducibility and lower input energy,
so they are quite attractive for low-cost bright white-light sources [33]. However, these
WLEDs often show low CRI and high CCT caused by red emitting deficiency, which limits
their indoor use. In the past decades, the design and synthesis of new blue-light-excitable
single-phase phosphors have emerged as a hot research area, and much progress has been
made in improving color-rendering properties, especially benefiting from the development
of MOF materials. From a fundamental point of view, the abundant luminescent behaviors
and ordered structures of MOFs allow for the fine-tuning of emission color across the CIE
diagram and improve luminescent intensity simultaneously.

An effective way to improve color-rendering properties is to broaden the emission
spectra. Qian et al. [34] simultaneously encapsulated green-emitting coumarin 6 (Cou-6),
yellow-emitting rhodamine 6G (R6G) and red-emitting rhodamine 101 (R101) into a MOF
crystal to synthesize a yellow broadband phosphor ZJU-285Cou-6/R6G/R101 via ion
exchange method. By coating the single-phase phosphor ZJU-28>Cou-6/R6G/R101 on
commercial blue LED chips, the WLED lamp exhibits bright white light with luminous
efficiency of 126 Im /W, CRI of 88 and CCT of 4446 K, and the total quantum yield (QY)
can reach up to 82.9%. The good performance was ascribed to the high intrinsic quan-
tum yields of dyes and fluorescence resonance energy transfer (FRET) process between
them. In addition, the confinement effects of the MOFs can effectively inhibit the ACQ of
dye molecules.

WLED:s can also be fabricated by combining blue chips with dye@MOFs and other
commercialized phosphors [35]. Various concentration of rhodamine (Rh) dye was adopted
to synthesize a series of Rh@bio-MOF-1 via cation exchange, and then the mixtures of
the yellow-emitting Rh@bio-MOF-1, green (Ba,Sr),SiOs:Eu®* and red CaAlSiN3:Eu?* were
coated on the blue LED chip to form phosphor film, which exhibits high luminous efficacy
of 94-156 Im /W, CRI of 80-94 and excellent stability.

Unlike ion exchange, in situ encapsulation, in which fluorescent dyes are incorporated
into the pores during the preparation of MOF crystals, have the advantage of uniform
distribution of the fluorescent molecules, as long as the dyes can stand the synthesis condi-
tions of MOFs. Li et al. [36] adopted the in situ encapsulation approach to avoid tedious
ion-exchange synthesis and prevent dye leakage. Two yellow-emitting nanocomposites
R6G@ZIF-8 and DBNT@UiO-66 with solubility compatibility and solution processability
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were synthesized, which can be excited by blue light to generate white light with absolute
quantum yield of 63.1% and 22.7%, respectively. Similarly, Qian et al. [37] incorporated
red, green and blue dyes into ZIF-8 by in situ self-assembly process to fabricate stable
remote-type incandescent white-light device. They evaluated the thermostability and
photostability of TPU-encapsulated ZIF-8 Dpmb546/pm605/SRh101 phosphor in detail, and
found the stability was greatly enhanced with TPU coating, which was ascribed to the
protection against the oxygen and water invasion.

Guest species like carbon dots with strong resistance to irradiation and heat are
preferable in order to improve the stability of phosphors. Li et al. [38] encapsulated
both green-emitting carbon quantum dots (CQDs) and red-emitting rhodamine B (RhB)
into ZIF-8, where RhB molecules can be sensitized by CQDs. Single-phase single-shell
CQDs&RhB@ZIF-82 and single-phase multi-shell CQDs@ZIF-82@RhB@ZIF-82 were fabri-
cated as yellow phosphors. Multi-shell CQDs@ZIF-8*@RhB@ZIF-8> shows higher lumi-
nescence efficiency due to a large spatial distance that can suppress the FRET interactions
between CQDs and dyes. Benefiting from the host-guest shielding effect, the stability of
hybrid materials can be further improved. Tan et al. [39] conducted a long-term material
stability test on dye-encapsulated MOF Gaq3@ZIF-8, and the results showed that after
8 months, not only the structure of ZIF-8 could remain stable with Gaq3 dye being encap-
sulated, but also the absolute QY of Gaq3@ZIF-8 (15%) was exactly the same as prepared,
which demonstrates that when trapping Gaqg3 in ZIF-8 pores, the host can act as a shield
to protect Gag3 from photodegradation. A WLED emitting uniform white light could be
obtained by coating Gaq3@ZIF-8 on a blue LED.

3. Phosphors Excited by UV-LED Chip

For WLEDs based on UV-LED and phosphors, all radiation from UV LED is converted
into red, green and blue (RGB) light, which refers to full conversion. The phosphors
excited by UV-LED chip must emit white light, so RGB phosphors are often adopted.
As mentioned before, pc-WLEDs fabricated by blue LED coated with yellow phosphors
may suffer such weaknesses as poor CRI and low stability of color temperature, due to
deterioration of the chip or the phosphors. By contrast, UV-LED combined with mixed
phosphors is one of the best approaches to generate white light for both high luminous
efficiency and high CRI, at the expense of poorer efficacy owing to higher wavelength-
conversion losses. Recently, developing single-phase white light phosphors is of great
significance and different strategies have been adopted to improve UV-LED luminous
efficacy. In general, luminescence in MOFs can be obtained from linkers, framework metal
ions, and absorbed guests [29].

3.1. Luminescence from Organic Dyes

In order to obtain a single-phase white light phosphor, Bu et al. [40] reported the
encapsulation of RGB dyes into anionic MOF via dye exchange, as shown in Figure 1a.
NKU-114 with abundant nitrogen sites can serve as an excellent host matrix to incorporate
electron-deficient cationic dyes due to the donor-acceptor electrostatic interactions. DSM,
AF and 9-AA, with strong red, green and blue light emissions, respectively, were used as
selected cationic dyes (Figure 1b), because of suitable spectral overlap and proper molecule
size. By carefully tuning the relative contents of three dyes, white-light-emitting NKU-
114@DSM-AF/9-AA composite could be obtained, with CIE coordinates (0.34, 0.32), CRI
and CCT values of 81 and 5101 K, respectively. The absolute quantum yield reaches a
comparative high value of 42.07%, compared with some other reported dye-encapsulated
system [41,42]. A WLED was assembled by coating NKU-114@DSM-AF/9-AA on the
surface of a UV-LED chip. Under 50 mA, the WLED shows corresponding CIE coordinates,
CRI, CCT and luminous efficiency values of (0.3402, 0.3365), 85.41, 5148 K and 2.4 Im /W,
respectively.
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Figure 1. (a) Schematic representation of the incorporation of multicomponent dyes in an anionic MOF; (b) structures of
cationic dyes. (Reproduced with permission from ref. [40]. Copyright © 2020, American Chemical Society).

In 2019, inspired by the extensive applications of core-shell structured MOFs, Gong [41]
proposed a novel approach to construct core-shell structured cyclodextrin (CD) based MOFs
by encapsulating different guests hierarchically into the framework. CD has the ability
to improve fluorescence of organic dyes, because it can provide a confined hydropho-
bic cavity to change the stacking patterns of organic dyes and decrease the freedom of
molecular motions [43]. CD-MOFDdyes, with y-cyclodextrin (y-CD) as organic ligands
(Figure 2a), exhibit extremely high luminous intensity because of synergistic effect of CD
and MOFs. Fluorescein (FL), RhB and 7-hydroxycoumarin (7-HCm) were chosen as en-
capsulates. The chemical structures of FL, RhB and fluorescence emission spectrum of
CD-MOFD>7-HCm are shown in Figure 2b—d. CD-MOFDRhB with longer emission wave-
length was selected as core, and CD-MOFD>7-HCm@FL@RhB was fabricated via epitaxial
seeded growth (Figure 2e). The prepared core-shell crystals emit bright white light upon
excitation of UV-LED, with CIE coordinate of (0.35, 0.32).
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Figure 2. (a) y-CD and formation of CD-MOF; (b) structure of FL; (c) structure of RhB; (d) fluores-
cence emission spectrum of CD-MOFD7-HCm; (e) fluorescence emission spectrum of CD-MOFD>7-
HCm@FL@RhB under an excitation wavelength of 365 nm. (Reproduced with permission from
ref. [41]. Copyright © 2019, American Chemical Society).

Li et al. [44] reported high quality white-light-emitting dyes@ZIF-8 composites based
on the three models (multiphase single-shell dye@ZIF-8, single-phase single-shell dyes@ZIF-
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8, and single-phase multi-shell dyes@ZIF-8) (Figure 3a), in which dye locations are tunable.
Red-emitting rhodamine B (RB), green-emitting fluorescein (F) and C-151 were chosen
to match the pore structure of ZIF-8. Multiphase single-shell dye@ZIF-82 is solution-
processable for device fabrication, and white light can be generated by optimizing the ratio
of C-151@ZIF-8%, FQZIF8?, and RB@ZIF-8%, with CIE coordinates of (0.32, 0.34). Single-
phase single-shell C-151&F&RB@ZIF-82 composite can be prepared by introducing C-151,
F, and RB simultaneously into ZIF-8 via in situ encapsulation. By carefully tuning the
content of red, green and blue emitting dyes, white light emitting C-151&F&RB@ZIF-8?
composites with CIE coordinates (0.30, 0.34) and (0.34, 0.34) were obtained (Figure 3b). The
efficiency decrease problem caused by FRET process can be solved by adopting model 3,
a single-phase multi-shell dyes@ZIF-8. In model 3, RB, F and C-151 were encapsulated
successively into ZIF-8 using shell-by-shell overgrowth, and the CIE chromaticity coor-
dinates of multi-shell C-151@ZIF-82 @F@ZIF-82 @RB@ZIF-82 changed from (0.21, 0.26) to
(0.32, 0.34) by tuning the concentration of RB (Figure 3c).
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Figure 3. (a) Model 1 (multiphase single-shell dye@ZIF-8), Model 2 (single-phase single-shell
dyes@ZIF-8), and Model 3 (single-phase multi-shell dyes@ZIE-8); (b) CIE coordinates of C-
151&F&RB@ZIF-82 with different concentrations of dyes at Aex = 365 nm; (c) CIE chromaticity
coordinates of C-151@ZIF-8’@F@ZIF-8?@RB@ZIF-8> with different concentrations of RB. (Repro-
duced with permission from ref. [44]. Copyright © 2019, American Chemical Society).

3.2. Luminescence from Dyes and Metals

During the development of luminescent MOFs, the lanthanide MOFs have aroused
extensive interest from the very beginning owing to high luminescence quantum yield,
large Stokes shifts and sharp line-emissions [30]. Since f-f transition is parity-forbidden,
lanthanide ions are often sensitized by organic ligands due to antenna effect. Qian [45]
fabricated a phosphor for WLED by encapsulating blue dye within lanthanide MOE.
EuBPT, TbBPT and EuxTbyBPT were synthesized by the solvothermal reaction. Owing
to the energy transfer from BPT ligands to the lanthanide ions, the absolute quantum
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yields of red-emitting EuBPT and green-emitting TbBPT reached 37.11% and 73.68%,
respectively. By optimizing the Eu®*/Tb3* ratio, Eugo5Tbo.osBPT exhibits yellow light, and
when combined with blue dye C460, white light emitting phosphor with absolute QY of
43.42% could be generated. The CRI and CCT values of the phosphors were estimated to
be 90 and 6034 K, respectively. The WLED devices were fabricated by coating the prepared
phosphor on a commercial UV-LED chip, and the luminous efficiency was measured to
be 7.9 Im/W. Similarly, Saha [46] incorporated a single red emitting dye RhB into blue
emitting gadolinium-based MOF to achieve perfect white light with high quantum yield.

Apart from the lanthanide, actinide can also be used to construct luminescent MOFs.
Recently, inspired by the concept of ‘molecular compartment’ [47], Luo et al. synthesized
a cage-based actinide MOF ECUT-300 [48]. Due to the trigonal building unit being con-
structed from the coordination of uranyl ions and carboxylate, ECUT-300 with mesopore A
(2.8 nm), mesopore B (2.0 nm) and micropore C (0.9 nm) could be fabricated. Combining
uranyl ions and 4,4',4” 4'"'-(ethene-1,1,2,2-tetrayl)tetrabenzoic acid as ligand, ECUT-300
with blue-green emission was observed upon excitation at 408 nm. Interestingly, RhB was
encapsulated in the cage B of ECUT-300, and WLED device could be fabricated by coating
RhB@ECUT-300 on an UV LED. While [Fe(tpy)?]*>* was encapsulated in cage C, which
could be used to selectively adsorb C,H; over CO,. In addition, the incorporation of both
RhB* and [Fe(tpy)?]** is helpful in stabilizing the framework structure.

3.3. Luminescence from Dyes and Organic Linkers

Combining the emissions from linkers and dyes to generate single-phase white light
phosphors is a hot research topic in recently years. In 2015, Qian [49] first encapsulated
two dyes simultaneously into blue-emitting anionic MOFs via ion exchange. ZJU-28
exhibits blue emission under excitation at 365 nm, which ascribes to the H3BTB ligand.
ZJU-28DDSM/ AF, as white lighting phosphor, can be easily prepared by soaking ZJU-28
into the mixed solution of red-emitting DSM and green-emitting AF, exhibiting broadband
white emission with CIE coordinates of (0.34, 0.32), CRI value up to 91% and CCT of 5327
K. Since the confinement of MOFs can effectively suppress ACQ, the absolute QY could
be improved to 17.4%. Substituting the H3BTB ligand with carbazole-based ligand 4,4’ 4"~
(9H-carbazole-3,6,9-triyl)-tribenzoic acid (HzL) [50], a white-light-emitting phosphor with
same CRI value could be obtained, while the quantum yield could reach up to 39.4%.

It is worth noting that efficient blue emission plays an important role in developing
WLED, so strong blue fluorescent molecules are often introduced in company with red
and green fluorescent molecules. Zhu [51] reported the incorporation of neutral and ionic
RGB guest molecules into a neutral MOF HSB-W1 (Figure 4a). HSB-W1 exhibits blue
emission upon excitation at 365 nm. HSB-W12>DCM, HSB-W15C6 and HSB-W12>CBS-127
can be conveniently synthesized and exhibit red, green and blue emission, respectively, as
shown in (Figure 4b). HSB-W1D>DCMDC6D>CBS-127 composite emits white-light with high
quantum yield (up to 26%) and CRI (up to 92%). The results showed that incorporating
RGB dyes into blue-emission MOFs is a useful strategy to design single-phase white-
light phosphors.

The combination of blue and yellow emission can generate white light. Apart from
H3BTB and HSB ligands, 9,10-dibenzoate anthracene (DBA) is also an efficient blue emitter.
A new phosphor for WLED was fabricated by encapsulating RhB into Al-DBA, and exhibits
an emission lifetime of 1.8 ns and 5.4 ns for the blue and yellow light, respectively, enabling
the WLED for visible light communication (VLC) [23].
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Figure 4. (a) Schematic synthesis of HSB-W1DR/G/B Dyes. (b) The CIE coordinates of HSB-W1>DCM (DCM, 0.31 wt%),
HSB-W1>C6 (C6, 0.04 wt%), and HSB-W1DCBS-127 (CBS-127, 0.03 wt%) (Aex = 365 nm). (Reproduced with permission
from ref. [51]. Copyright © 2019 Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim).

There is a class of materials that are non-emissive in dilute solutions, but become highly
luminescent after aggregation. This phenomenon is termed “aggregate induced emission”
(AIE), which was proposed by Tang [52]. Tetraphenylethylene (TPE) as a typical AIE
luminogen is of great interest in WLEDs [53]. Fu et al. [54] synthesized a TPE-based MOF
with broadband green-yellow emission due to the energy transfer between dual linkers.
White light can be generated by encapsulation of sulforhodamine 101 (SR101) into the MOF
matrix, with corresponding QY, CRI and CCT values of 41.7%, 81.3 and 4527 K, respectively.
Zhou et al. [55] investigated the dye encapsulation in TPE-based MOF for WLED. PCN-
128W containing TPE-based ligand can be used to sensitize dye molecules through FRET,
so DSM@PCN-128W shows dual emissions upon a single excitation. Compared with
PCN-128W, the H4ETTC ligand exhibits about 70 nm red-shift, because the confinement of
MOFs increases the HOMO-LUMO energy gap of the linkers and generates high energy
emission. In order to understand better, the typical molecular structures of the ligands
are summarized in Table 1. By coating DSM@PCN-128W on UV LED chip, a WLED was
obtained showing CIE chromaticity coordinates of (0.34, 0.33), CRI of 79.1, and CCT of
5525 K, and the absolute quantum yield of DSM@PCN128W was measured to be 21.2%.
Similarly, by substituting H4{ETTC with HgETTB as a carboxylate ligand, Dong and Lei
synthesized PCN-921 with a strong fluorescence emission at 447 nm [56]. The innovation
of their work lies in the realization of room-temperature phosphorescence and white light
emission by hierarchically encapsulating coronene and RhB dye. The results showed that
by introducing guests into MOFs, coronene@PCN-91 exhibited a phosphorescence lifetime
of 62.5 ns, and the hybrid material RhB@coronen@PCN-921 emitted bright white light by
coating on a commercial UV LED. In addition, some TPE-based luminescent MOFs also
exhibit piezofluorochromic behavior, and by combining organic dye encapsulation, white-
light emission can be obtained. Adopting this strategy, Pan and coworkers constructed dual-
emission luminescent MOF HNU-49 and generated relative pure white light by adjusting
the pressure and the concentration of RhB [57]. The key parameters for white LEDs with
dye-encapsulated MOFs as phosphors are summarized in Table 2 for easy comparison.
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Table 1. Structural information about organic ligands of MOFs.
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Table 1. Cont.

MOF Organic Ligand Ref.
HO_O
N.
[Zn,OL,-xDMF], Q O [50]
HO OH
HSB-W1 [51]
[Cd7(SO4)s(tppe)2] (2DMEF-2H,0) [54]
[Zny(npd)>(tppe)[(2DME-3H,0)

PCN-128W [55]

PCN-921 [56]
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Table 1. Cont.

MOF Organic Ligand Ref.
OH OH
A g
HNU-49 | [57]
o O O o)
OH OH
Table 2. Key parameters for white LEDs with dye-encapsulated MOFs as phosphors.
Dye-Encapsulated MOF Materials CIE (x,y) CCT(K) CRI QY (%) Ref.
ZJU-28>Cou-6/R6G/R101 (0.34,0.32) 4446 88 82.9 [34]
R6G@ZIF-8 - - - 63.1 [36]
ZIF-8O>pm546/pm605/SRh101 (0.465, 0.413) 2642 85 - [37]
NKU-114@DSM/AF/9-AA (0.3402, 0.3365) 5148 85.41 - [40]
CD-MOFO>7-HCm@FL@RhB (0.35,0.32) - - - [41]
ZJU-28ODSM/ AF (0.34, 0.32) 5327 91 174 [49]
[Zn4OL2-xDMFIn>DCM/C6 (0.32,0.31) 6186 91 39.4 [50]
HSB-W1D>DCM/C6a/CBS-127 (0.31, 0.32) 6638 90 26 [51]
DSM@PCN-128W (0.34, 0.33) 5525 79.1 21.2 [55]

The luminescent MOFs mentioned above exhibit a large Stokes shift to prevent self-
absorption, which are referred to as down-conversion materials. Another type of MOFs
belongs to up-conversion materials, exhibiting an anti-Stokes shift luminescence character.
Generally, two methods can be used to achieve up-conversion in MOFs, one exploiting
energy transfer between lanthanide ions, the other triplet-triplet annihilation, which is
based on ligand selection and design [20]. In 2019, Pan reported a series of dye-encapsulated
MOFs exhibiting dual way (one-photon absorption (OPA) and two-photon absorption
(TPA)) excited fluorescence (Figure 5a) [42]. LIFM-WZ-6 containing TPE ligand shows
blue-green and strong green emission upon excitation at 365 nm and 730 nm, respectively.
Electron-deficient cationic dyes RhB*, BR-2*, BR-46", DSM* and APFG™ were chosen due
to appropriate D-A interactions and molecule size. RhB*@LIFM-WZ-6 was first synthesized
and when excited at 365 nm, the corresponding CIE coordinates, CCT, CRI and absolute QY
values were (0.33, 0.35), 4745 K, 77 and 9.8%, respectively. Similar results were obtained for
another four dyes, confirming the universality of the OPA approach. WLED devices were
fabricated by coating the prepared phosphors on the surface of the commercial UV LED
chip. Compared with the typical OPA process, two-photon excited fluorescence emission
(TPEF) is more complicated and often shows different colors. Through TPA process, white
light emitting phosphors RhB*@LIFM-WZ-6, BR-2*WZ-6 and APFG*@LIFM@LIFM-WZ-6
were obtained under the excitation of 800, 790 and 730 nm, respectively (Figure 5b-d).
More importantly, the emissive color of dye@MOF can be adjusted by simply tuning the
excitation wavelengths.
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Figure 5. (a) Schematic illustration of OPA and TPA dual-way excited white-light emission in dye@LIFM-WZ-6; (b) TPEF
spectra and CIE coordinate values of RhB+@LIFM-WZ-6 (0.05 wt%); (c) TPEF spectra and CIE coordinate values of BR-
2+@LIFM-WZ-6 (1 wt%); (d) TPEF spectra and CIE coordinate values of APFG+ @LIFM-WZ-6 (0.05 wt%). (Reproduced
with permission from ref. [42]. Copyright © 2019 Wiley—VCH Verlag GmbH & Co. KGaA, Weinheim).

3.4. Organic Dyes as Fluorescent Linkers

Inspired by substitutional solid solutions (SSS) concept applied in inorganic materials,
Newsome [58] constructed luminescent MOFs by combining nonfluorescent linkers with
dilute RGB fluorescent organic dyes, as shown in Figure 6a. Excited-state proton transfer
(ESPT) dyes are of extensive interest due to unique photophysical properties caused by keto-
enol tautomerism. They have enol tautomers in the ground state, but exists as a keto tau-
tomers after excitation (Figure 6b). Multivariate MOFs are attractive for making multicolor
emitting crystals, and the non-fluorescent link and ESPT dyes (Figure 6¢) are chosen because
of good stability, high quantum yield and color variability. Solid-state emission peaks cen-
tered at 430, 510, and 630 nm (Figure 6d) were seen after excitation at 365 nm for 10%-R, 10%-
G and 10%-B, respectively. The keto emission in the MOFs is quite close to the ester forms of
the RGB links solvated in toluene, as shown in dashed lines, suggesting that prepared MOFs
exhibit solution-like properties. Finally, a series of ZrsO4(OH)4(RyG1.2,Bx)yNF1., MOFs
were synthesized. (ZrsO4(OH)4(Ro.4Go.2Bo.4)0.01NF(.99) emitted combination of broadband
emissions from RGB, with coordinates of (0.31, 0.33) on the CIE chromaticity diagram, an
absolute QY of 4.3%, a CRI of 93 and a CCT of 6480 K. Other prepared MOFs also exhibited
good fluorescence performance. These findings showed that substituting MOF linkers with
fluorescent dyes are capable of obtaining both tunable emission chromaticity and accurate
color rendering.
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Chemical Society).

Recently, Liu and Li applied a mixed-linker strategy to successfully synthesize a series
of UiO-68 MOFs with full color emission by changing the ratios of chromophore and
non-fluorescent linkers [59]. Obviously, introducing of non-fluorescent linkers is helpful
in reducing the concentration of emissive linkers and increasing the spatial distances
between fluorescent linkers, which effectively suppresses the -7 stacking interactions and
thus enhances the emission efficiency. It is believed that this general approach is of great
significance to overcome the challenge of ACQ, portending the potential application of
luminescent MOFs in WLEDs [60].

4. Conclusions and Outlook

Luminescent MOFs materials offer a promising platform for light-emitting diodes,
chemical sensing, bioimaging and anti-counterfeiting codes. In the past decades, much
attention has been focused on design of linkers and encapsulation of guest molecules
instead of lanthanide metal-based MOFs for environment consideration.

Encapsulation of organic dyes into MOFs is a feasible and ingenious approach to
construct pc-WLEDs, which combines the benefits from dyes and MOF structures. The
porosity and crystallinity of MOFs are helpful to suppressing ACQ of dye molecules and
thus improving both fluorescent intensity and quantum yield. Meanwhile, the organic
dyes enrich the luminescent behaviors without sacrificing the strength of MOFs. Although
the warm white light can be generated by encapsulating fluorescent dyes in luminescent
MOFs with high performance, the luminous efficiency is still low. In addition, organic
dyes leakage, stability and unsuitable size hinder the extensive application of this method.
According to the previous study, most reported dye@MOFs are synthesized based on
currently available organic dyes or MOFs. From fundamental views, it is necessary to
develop novel organic dyes and MOF structures considering factors such as topology,
luminescence, charge transfer and stability. Moreover, in-depth research on mechanism
behand should be devoted in order to provide instructions for material design and synthesis.
For the purpose of industrialization and commercialization, the stability of phosphors,
including photo-stability and thermal stability is of vital significance, while currently the
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reports on the stability of dye-encapsulated MOF phosphors are still rare. It is predictable
that more effort will be devoted to investigate the stability of LMOF materials.

While the development of luminescent MOFs for WLEDs is still in infancy, it is
evident that the future of WLEDs based on MOF is bright, not only because MOF structure
provides various luminescence, but also because the low energy input can reduce the
carbon footprint. There is still a long way ahead in achieving commercially available
MOF-based WLEDs. In the coming decades, chemists and material scientists will work
more closely to develop novel stable and high efficiency single phase white light emitting
phosphors for WLED fabrication.
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Abstract: The ability to manipulate the luminescent color, intensity and long lifetime of nanophos-
phors is important for anti-counterfeiting applications. Unfortunately, persistent luminescence
materials with multimode luminescent features have rarely been reported, even though they are
expected to be highly desirable in sophisticated anti-counterfeiting. Here, the luminescence properties
of Zn3Ga,GeOg:Mn phosphors were tuned by using different preparation approaches, including a
hydrothermal method and solid-state reaction approach combining with non-equivalent ion dop-
ing strategy. As a result, Mn-activated Zn3zGa,GeOg phosphors synthesized by a hydrothermal
method demonstrate an enhanced red photoluminescence at 701 nm and a strong green luminescence
with persistent luminescence and photostimulated luminescence at 540 nm. While Mn-activated
Zn3GayGeOg phosphors synthesized by solid-state reactions combined with a hetero-valent dop-
ing approach only exhibit an enhanced single-band red emission. Keeping the synthetic method
unchanged, the substitution of hetero-valent dopant ion Li* into different sites is valid for spectral
fine-tuning. A spectral tuning mechanism is also proposed. Mn-activated Zn3Ga,;GeOg phosphors
synthesized by a hydrothermal approach with multimodal luminescence is especially suitable for
multiple anti-counterfeiting, multicolor display and other potential applications.

Keywords: Zn3zGa,;GeOg:Mn phosphors; multicolor emission; hydrothermal approach; afterglow;
anti-counterfeiting application

1. Introduction

The ability to tune the luminescent color of materials is essential for various appli-
cations, such as anti-counterfeiting, three-dimensional displays, information coding, bio-
imaging, optoelectronic devices and luminescent labeling [1-3]. Conventional approaches
involve utilizing specially designed organic dyes or quantum dots upon ultraviolet or blue
light excitation, where the emission color is modulated by tuning the wavelengths or the
power density of excitation light [4,5], thus posing limitations in the resolution of imaging
due to auto-fluorescence. Persistent luminescence (PersL) phosphors, which can emit
luminescence lasting for hours after the stoppage of the excitation light [6], are particularly
suitable for such imaging applications as they emit no background fluorescence [7,8].

The transition metal Mn with the multiple oxidation states, e.g., +2, +3 and +4, pro-
vides an opportunity for multi-color emission [9]. In recent years, Mn-doped ZnGa,Oy4
microcrystals with unique luminescence features have attracted much attention because
a ZnGayOy4 host has two kinds of stable chemical coordination structure, including Ga*
sites with octahedral coordination and Zn?* sites with tetrahedral coordination [10]. Gener-
ally, a Mn?* activation center occupying the tetrahedral-coordinated sites shows a green
emission with long PersL, while a Mn** activation center with an octahedral-coordinated
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structure demonstrates a luminescence emission from red to deep red. Apparently, the Mn
activator shows a green to deep red emission, and the emission color is determined by the
coordination environment of Mn ions in the crystal structure.

In our work, Mn-activated Zn3zGa,;GeOg phosphors are successfully prepared using a
hydrothermal method and solid-state reaction approach. Interestingly, it was found that
changing the preparation route was a more efficient method for the spectral tuning of
Mn-activated Zn3Ga,GeOg phosphors relative to a non-equivalent ion doping strategy.
Mn-activated Zn3Ga,GeOg phosphors show an enhanced red photoluminescence (PL) at
701 nm and a strong green emission at 540 nm with PersL and a green photostimulated
luminescence (PSL) by Li* substituted for Zn?* or Ga®* sites under hydrothermal conditions.
Zn3GapyGeOg phosphors synthesized by a solid-state reaction only exhibit an enhanced
pure-red broad-band luminescence. Particularly, ZnzGa,GeOg phosphors synthesized
by a hydrothermal approach exhibit multicolor and multimode luminescence properties,
which are especially suitable for multiple anti-counterfeiting and have a great potential for
multicolor display, anti-forgery, and other potential applications.

2. Experimental Section
2.1. Chemicals

Gap03 (99.999%), GeO; (99.999%), LiNO3 (99.9%), Mn(NO3),-xH,0 (99.9% metals
basis), Zn(NO3),-6H0 (99%), ZnO (99.99%), and MnO (99.99%) were obtained from Al-
addin (Shanghai, China). Hydrochloric acid (AR, 36.0-38.0%), nitric acid (AR, 36.0-38.0%),
sodium hydroxide, concentrated ammonium hydroxide, anhydrous ethanol and polyvinyl
alcohol (PVA) with analytical grade are stocked from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China).

2.2. Sample Preparation

Zn3Lip 4Gay ¢GeOg:0.25% Mn phosphor was synthesized by using a hydrothermal
method [8,11]. The synthesis procedure is described below. GeO, powders were dissolved
in a sodium hydroxide solution to achieve 0.5 M Na;GeOjs solution. Then, 3.0 mL 0.5 M
Zn(NO3)y, 0.0375 mL 0.1 M Mn(NOs3); and 0.3 mL concentrated HNO3; were together
added slowly into 10 mL deionized water and then violently stirred. Subsequently, 0.4 mL
0.5 M LiNOs3, 1.6 mL 0.5 M Ga(NOg3)3 and 1.1 mL 0.5 M Na,GeO3; were added to the
above solution. After the solution was stirred vigorously for 1 h, concentrated ammonium
hydroxide was added into the mixture of precursor solution to tune the pH of the mixed
solution to 7.5, and then the mixed solution was stirred vigorously for 1 h at ambient
temperature. The final colloid was transferred into a 50 mL polytetrafluoroethylene reactor,
which was then placed in an oven and heated at 220 °C for 10 h. Finally, the resulting
suspension was centrifuged and washed 3 times using deionized water. The collected
products were dried at 70 °C, and were then annealed in a chamber-type electric resistance
furnace in air at 1100 °C for 2 h.

The synthesis procedure of Zn; 4Lij ¢GayGeOg:Mn phosphors by hydrothermal method
was similar to that of ZnsLig 4Ga; ¢GeOg:0.25% Mn only via 0.6 mL 0.5 M LiNOj3 substitut-
ing for 20% Zn(NOj3),. According to our previous study [8,11], 20% Li substitution is an
optimal doping concentration.

Zn3GayGeOg:0.25% Mn phosphors were prepared via a solid-state reaction approach
using ZnO, GayO3, GeO,, and MnO as raw materials [12]. Raw materials were weighted
on the basis of the formula of Zn3Ga;GeOg:0.25%Mn and finely mixed in an agate. All the
ground powders were then pre-calcined at 900 °C for 2 h. Subsequently, the pre-calcined
products were sintered at 1100 °C for 2 h and then cooled down to ambient temperature.

The synthesis procedure of Zn; 4Lij (Ga;GeOg:Mn phosphor synthesized by a solid
state reaction approach was similar to that of ZnzGay;GeOs:0.25% Mn only via Li substitut-
ing for 20% ZnO.
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2.3. Inks Preparation and Anti-Counterfeiting Patterns

Luminescence inks were fabricated based on a modified approach [13]. Typically, the
prepared phosphors were dispersed into a mixed solution of 1.0 mL hydrochloric acid
(0.2 mol/L) and 1.0 mL anhydrous C,HsOH, and then the mixed solution was centrifuged
and washed with deionized water and anhydrous C,Hs5OH several times. Finally, the
powders were mixed with PVA aqueous solution in a ratio of 1:1 to fabricate luminescent
anti-counterfeiting inks. The luminescent patterns printed on the paper were achieved
using screen printing method.

2.4. Characterization

A D/Max2400 X-ray diffractometer (XRD, Rigaku, Japan) with Cu K« (40 kV, 100 mA)
irradiation (A = 1.5406 A) was employed to characterize the crystal structures of phosphors.
The shape and size of phosphors were characterized using a ZEISS Gemini 500 scanning
electron microscopy (SEM) (Oberkochen, Germany). A spectrometer (PHI 5600ci ESCA,
PerkinElmer, Waltham, MA, USA) with monochromatized Al K radiation was used to
measure the X-ray photoelectron spectra (XPS) at room temperature. Thermoluminescence
(TL) curves of products were measured using a TOSL-3DS TL spectrometer (Guangzhou,
China) with a temperature range from 25 to 500 °C and a heating rate of 2 °C/s. A Horiba
PTI QuantaMaster 8000 spectrofluorometer (Burlington, ON, Canada) equipped with a
75 W xenon lamp was used to study the optical properties of products. In addition, besides
the xenon lamp as an irradiation source, two UV lamps (a 4-W 254 nm and a 5-W 365 nm)
and two NIR laser diodes (0-2 W 808 nm and 0-5 W 980 nm) were also employed as
excitation sources. When NIR lasers were used for irradiating the anti-counterfeiting
patterns, the entire anti-counterfeiting pattern was programmatically scanned by the laser
beam at a rate of 3 times per min. A Nikon EOS 60D camera (Tokyo, Japan) was used to
take photographs of anti-counterfeiting patterns with suitable optical filters.

3. Results and Discussion

Figure 1 exhibits the XRD patterns of the four samples synthesized by different meth-
ods combined with a non-equivalent doping strategy. As shown in Figure 1b,e, the XRD
patterns of the two samples (one is Zn3Lig 4Ga; ¢GeOg:Mn synthesized by a hydrothermal
approach, and the other is Zn3Ga,GeOg:Mn prepared by a solid-state reaction method) are
similar and both dominated by a spinel-structured solid solutions of cubic phase ZnGa,O4
(JCPDS No. 01-071-0843) and cubic phase Zn,GeOy (JCPDS No. 01-007-9080) (Figure 1f,g),
accompanied with a rhombohedral Zn,GeO,4 (JCPDS No. 04-007-5691) secondary phase
(Figure 1a). Zny 4Lip ¢GapGeOg:Mn samples synthesized by a hydrothermal approach, as
shown in Figure 1c, are the compounds of cubic ZnGa;Oy4 (JCPDS No. 01-071-0843) with
an Fd3m space group and rhombohedral Zn,GeOy (JCPDS No. 04-007-5691) with an R3
space group [6,14,15]. While the XRD patterns of Znjy 4LipGayGeOg:Mn prepared by a
solid-state reaction method in Figure 1d demonstrate spinel-structured solid solutions of
ZnGayO4 and ZnyGeOy [16,17]. 1t is reported that Zn3Ga,GeOs solid solutions are formed
by Ge** substituting for Ga3* into a ZnGa,Oy lattice, where excessive Zn>" is necessary to
counterbalance the charge disequilibrium [6,17]. It was observed that a solid solution is
easier to form when Li replaces Ga, as shown in Figure 1b, which corresponds to a reduced
Ga to Zn ratio but an excess of Zn in the hydrothermal reaction process, relative to Li*
replacing Zn?* (Figure 1c). With the addition of Li*, substituting for Zn?* (Figure 1d) in
the solid-state reaction, the phase purity becomes higher relative to the results shown in
Figure 1e, indicating that the Ge** ions (53 pm for ionic radius) enter into octahedral Ga®*
(62 pm for ionic radius) sites [17] and Li* (76 pm for ionic radius) is substituted for Zn%*
(74 pm for ionic radius) sites [18] for charge compensation [19]. The results of XRD patterns
indicate that different preparation approaches and non-equivalent doping strategies have a
great influence on the crystal structure of the ZnzGa,GeOg phosphor.
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Figure 1. XRD patterns of ZnsLig4Gaj ¢GeOg:Mn, Zn; 4Lip sGapGeOg:Mn and ZnzGa,GeOg:Mn
phosphors.  (a) Standard data for rhombohedral Zn,GeO4 (JCPDS No. 04-007-5691); (b,c)
Zn3Lip4Gag GeOg:Mn and Znj 4Lip GapyGeOg:Mn phosphors synthesized by hydrothermal ap-
proach; (d,e) Znj 4LipsGayGeOg:Mn and Zn3Ga;GeOg:Mn phosphors synthesized by solid-state
reaction; (f,g) Standard data for cubic ZnGayOy4 (JCPDS No. 01-071-0843) and cubic Zn,GeOy4 (JCPDS
No. 04-007-9080).

SEM images (Figure 2) demonstrate that the morphology of these phosphors are ir-
regular micro-particles with faceted surfaces. Their size remarkably changes from around
0.3 um for Zn3Lip4Gay6GeOg:Mn and Zny 4Lig sGa;GeOg:Mn phosphors (Figure 2a,b)
synthesized by a hydrothermal method to around 5 pm for Zn; 4Lip sGayGeOg:Mn and
Zn3GapyGeOg:Mn (Figure 2c,d) synthesized by a solid-state reaction. Elemental map-
pings of Zn3Lip 4Gaq GeOg:Mn phosphors synthesized by a hydrothermal method and
Zn3GayGeOg:Mn phosphors synthesized by a solid-state reaction (Figure 2e,f) show the
even distributions of Zn, Ge, Ga, and O, indicating that there is no difference in element
types and element distribution in these two kinds of samples. Clearly, the preparation
method is one of the key factors that determines the crystal structure and morphology
of these phosphors. The reasons for the differences in the crystal phase structure of the
samples prepared by different methods could be complex. In a solid-state reaction system, a
high temperature facilitates GeO, volatilization, leading to the formation of a solid solution.
On the other hand, hydrothermal conditions may also be beneficial for the coexistence of
rhombohedral Zn,GeO, and cubic ZnGayOy.

All phosphors used in the experiments were annealed at 1100 °C due to their more
distinctive luminescence features than their as-synthesized counterparts. Manganese-
activated gallogermanate-based phosphors synthesized by a hydrothermal approach via Li
replacing 20% Ga>* are referred to as ZnsLig 4Gaj ¢GeOg:Mn phosphor, and those synthe-
sized via Li replacing 20% Zn%* are referred to as Zny 4Lip ¢GayGeOg:Mn phosphor. The
Zn3Lip4Gaj 6GeOg:Mn phosphor was investigated first, and Figure 3 illustrates its excited
wavelength-dependent luminescence features. Under a 254 nm UV lamp excitation, a blue—
white broad-band spectrum in the range of 400-750 nm was achieved (Figure 3a) and could
be ascribed to the transitions of matrix defect levels. When the excitation wavelength was
switched to 357 nm, the strong red emission of Mn** ions from 2E—*4A, (peaking at 701 nm)
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transitions could be obtained, accompanied with a weak green emission (540 nm) from
4T1(4G)—®A(6S) transitions of Mn?* ions (Figure 3a) [20,21]. Finally, when the sample
was irradiated with blue visible light at 467 nm, only a pure-red single band at 650-800 nm
from 2E—*A, of Mn** was observed (Figure 3a) [21]. PL excitation (PLE) spectrum moni-
toring at 540 nm shows a typical Mn?*-O?~ charge transfer band (CTB) centered at 283 nm
(Figure 3b) [22]. PLE spectrum monitoring at 701 nm shows two broad bands (excitation
band I at 200—400 nm and excitation band II at 400-620 nm) peaking at 357 nm and 467 nm
in Figure 3b. The excitation band I peaking at 357 nm originated from *A;—*T;, while
excitation band II peaking at 467 nm was assigned to the *A,—*T, transitions of Mn**
ions [23]. The profile and peak position on the PLE spectra monitored at 701 and 540 nm are
different, which indicates that red and green emissions come from different Mn emission
centers. These spectra indicate that Li* replacing Ga>* provides an opportunity for Mn
to occupy the octahedral Ga®* sites. As a result, in ZnsLig4Gaj ¢GeOg:Mn crystals, Mn
occupies two kinds of positions: one is a tetrahedral Zn site, and the other is octahedral Ga
site. These results are consistent with the above XRD analysis.

d
20 ym

Figure 2. SEM images (a—d) and EDX mapping (e,f) of Zn3Gap,GeOg phosphors annealed at 1100 °C.
(a,b) ZnzLij 4Ga; GeOg:Mn phosphor in (a) and Znj 4Lij GayGeOg:Mn in (b) synthesized by hy-
drothermal approach; (c,d) Zny 4Lip sGarGeOg:Mn in (¢) and Zn3Ga;GeOg:Mn in (d) synthesized
by solid-state reaction; (e) EDX mapping of Zn3Lip4Gaj GeOg:Mn synthesized by hydrothermal
approach; and (f) EDX mapping of Zn3Ga,;GeOg:Mn synthesized by solid-state reaction.

In addition, the Zn3Lip4Gaj ¢GeOg:Mn phosphor can demonstrate superior green
PersL properties. After the removal of UV radiation, the green luminescence (monitored at
540 nm) of the Zn3Lip 4Ga; ¢GeOg:Mn phosphor shows a long PersL signal (Figure 3c). A
PersL spectrum achieved at 7 s of the decay is shown in the inset of Figure 3b. The similar
PersL profile indicated that the PersL could be attributed to the Mn?2* ions. From Figure 3c,
it is evident that ZnzLip 4Gaj ¢GeOg:Mn phosphor exhibited a good green PersL. Moreover,
the excitation wavelength-dependent PersL duration is shown in Figure 3¢, which may
originate from the pre-irradiated wavelength-dependent trapping and detrapping [24].
Aside from PL and PersL, the UV pre-irradiated Zn3Lip4Ga; 4GeOg:Mn phosphor also
exhibited superior PSL capabilities, peaking at 540 nm and 670 nm (Figure 3a) under the
illumination of a 980 nm laser diode, which is consistent with previous reports [25,26].
We still found that the PL and PSL emission spectra were slightly different (Figure 3a).
We know that green luminescence (with PersL feature) and red luminescence (without
PersL characteristics) originate from the Mn?* and Mn** luminescent centers, respectively.
Theoretically, red PSL should not be observed due to no red PersL. Surprisingly, we
could still observe red luminescence, but no green luminescence was achieved when we
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emptied the traps of Zn3Lip4Ga; ¢GeOg:Mn phosphor and then the sample was excited
under 980 nm, suggesting that the red fluorescence may be derived from the upconversion
fluorescence of Mn ions [27]. These results show that red and green PL with different
luminescent features should derive from the luminescent center with different coordination
environments.
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Figure 3. Excited wavelength-dependent fluorescence characteristics of ZnsLip4Gaj GeOg:Mn
phosphors synthesized by hydrothermal approach. (a) PL spectra under various selective excitation
and PSL upon 980 nm laser diode (0.5 W) irradiation; (b) PLE spectra (monitored at 540 or 701 nm);
(c) PersL decay curves (monitoring at 540 nm) after irradiation by using 254 nm or 357 nm light for
5 min, the inset is the PersL emission spectrum achieved at 7 s of the decay.

Interestingly, the fluorescent colors of Mn-activated Zn3Ga,GeOg phosphor prepared
by a hydrothermal approach could be further finely adjusted by substituting Zn?* with
Li* to tune the occupancy rate of Mn ions in Zn?* and Ga3* sites. Figure 4 shows the lumi-
nescence characteristics of Zny 4Lip ¢Ga,GeOg:Mn phosphor prepared by a hydrothermal
approach. As expected, the fluorescence emission color changed from green to yellow
to red in response to the excitation wavelength (Figure 4a). Under excitation at 254 nm,
the sample showed a broad-band emission spanning a range of 400-800 nm wavelength
(Figure 4a), which is similar to the emission of Zn3Lip4Gaj GeOg:Mn phosphor. When
the excitation wavelength was switched to 337 nm, the green emission (Figure 4a), which
can be assigned to the *T(4G)—°A;(6S) transition of Mn?*, dominated the emission, ac-
companying the weak red emission peaking at 701 nm [26]. PLE spectrum monitored
at 540 nm exhibited twin peaks in a 200-400 nm wavelength range (Figure 4b), which
were assigned to the Mn?*—~0%~ CTB and the 5d—5d transition of Mn?* with tetrahedral
coordination [9,22]. Under the 413 nm excitation, the phosphors exhibited a narrowband
red emission (Figure 4a) originating from the spin-forbidden *T; (4G)—°A1(6S) transition
of Mn?* in the strong octahedral crystal field, which is different from the deep red emission
of Mn** (Figure 3a) of Zn3Lij 4Gaj GeOg:Mn phosphor. The PLE spectrum monitored at
701 nm exhibited triplet peaks at 276, 413 and 575 nm (Figure 4b), which were assigned to
the Mn?*—02?~ CTB (276 nm) and the 5d—5d Mn?* transition (413 and 575 nm) [24]. Aside
from wavelength-dependent PL properties, the UV pre-irradiated Znj 4Lij (Ga,GeOg:Mn
phosphor also showed excellent green PersL (Figure 4c) and green PSL (Figure 4a) capability
under the 980 nm laser diode illumination.
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Figure 4. Excited wavelength-dependent fluorescence characteristics of Znj 4Lip ¢GayGeOg:Mn
phosphors prepared by hydrothermal approach. (a) PL spectra under various selective excitation
and PSL upon 980 nm laser diode (0.5 W) irradiation; (b) Excitation spectra monitoring at 540 and
701 nm; (c) PersL decay curves (monitoring at 540 nm) after irradiation by using 254 nm or 337 nm
light for 5 min, the inset is the PersL. emission spectrum achieved at 7 s of the decay.

Zny 4Lip 6GayGeOg:Mn and Zn3zGa;GeOg:Mn phosphors synthesized by solid-state
reaction demonstrated completely different fluorescence characteristics. The PLE and PL
spectra of these phosphors are illustrated in Figure 5. We found that Zn3Ga,GeOg:Mn phos-
phor exhibited a broad-band red emission at 650-800 nm from 2E—*A, transition of Mn**
ions, accompanied with the weak green color broad-band emission at 500-600 nm from
matrix defect in Figure 5a. Meanwhile, Zn; 4Lip sGayGeOg:Mn phosphor demonstrates a
broad-band pure-red emission at 650-800 nm upon the 365 nm excitation, indicating that Li
doping turns Mn** into the spin-allowed weak crystal field, leading to a broader red band
emission. In addition, the perceptible color of luminescence from the two samples can be
directly observed, as shown in the digital imaging signals (Figure 5b). Compared with the
orange light of Zn3Ga,;GeOg:Mn phosphors without Li, the Zn; 4Lij (GayGeOg:Mn phos-
phor exhibits an enhanced pure-red emission from Mn** ions at 701 nm. The profile and
peak position of PLE spectra (Figure 5a) are similar to the PLE spectra monitored at 701 nm
as shown in Figure 3b, which indicates that the broad-band red luminescence for three
samples (including Zn, 4Lip sGayGeOg:Mn and Zn3Ga,;GeOg:Mn phosphors synthesized
by solid-state reaction and Zn3Li 4Ga; GeOg:Mn phosphor synthesized by hydrothermal
approach) come from the same Mn** emission centers.

Comparing the spectral characteristics of the four samples, we found that the emis-
sion peak at 701 nm and their PLE spectra show the same spectral profile and position
in the three samples (Zn3Lip4Gaj sGeOg:Mn synthesized by a hydrothermal approach;
Zny 4Lig ¢GapGeOg:Mn and ZnzGa;GeOg:Mn phosphors synthesized by solid-state re-
action). Comparing the XRD patterns of the three samples, we can find that all three
samples have the same spinel-structured solid solutions. Combined with the spectral
features, the broad red emission bands peaking at 701 nm are easily ascribed to 2E—4A,
transitions of Mn** [28,29], which occupied octahedral sites in a spinel-structured solid
solutions of ZnGa,O4 and Zny,GeOy. While the emission spectrum peaking at 701 nm
and its PLE spectrum of Znj 4Lip sGaGeOg:Mn synthesized by a hydrothermal approach
(Figure 4a,b) are different from the other three samples. The spin-forbidden red narrow-
band emission peaking at 701 nm can be ascribed to the 4T1(4G)—%A 1 (6S) transitions
of Mn?*, which occupied the strong octahedral crystal field [30,31] in the cubic phase
ZnGayOy lattice. Similarly, green luminescence with PersL and PSL features can be ob-
served only in Zn3Lip 4Ga; ¢GeOg:Mn and Znj; 4Lip ¢GayGeOg:Mn phosphors with a rhom-
bohedral Zn,GeOy phase synthesized by a hydrothermal approach, indicating that the
rhombohedral Zn,GeOy is a good matrix for generating green afterglow of Mn?*-occupied
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tetrahedral sites. The broad emission band (400-750 nm) from Zn3Lij 4Gai ¢GeOg:Mn and
Zny 4Lig ¢GapyGeOg:Mn phosphor synthesized by a hydrothermal approach could be as-
signed to matrix defects under a 254 nm UV lamp excitation, which can be further verified
by the PL and PLE spectra of undoped Zn3Li 4Ga; 4GeOg phosphor, as shown in Figure 6a.
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Figure 5. PLE and PL spectra and the corresponding digital PL images of Zn; 4Lij GayGeOg:Mn
and Zn3Ga,GeOg:Mn phosphors synthesized by solid-state reaction. (a) PLE spectra monitored at
701 nm and PL spectra under 365 nm UV lamp excitation; (b) Digital PL photographs under 365 nm
irradiation. The camera parameters are manual/ISO 3200/1 s. The slight difference in PL spectra can

be seen in the cyan dash dot ellipse.
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Figure 6. (a) PL (excitation at 254 nm) and PLE (monitoring at 540 nm) spectra of undoped
Zn3Lij 4Gay ¢GeOg phosphors synthesized by hydrothermal approach; (b) TL spectra obtained after
5 min illumination for Zn3Lij 4Ga; ¢GeOg:Mn (green curve) and Zn; 4Lij ¢Gap,GeOg:Mn phosphors
(red curve) prepared by hydrothermal method.

As a result, the hydrothermal approach is an effective method for the preparation of af-
terglow phosphors. The stored energy of Zn3Lij 4Ga; 4GeOg:Mn and Zn; 4Li0 4Ga; GeOg:Mn
PersL phosphors can also be triggered by heating, which helps to release the absorbed
energy and provide insights into PersL mechanism. TL curves monitored at 540 nm are
shown in Figure 6b. The TL curves for Zn3Liy4Gaj GeOg:Mn (Figure 6b, green curve)

60



Nanomaterials 2022, 12, 2029

and Zn;4LipGayGeOg:Mn (Figure 6b, red curve) are similar and can be divided into
two broad bands at 358 K and 376 K, and at 363 K and 423 K, respectively. These re-
sults indicate the presence of a shallow trap and deep trap in the two matrix materials,
and the existence of the deep traps provides the conditions for generating PersL. Com-
pared to Zn3zLij 4Gaj GeOg:Mn phosphor, the traps of Znj; 4Liy sGayGeOg:Mn phosphor
are deeper, which may explain why Znj 4Lip sGa;GeOg:Mn phosphor has a long green
afterglow duration. The possible luminescence mechanisms, including green PL, PersL
and PSL from Mn?*, and the two red PL from Mn?* and Mn** are proposed and shown in
Figure 7 [8,22,32,33].
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Figure 7. The proposed PL, PersL and PSL schematic diagram for green and red luminescence of
Mn2* /Mn?** in the Zn;GayGeOg phosphors. Therein, @ UV light excitation, ) energy (or electron)
transfer processes, 3 trapping, @ release. The straight-line arrows and curved-line arrows stand for
optical transitions and energy (or electron) transfer processes, respectively. Note that the solid and
dashed lines represent the Ty energy levels of Mn?* in the weak tetrahedral crystal field and strong
octahedral crystal field, respectively.

As shown in Figure 7, under UV excitation, electrons are first excited to the Mn2+-0%~
CTB or the excited state of Mn ions, some electrons reach the conduction band through
photoelectric separation and are trapped by traps, and some electrons are relaxed to 4Ty
and 2E levels through lattice vibration or non-radiation, resulting in 4T, (4G)—°A4 (6S)
(540 nm) transitions of the Mn?*-occupied tetrahedral site, *T; (4G)—°A; (6S) (701 nm)
transitions of Mn?* at the octahedral site, and 2E—*A, (701 nm) transitions of Mn** at the
octahedral site. When the excitation is stopped, the trapped electrons in the trap reach the
conduction band through lattice thermal vibration and are released to the *T; energy level
of Mn?* ions, resulting in green continuous fluorescence from 4T (4G)—0A, (6S) (540 nm).

The luminescent emission color response to excitation wavelength and excitation
power is convenient for various applications [8,34,35]. To verify the feasibility of the phos-
phors in the anti-counterfeiting fields, we used these phosphors as inks printed the table
lamp patterns in Figure 8. Figure 8a depicts the schematic diagram of these patterns. The
lampshade and bulb are printed with Zn3Lip 4Ga; ¢GeOg:Mn and Zn; 4Lip sGayGeOg:Mn
phosphor synthesized by a hydrothermal approach, respectively.
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Figure 8. Digital photographs of a triple-mode (PL, PersL, and PSL modes) ‘chandelier’ pattern
printed used Zn3Lij 4Gaj GeOg:Mn phosphor (lampshade) and Zny 4Lip sGapGeOg:Mn phosphor
(light bulb) synthesized by hydrothermal approach. (a) The design of the ‘chandelier” pattern; (b,c) PL
and PersL images acquired upon and after 254 nm UV light excitation (for 5 min); (d,e) PL and PersL
images acquired upon and after 365 nm UV light excitation (for 5 min); (f) PSL images upon a
980 nm laser diode irradiation (at 0.5 W). The PSL imaging was achieved until the disappearance of
chandelier to the naked eye. The camera parameters are manual/ISO 3200/4 s.

Upon the irradiation of 254 nm UV light, the lampshade became blue-white due to
the color mixture of the Mn PL and the defect fluorescence of matrix [36] (Figure 8b), while
the bulb became blue—green (Figure 8b). After the stoppage of excitation light, both the
lampshade (dark green) and the bulb (bright green) emitted green PersL (Figure 8c), while
upon the irradiation of 365 nm UV light, the lampshade and the bulb emitted bright red
PL and green PL, respectively (Figure 8d). After the stoppage of UV excitation, these two
patterns both showed green PersL colors with different saturations (Figure 8e). After these
two patterns disappeared, the entire ‘desk lamp” pattern was illuminated by a 980 nm laser
diode; the lampshade and the bulb were lit again (Figure 8f), with the lampshade emitting
a dark green color and the bulb emitting a yellow—green color (for a 980 nm illumination
at 0.5 W), which is consistent with spectral characterization. Therefore, Mn-activated
Zn3GayGeOg phosphors hold a promise for multi-chrome (green, yellow and red) and
multi-mode (PL, PersL, and PSL) anti-counterfeiting applications [37-39]. In addition, the
PSL and PL of nanomaterials can be used for photodynamic activation [40], dosimetry [41],
thermometry [42] and solid-state lighting [43].

Additionally, we need to point out that, for practical applications, the possibility of
the power of the laser diodes (2 and 5 W for the 808 nm and 980 nm lasers, respectively)
to generate even secondary heating effects on the samples should be considered. It is true
that NIR lasers, such as 808 nm or 980 nm lasers, have been widely used for photothermal
therapy (PTT) [44-46]. However, for PTT, the materials have strong absorptions for NIR,
but they do not have luminescence. So, the energy absorbed is released as heat, while in the
luminescence materials, the absorbed energy is released as luminescence [47,48]; therefore,
heating is not a critical issue, even though it is unavoidable. Heating is always an issue for
many applications with NIR lasers.

4. Conclusions

In summary, manganese-activated gallium germanate phosphors were successfully
synthesized in two approaches, including a high-temperature solid-state reaction ap-
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proach and a hydrothermal method. We found, for the first time, that these Mn-activated
Zn3Gap;GeOg phosphors prepared by a hydrothermal method and solid-state reaction
method have different crystal phase structures and spectral properties. The phosphors
prepared by the hydrothermal method exhibited a double-peak emission, including green
PL with a PersL feature and red PL without a PersL effect, due to simultaneously having
two kinds of occupancy sites. While the Mn-activated Zn3Ga,GeOg phosphors prepared by
a solid-state reaction method only exhibited red PL. In addition, Li* ions were selectively
substituted for the tetrahedral Zn site or the octahedral Ga site, leading to green light
emission at 540 nm (*T;(G)—°A4(S) transition of Mn2*) with an afterglow and red light
centered at 701 nm ((E—*A, transition of Mn**) in the absence of afterglow. Particularly,
Mn-activated Zn3GayGeOg phosphors synthesized by a hydrothermal approach via Li*
replacing the Zn?* or Ga®* sites exhibit dynamic and multicolor emissions as luminescence
labels for multiple anti-counterfeiting, thus revealing the great potential of these phosphors
in multicolor display, anti-forgery, and other potential applications.
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Abstract: The synthesis of room temperature phosphorescent carbon dots (RTP-CDs) without any
matrix is important in various applications. In particular, RTP-CDs with dual modes of excitation are
more interesting. Here, we successfully synthesized matrix-free carbonized polymer dots (CPDs) that
can generate green RTP under visible and ultraviolet light dual-mode excitation. Using acrylic acid
(AA) and ammonium oxalate as precursors, a simple one-pot hydrothermal method was selected
to prepare AA-CPDs. Here, acrylic acid is easy to polymerize under high temperature and high
pressure, which makes AA-CPDs form a dense cross-linked internal structure. Ammonium oxalate
as a nitrogen source can form amino groups during the reaction, which reacts with a large number of
pendant carboxyl groups on the polymer chains to further form a cross-linked structure. The carboxyl
and amino groups on the surface of AA-CPDs are connected by intermolecular hydrogen bonds.
These hydrogen bonds can provide space protection (isolation of oxygen) around the AA-CPDs
phosphor, which can stably excite the triplet state. This self-matrix structure effectively inhibits the
non-radiative transition by blocking the intramolecular motion of CPDs. Under the excitation of
WLED and 365 nm ultraviolet light, AA-CPDs exhibit the phosphorescence emission at 464 nm and
476 nm, respectively. The naked-eye observation exceeds 5 s and 10 s, respectively, and the average
lifetime at 365 nm excitation wavelength is as long as 412.03 ms. In addition, it successfully proved
the potential application of AA-CPDs in image anti-counterfeiting.

Keywords: carbon dots; room temperature phosphorescence; visible/ultraviolet light excitation;
anti-counterfeiting

1. Introduction

Room temperature phosphorescence (RTP) has a longer life than fluorescence and
has a wide range of applications in safety [1,2], optoelectronic devices [3,4], and biological
imaging [5,6]. In fact, phosphorescence is difficult to achieve at room temperature due
to spin prohibition, the probability of transitions between singlet (S1) and triplet states
(T1) is extremely low, and triplet phosphorescence is easily quenched by oxygen [7,8].
However, recent studies have found that the possibility of adjusting the properties of
afterglow emission through simple structural modifications [9-13] looks promising. CDs,
as an emerging carbon-based luminescent nanomaterial, has attracted more and more
attention for its RTP performance due to its low cost, convenient preparation, good stability,
environmental friendliness, and low toxicity [14-16]. At present, the RTP phenomenon
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based on CDs is more through embedding in various substrates, including polyvinyl
alcohol [13], polyacrylamide [17], polyurethane [18], urea/biuret [10], boric acid [19],
layered double hydroxides [20], etc. Although the introduction of substrates can achieve
the RTP of CDs, the inherent chemical and physical properties of substrates hinder the RTP
properties and applications of CDs [21].

In recent years, matrix-free RTP CDs materials were obtained through hydrogen
bonds formed by the internal functional groups of CDs, which can effectively inhibit
intramolecular vibration and rotation [2,22,23]. Meanwhile, the complex preparation
process, high toxicity, high cost, and potential environmental hazards caused by the method
of embedding matrix are also solved [24]. Specifically, the introduction of -COOH and -OH
groups facilitates the formation of hydrogen bonds, which can provide spatial protection
around the phosphor and further stabilize triplet excitons of the RTP emission [25]. The
doping of N, P, or halogen in CDs promotes the generation of n-7* transition, which
promotes the transformation of excitons into triplet states through intersystem crossover
(ISC) [1,2,22,23]. Moreover, the doped CDs can reduce energy gap (AEgt) [1], which is
conducive to the self-fixation of triplet excitons.

However, the vast majority of reported matrix-free RTP-CDs materials need to be
excited under ultraviolet light, which greatly limits their application (such as biology
related fields [26]). Compared with ultraviolet light, visible light is less phototoxic, more
penetrating, and more likely to trigger RTP [21,27,28]. Hu [21] et al. reported that orange
afterglow of CDs prepared from L-aspartic acid as raw material can be observed under
commercial blue LED (420 nm), suggesting that L-aspartic acid could form a structure
similar to crosslinked polymer at high temperature. In fact, the CDs obtained due to
the incomplete carbonization of the polymer clusters should be classified as carbonized
polymer dots (CPDs) [29]. CPDs exhibit a polymer/carbon hybrid structure, which not only
have excellent optical properties, but also inherit the properties of polymers and special
photoluminescence (PL) mechanism [30]. The CPDs formed by polymerization of certain
structures may produce RTP emissions. This process is considered to be able to self-fix to
excite the triplet state to form a more compact core structure, which is similar to the process
of embedding in a solid matrix [31]. Of course, effective ISC is another key factor that must
be considered to implement RTP.

In this work, we found that the CDs prepared with acrylic acid (AA) as carbon
source and ammonium oxalate as nitrogen source were CPDs with self-matrix properties,
namely AA-CPDs, which can be used as a solidified host or as a luminescent guest without
any matrix doping. It has the property of generating green RTP emission under the
dual-mode excitation of visible/ultraviolet light. This choice is based on the following
considerations: (i) Acrylic acid can be polymerized and forms polymer at high temperature.
The high-temperature and high-pressure conditions of the hydrothermal process increase
the collision, entanglement, and crosslinking between polymer chains. Therefore, AA-CPDs
have a tighter and better cross-linked internal structure. (ii) The -OH groups and the O
atoms of C=0 can be used as multiple reaction sites for cross-linking polymerization to
form intramolecular hydrogen bonds with amino groups, respectively. Amino groups have
been proven to be an effective sub-fluorophore for fluorescence emission [32]. (iii) The N
atoms of amino groups are conducive to the n-7* transition, thereby promoting the effective
filling of triplet excitons in ISC [33,34]. What is exciting is that solid AA-CPDs show a
green afterglow after the visible/ultraviolet light is turned off. The afterglow is visible to
the naked eye for more than 5 s and 10 s, respectively. The phosphorescence lifetime can
reach 412.03 ms under 365 nm excitation, and it has stable phosphorescence performance.
More importantly, AA-CPDs excited in the visible/ultraviolet light dual modes have great
application potential in advanced anti-counterfeiting and hiding of complex patterns. This
study provides a simple and rapid new method for preparing matrix-free RTP-CDs under
the dual-mode excitation of visible/ultraviolet light.
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2. Experimental
2.1. Chemicals

Acrylic acid (AA), ammonium oxalate, and oxalic acid were purchased from Aladdin
(Shanghai, China). All reagents were of analytical grade and used as received without
further purification. Ultrapure water was prepared by a Milli-Q ultrapure water system for
all experiments.

2.2. Synthesis of AA-CPDs

Ammonium oxalate (0.2 g) and acrylic acid (3 mL) were dissolved in ultrapure water
(12 mL). Then, the solution was subsequently transferred to a 50 mL poly(tetrafluoroethylene)-
lined stainless steel autoclave, heated at 180 °C for 8 h, and cooled to room temperature.
Thus, a dark-yellow suspension was obtained. The suspension was sonicated (at 40 kHz)
for 10 min, filtered through a 0.22 um filter membrane and centrifuged (at 10,000 r/min)
for 15 min to remove large particles. The obtained solution was placed in a dialysis bag
(Mw =500 Da) to remove the unreacted reagents. The water in the dialysis bag should
be changed frequently at the beginning of dialysis, and then changed every 4 h until
it is clear and transparent for 72 h. The solution dialyzed was freeze-dried for 36 h to
obtain AA-CPDs powders, then the powders were collected, sealed, and preserved for
further usage.

2.3. Apparatus and Characterization

The morphology of AA-CPDs was measured by a JEM-ARM200F high-resolution
transmission electron microscope (HRTEM) at an acceleration voltage of 200 kV (Hitachi,
Tokyo, Japan). An X'Pert pro X-ray diffractometer (PANalytical, Amsterdam, The Nether-
lands) was used to determine the crystalline pattern of AA-CPDs. A Hyperion Fourier
transform infrared (FTIR) spectrometer (Bruker, Leipzig, Germany) was used to record
the FTIR spectrum of AA-CPDs. An ESCALAB 250Xi electronic spectrometer (Thermo,
Waltham, MA, USA) was used to examine the X-ray photoelectron spectroscopy (XPS)
spectra of AA-CPDs. A U-3900 UV-vis spectrophotometer (Hitachi, Japan) was used to
measure the UV-vis absorption spectra of AA-CPDs. An FS5 spectrofluorometer (Edin-
burgh, England) was used to gain fluorescence and phosphorescence spectra of AA-CPDs.
An Fluorolog 3-11 spectrofluorometer (Horiba, Japan) was used to determine the fluores-
cence lifetime of AA-CPDs. An FLS-1000 fluorescence spectrometer (Edinburgh, UK) was
used to measure the phosphorescence lifetime of AA-CPDs.

3. Results and Discussion
3.1. Characterization of AA-CPDs

AA-CPDs with green phosphorescence under visible/ultraviolet light dual-mode
excitation were prepared by one-step hydrothermal method using acrylic acid (AA) and
ammonium oxalate as precursors without adding any acid, base, or metal ions (Figure 1a).
The AA-CPDs powders show light yellow under sunlight and green phosphorescence
under visible/ultraviolet dual-mode excitation (Figure 1b).

To understand the properties of the material, the morphology and particle size of the
AA-CPDs were investigated and shown in Figure 2a,b. The high-resolution transmission
electron microscopy (HRTEM) image (Figure 2a) of AA-CPDs reveals that AA-CPDs are
nearly spherical and well-dispersed and the lattice spacing is 0.21 nm, which matches
the in-plane lattice spacing of graphene (100 facet) [35]. Figure 2b shows the particle size
distribution of AA-CPDs, with an average particle size of 4.7 & 0.9 nm. It can be observed
from the X-ray diffraction (XRD) pattern (Figure 2c) that the peak of AA-CPDs is located at
26 =20.14°, corresponding to the (100) crystal plane of graphite-like carbon [35]. The XRD
pattern shows a wide diffraction band, which reveals the amorphous nature of AA-CPDs.
FTIR analysis was performed to reveal information about the surface functional groups
of AA-CPDs. The FTIR spectrum of AA-CPDs shown in Figure 2d exhibits that a strong
and wide peak across the range of 3500-2500 cm~! indicates the presence of polymerized

69



Nanomaterials 2022, 12, 2210

carboxyl [36] functional groups on the surface of AA-CPDs. The peaks at 2850 cm ™! and
1760 cm ™1 are the stretching vibrations of C-H [37] and C=0 [38], respectively. In addition,
the stretching vibration of C=N [39] (1440 cm ') and the bending vibration of N-H [40]
(787 cm~!) were detected in AA-CPDs, indicating that polyaromatic structures form in their
skeletons. The results show that AA-CPDs have polymer/carbon hybridization structures
consisting of hydroxyl, carbonyl, and imine groups. Notably, the existence of C=O/C=N
functional groups has been reported to facilitate the generation of triple excitations through
intersystem intersection (ISC) [2,41].
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Figure 1. (a) Synthetic route of AA-CPDs. (b) Schematic illustration of AA-CPDs with WLED and
UV excitation (365 nm).
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Figure 2. (a) HRTEM image, (b) Size distribution, (¢) XRD pattern, and (d) FT — IR spectrum of
AA-CPDs.

To further confirm the above FTIR analysis, the XPS spectra of the AA-CPDs were
recorded in Figure 3a—d. The results show that AA-CPDs are composed of 73.03% C, 25.99%
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O, and 0.98% N (Figure 3a). The C1s XPS spectrum (Figure 3b) has three peaks at 284.6 eV,
285.2 eV, and 288.8 eV, which are attributed to C—C or C=C [42], -COOH [43], and C-N [44],
respectively. The N1s XPS spectrum (Figure 3c) consists of two components: pyrrolic N
(400.2 eV) [40] and amino N (401.6 eV) [44]. The Ols XPS spectrum (Figure 3d) can be
deconvoluted into two peaks at 531.9 eV and 533.3 eV, indicating the existence of C-OH
and C=0 [40], respectively. The wide Ols band facilitates RTP production [2,41].
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Figure 3. (a) XPS spectrum, (b—d) XPS fitting results for the C1s, N1s, and O1s spectra of AA-CPDs.

3.2. Fluorescence of AA-CPDs

The optical properties of AA-CPDs in aqueous solution and solid state were deter-
mined by UV-vis and fluorescence spectroscopy, respectively. The normalized UV-vis
absorption, fluorescence excitation, and emission spectra of the AA-CPDs in aqueous so-
lution are shown in Figure 4a. The UV-vis absorbance spectrum of the AA-CPDs (black
line) showed one prominent peak centered around 210 nm. The peak was ascribed to
the n—7* transition of the C=0O bonds of carboxyl groups and 7-7* transition of the C=C
bonds comprising the aromatic network [45]. Notably, the presence of the C=O groups has
previously been reported to facilitate the generation of intrinsic triplet excitons through
ISC [10,41]. The emission wavelength of AA-CPDs was observed at 408 nm (blue line)
under the optimal excitation wavelength of 330 nm (purple line). The excitation-emission
map (Figure 4b) of the AA-CPDs in aqueous solution exhibits a single emission center (the
maximum emission at 408 nm) ranging from 360 nm to 520 nm, which shows that fluores-
cence spectral characteristic is independent of excitation. The widespread absorption in UV
regions (300-360 nm) is attributed to complex polymer/carbon hybrid structures [29,46,47].
The excitation-independent behavior of AA-CPDs in aqueous solution can be associated
with the presence of one dominant fluorescence center. The best excitation peak of fluores-
cence excitation spectrum is 330 nm, which indicates that the C=0/C=N functional group
of AA-CPDs should be responsible for fluorescence emission [21].
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Figure 4. (a) The normalized UV-vis absorbance, FL excitation and emission spectra of AA-CPDs in
water. (b) Fluorescence spectra of AA-CPDs in water. (¢) UV-vis spectrum of the solid AA-CPDs.
(d) Fluorescence spectra of the solid AA-CPDs. (e) FL decay curve of the AA-CPDs in water.

Further, the UV-vis absorption and fluorescence spectra of solid AA-CPDs were ex-
plored and shown in Figure 4c,d, respectively. As can be seen from Figure 4c, the UV-vis
spectrum of solid AA-CPDs has two absorption peaks, including a strong absorption peak
at 217 nm and a shoulder peak at 284 nm. The occurrence of acromion is due to the absorp-
tion peak formed by n-m* transition in amide functional groups. The UV-vis spectrum of
solid AA-CPDs has two emission groups, which is consistent with their solid fluorescence
spectrum. Fortunately, AA-CPDs powers were found to have solid fluorescence and no
self-extinction [48,49]. Thanks to its inherent polymer structure, AA-CPDs successfully
overcome the aggregation-induced annihilation problem faced by most solid CDs [50].
AA-CPDs, exhibit excellent solid-state fluorescence and unique RTP performance without
the need for additional matrix or composite structures. The excitation and emission wave-
lengths of solid-state fluorescence are located at 400 nm and 478 nm, respectively. When the
excitation wavelengths change from 360 nm to 440 nm, the maximum emission wavelengths
of solid AA-CPDs change from 440 nm to 506 nm. It exhibits emission behavior associated
with excitation wavelength, which is a common feature of CPDs [51]. The fluorescence
emission wavelength of solid is red shifted compared with that of aqueous solution, which
may be because the 7-r* stacking interaction in solid enhances the energy transfer be-
tween AA-CPDs and generates new electronical states with emissions at long wavelength
region [52-54]. The expansion and red shift of AA-CPDs photoluminescent peaks from
aqueous solution to solid powder is attributed to the green RTP of solid powders [31].

The fluorescence decay profiles of AA-CPDs were studied at Aex = 365 nm (Figure 4d).
The decay curve of the AA-CPDs was fitted using a triadic exponential function with
lifetimes () of 0.6 ns (77.92%), 1.8 ns (21.83%) and 8.06 ns (0.25%). Average fluorescence
life conforms to exponential function fit, based on Equation (1) [55]:

- :ZAiTiz
T AT

)

The average fluorescence lifetime of AA-CPDs is calculated to be 1.31 ns. The absolute
FL quantum yield (QY) of AA-CPDs measured under 330 nm excitation is 8.8%, showing
the water-dispersed fluorescence properties.
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3.3. Phosphorescence of AA-CPDs

The fluorescence and afterglow emission spectra of AA-CPDs at 365 nm and WLED as
shown in Figure 5a. It can see that the AA-CPDs powders emit blue fluorescence at 443 nm
(purple line) under UV light (365 nm). When the UV light was turned off, the AA-CPDs
powders emit a green phosphorescence. The phosphorescence emission spectra have a
broad peak from 400 to 600 nm, mainly centered at 476 nm (green line). Under the excitation
of WLED, the phosphorescent emission wavelength of AA-CPDs is 464 nm (black line).
The phosphorescent lifetime of AA-CPDs were measured at room temperature and shown
in Figure 5b. The decay spectrum of AA-CPDs shows their long phosphorescent lifetime,
which can be fitted with a three-exponential function. The lifetime components were
determined to be 11.96 ms (16.04%), 98.40 ms (40.48%), and 476.08 ms (43.48%), respectively.
These results suggest the AA-CPDs possess multiple decay channels. According to the
following Equation (2) [56]:
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Figure 5. (a) FL and afterglow emission spectra of AA-CPDs at 365 nm and WLED. (b) Afterglow
lifetime of AA-CPDs at 365 nm excitation. (c) Images of AA-CPDs powders under UV 365 nm and
WLED on and off with time.

The average lifetime was calculated to be 412.03 ms (under excitation at 365 nm). RTP
of AA-CPDs was determined and shown in Figure 5c. When the visible/ultraviolet light
was removed, the phosphorescence signal of AA-CPDs can still be detected when t =5 s or
10 s. By comparing the afterglow lifetimes of CDs reported in the literature (Table 1), it can
be found that AA-CPDs have a great advantage in this work. Even if ground into powder,
RTP performance is still shown, indicating that the crosslink structure is highly resistant to
external damage.
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Table 1. A comparison between the decay time to naked eyes and the lifetime of afterglow for the
AA-CPDs with those of RTP carbon dots.

Dlifsljhflzaafrr‘i):ls AEm/nm Lifetime/ms DNeackaszll;;eeS/t;) Reference
RTP C-dots 535 750 9 |
NCDs 519 459 6 2]
AA-CDs 585 240.8 5 [21]
F-CDs 540 1390 10 [22]
P-CDs 525 1140 9 [25]
PCDs I-1 494 658.11 7 [37]
PCDs -2 - 379.22 14 [37]
PCDs I-3 - 188.58 0.2 [37]
NCDs 515 747 2 [24]
AN-CPDs-150 485 373.5 - [31]
AN-CPDs-180 490 436.1 - [31]
AN-CPDs-200 494 466.5 - [31]
AN-CPDs-230 500 257.8 - [31]
AN-CPDs-250 518 174.8 - [31]
AN-CPDs-280 532 117.2 - [31]
AN-CPDs-300 558 61.4 - [31]

AA-CPDs 476 412.03 10 This work

3.4. RTP Mechanism of AA-CPDs

In order to determine the source of RTP emission, the photophysical properties of the
AA-CPDs were thoroughly investigated. Firstly, the AA-CPDs exhibit blue fluorescence
(408 nm) in water without afterglow emission. The reason should be due to violent collisions
caused by the free movement of molecules [57], causing hydrogen bonds inside AA-CPDs
to be destroyed by the solvent effect of water molecules [24] (Figure 6 left). Secondly, the
fluorescence spectrum of solid AA-CPDs shows a wide band with a centre wavelength of
about 443 nm and a longer tail higher wavelength, which is caused by a phosphorescent
phenomenon [1,19]. The AA-CPDs can be closely cross-linked by hydrogen bonds after
water is removed, just as solid films are formed [34] (Figure 6 right). The AA-CPDs exhibit
non-excitation-related fluorescence spectral characteristics in aqueous solutions; however,
solids exhibit emission behaviour associated with excitation wavelengths, indicating that
more emission centres are generated in solids that are responsible for the RTP characteristics
of excitation dependence. Lastly, FT-IR and XPS analysis show that the AA-CPDs had
a polymer/carbon hybrid structure with many groups including carbonyl and amino
groups. According to previous reports, the C-N/C=N related groups in AA-CPDs have
been confirmed to be the cause of the triplet state correlation emission [22,47,52]. Therefore,
suppressing the quenching of triplet excitons generated in the C-N/C=N of CPDs is an
effective way to achieve self-protected RTP. Hydrogen bonds effectively lock the emitted
material and inhibit its intramolecular motion [13,41,58]. This is through nitrogen doping
to achieve the self-protection RTP characteristics of AA-CPDs.

In order to prove that N doping is conducive to the generation of RTP. Therefore,
we used oxalic acid instead of ammonium oxalate to prepare contrast CDs without N
element, which were named AA-CPDs1. The excitation spectrum of AA-CPDs1 has the
only peak located at 205 nm (Figure 7a). The best excitation and emission wavelengths
of solid AA-CPDsl are located at 360 nm and 426 nm, respectively (Figure 7b). Same as
AA-CPDs, the solid AA-CPDs1 also has excitation wavelength dependency. The difference
is that the fluorescence of AA-CPDs aqueous solution and solid has a red shift compared
with that of AA-CPDsl, indicating that the increase of N element leads to the red shift of
emission wavelength.
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Figure 6. Mechanism of the photophysical processes of AA-CPDs. (a) Schematic of the process for
achieving RTP; (b) The phosphorescence emission process of AA-CPDs; (c) Schematic diagram of
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water. (b) Fluorescence spectra of the solid AA-CPDs]1.

In addition, as can be seen from Figure 8, AA-CPDs1 has only 2 s of afterglow after
turning off UV light, which is significantly less than the afterglow time of AA-CPDs. Under
the excitation of WLED, AA-CPDs1 does not produce phosphorescence, only ultraviolet
light single mode excitation produces phosphorescence. These images illustrate the large
difference in RTP performance between the two materials. This result confirms that phos-
phorescent production is related to nitrogen element. This is consistent with previous
reports [34,59] that nitrogen facilitates the n-7r* transition, thereby facilitating the forbidden
spin transfer from singlet to triplet state excitons through intersystem crossover.
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f . 365UV ON Afterglow

Figure 8. Image of AA-CPDs and AA-CPDs1 powders under UV 365 nm on and off with time.

In order to further illustrate that acrylic acid can form long polymer chains during the
reaction process, this has been proved in several literatures [60,61]. It has been reported
that acrylic acid can form a variety of oligomers, such as dimer, trimer, and tetramer, at
high temperatures. Xia [29] et al. reported that carbonized polymer dots (CPDs) include
polymer properties, such as rich functional groups, short polymer chains, and incomplete
carbonization; meanwhile, a highly crosslinked network structure was formed through
dehydration and carbonization [62]. Therefore, we believe that acrylic acid (AA) can form
long chain polymers in 180 °C high pressure reactor, and the carbon dots prepared are CPDs.
A large number of suspended carboxyl and amino groups on the surface of AA-CPDs can
further form a cross-linked structure. The high degree of entanglement and cross-linking
structure greatly limits the intramolecular space of AA-CPDs and at the same time shortens
the distance between functional groups [50]. The existence of intermolecular interactions
inside AA-CPDs can further reduce vibration and rotation, thereby inhibiting non-radiative
relaxation [50]. Therefore, the self-matrix structure effectively inhibits the non-radiative
transition by blocking the movement of the polymer chain, and can also strongly prevent
oxygen quenching, presenting RTP at room temperature. In addition, the carbon dots can
find applications in sensing [63-65], photodynamic activation on cancer treatment [66—68]
and imaging [69-71], which are the topics for our research.

4. Conclusions

In summary, we successfully prepared RTP AA-CPDs using acrylic acid and ammo-
nium oxalate as raw materials. AA-CPDs have the characteristics of producing green RTP
under the dual-mode excitation of visible /ultraviolet light. Under environmental condi-
tions, the phosphorescence lifetime of the AA-CPDs solid is 412.03 ms, and the afterglow
of visible /ultraviolet light excitation is 5 s and 10 s for naked eye observation, respectively.
The carboxyl and amino groups on the surface of AA-CPDs are connected by intermolec-
ular hydrogen bonds. These hydrogen bonds may provide space protection (isolation
of oxygen) around the AA-CPDs phosphor, which can stably excite the triplet state. In
addition, through comparative experiments, we also verified that N doping promotes the
generation of triplet excitons in AA-CPDs. More importantly, the prepared AA-CPDs can
be used as a potential new type of smart hidden security material, which can be used
in fields such as advanced anti-counterfeiting and the hiding of complex graphics. This
research provides a method for simple and rapid preparation of metal-free RTP materials.
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Abstract: In this paper, a novel rare-earth-doped upconverted nanomaterial NaYF4:Yb,Tm fluorescent
probe is reported, which can detect cancer-related specific miRNAs in low abundance. The detection
is based on an upconversion of nanomaterials NaYF:Yb,Tm, with emissions at 345, 362, 450, 477, 646,
and 802 nm, upon excitation at 980 nm. The optimal Yb**:Tm** doping ratio is 40:1, in which the
NaYF4:Yb,Tm nanomaterials have the strongest fluorescence. The NaYF,:Yb, Tm nanoparticles were
coated with carboxylation or carboxylated protein, in order to improve their water solubility and
biocompatibility. The two commonly expressed proteins, miRNA-155 and miRNA-150, were detected
by the designed fluorescent probe. The results showed that the probes can distinguish miRNA-155
well from partial and complete base mismatch miRNA-155, and can effectively distinguish miRNA-
155 and miRNA-150. The preliminary results indicate that these upconverted nanomaterials have
good potential for protein detection in disease diagnosis, including early cancer detection.

Keywords: upconversion nanomaterials; novel fluorescent probe; miRNA-155; miRNA-150

1. Introduction

MicroRNAs (miRNAs) are important regulators of cell proliferation, division, differen-
tiation, and apoptosis. They can regulate the expression levels of various genes in DNA
post-transcriptionally. The abnormal expression of miRNAs has been associated with many
diseases (cancer, tumors, and diabetes) [1], and miRNAs can be obtained through blood,
urine, etc. [2], which has the advantage of being non-invasive. Therefore, miRNAs are
considered important biomarkers for tumors [3]. Patryk Krzeminski [4] et al. demonstrated
that DNA methylation contributes to miRNA-155 expression, and the survival data of
myeloma cells show a correlation between miR-155 expression and multiple myeloma
outcomes. A number of studies have shown that miRNA-155 is closely related to MM,
and the overexpression of miRNA 155 in blood is an important signal for the diagnosis of
MM [5-7]. Therefore, the detection of miRNA-155 to diagnose early MM is an important
and efficient method.

The concept of upconversion luminescence was first proposed by Auzel and
Ovsyankin et al. [8]. The radiation process is a nonlinear anti-Stokes emission, excited
by the effective absorption of two or more low-energy photons. Then, it transitions from
the ground state to the excited state through a multi-step process, and finally, it returns
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to the ground state energy level in radiative transition, realizing the conversion of long-
wavelength excitation light into short-wavelength emission light. The excitation wave-
length (980 nm) of upconverted nanomaterials is in the “optical transmission window”
of biological tissues [9-12] due to the least light absorbed by biological tissues [13-16].
This special luminescence process makes upconversion nanomaterials have incomparable
advantages over traditional organic dyes, quantum dots, fluorescent proteins, and other
biomolecular markers [17-19], such as near-infrared light as excitation light, resulting in
less photo-damage, lower auto-fluorescence background of biological tissue, and a deep
penetration depth [9-19]. In addition, rare-earth-doped upconversion nanoparticles have
multi-wavelength emissions, high-fluorescence intensity and high stability, good water sol-
ubility, as well as good biocompatibility [20-31]. Moreover, rare-earth-doped nanoparticles
also have strong scintillation luminescence that can be used for X-ray-induced photody-
namic therapy, which is a well-captivated area, as this new therapy can be used for deep as
well as skin cancer treatment [20-22], radiation dosimetry [23,24] and temperature sens-
ing [25]. These irreplaceable advantages establish upconversion luminescent nanomaterials
as a potential fluorescent marker in biological detection [28-31] and have developed rapidly.
For example, Mao et al. [32] prepared NaYF,:Yb,Er upconversion nanoparticles using the
hydrothermal method, and discovered their specific detection of miRNA by using the
principle of base stacking on the surface. Kowalik et al. [33] linked IgG antibodies to the
PEG-NHS-modified NaYF,:Yb, Tm@SiO; surface to achieve specific labeling to demonstrate
the great potential of photodynamic targeted therapy.

The main body of rare-earth-doped upconversion nanoparticle materials is composed
of host materials, sensitizers, and activators [34]. The commonly used host materials
themselves have no fluorescence but can provide a suitable crystal field for the activated
ions, so that the luminescent centers produce specific emissions. Y3+, Gd3*, Lu3*, La®* are
usually selected as host elements [35]. The high-quality host material plays a decisive role
in the entire upconversion luminescence efficiency. The spacing between rare-earth ions,
the symmetry distribution, and the number of coordination ions would affect the crystal
structure of the host material. The most common NaYFj is currently recognized as the
most effective blue-green light upconversion luminescent host material [36,37]. Because the
hexagonal NaYF, has a higher symmetry than the cubic NaYFy, the luminous efficiency of
the upconversion in hexagonal NaYFj is 10-times higher than in the cubic NaYFy [38]. Nd3*
and Yb3* ions are the most common sensitizers in the upconversion systems [39,40]. Yb>*
has a large absorption cross-section at 950-1000 nm, which is related to the only excited
state and can absorb the excited infrared photons as well as effectively obtain the energy.
The energy is then transferred to the activators. Yb3* is more often chosen as the sensitizer
of nanomaterials because its upconversion luminescence efficiency is higher than that of
Nd3*. The activators are rare-earth ions, such as Er®*, Tm3*, Ho®*, Nd3*, Pr3*, etc. [41-44],
among which the Yb3* /Er®* (Tm3*, Ho%*) pairs are recognized as the most efficient [45].

The standard preparation methods of rare-earth-doped upconversion nanoparticles
include the co-precipitation method, high-temperature thermal decomposition method,
solvothermal method, microemulsion method, sol-gel method, etc. Nanoparticles with
tunable morphology, high-fluorescence intensity, and good dispersion have advantages
and disadvantages. For example, Gao et al. [46] compared the effects of factors, such as
the concentration of reactants, the ratio of reactants and ligand solvents, and the types of
ligand solvents on the synthesis of nanoparticles, respectively. Hydrothermal synthesis
has been widely used for NaYF,:Yb,Er nanoparticle synthesis. This method has a fast
reaction and precipitation rate and crystallinity; however, the fluorescence efficiency of
the nanoparticles synthesized is relatively low. Amphiphilic ligands can help the particles
to be well dispersed in various polar solvents. However, the surface of the obtained
upconversion nanoparticles is usually coated with hydrophobic organic ligands, such as
oleic acid, oleylamine, and octadecene, which make them less water soluble and difficult for
biological applications. To improve the water solubility and biocompatibility, the surface
of upconvertion nanoparticles must be modified with bioactive ligands or biomolecules.
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Surface ligand exchange, surface ligand oxidation, and surface ligand assembly are common
surface modification methods [47-49]. Jiang et al. [48] used polymeric anhydride to interact
with octadecene and oleic acid ligands on the surface of nanoparticles by coordination
adsorption, and then cross linked with dicyclohexanetriamine to obtain stable water-soluble
upconverted nanoparticles. The effective modification of upconverted materials has become
a key factor in their applications in biological detections.

In this paper, high-temperature thermal decomposition was used to prepare
NaYF4:Yb** /Tm3* upconverted nanoparticle materials and it was found that the opti-
mal Yb*"/Tm3* ratio is 40:1, in terms of the luminescence efficiency. These new types
of upconverted nanoparticles were modified by surface coating and tested for protein
detection for the purpose of early cancer diagnosis.

2. Experimental Materials and Methods
2.1. Reagents and Instruments

Chemicals and Reagents: These chemicals were purchased from Shanghai Aladdin
Biochemical Technology Co. Ltd. (Shanghai, China): yttrium chloride hexahydrate
(YCl3-6H,0), ytterbium chloride hexahydrate (YbCl3-6H,0O), thulium chloride hexahy-
drate (TmCl3-6H,0) gadolinium chloride hexahydrate (GdCl3-6H,0), oleic acid (OA),
1-octadecene (ODE), ammonium fluoride (NH4F), cyclohexane (C¢H;z), methanol (MeOH).
These Chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China): hydrochloric acid (HCL), succinic acid (C¢H19O4), sodium carbonate (Na;COs3),
sodium bicarbonate (NaHCO3), acetonitrile (C;H3N), and 1-ethyl-(3-Dimethylaminopropyl)
carbonate diimide hydrochloride (EDC).

Anhydrous ethanol (C;HgO) and sodium hydroxide (NaOH) were purchased from
Xilong Chemical Co., Ltd. (Guangzhou, Guangdong, China). Bovine serum albumin (BSA),
N,N-dimethylformamide (DMF), and N-hydroxysuccinimide (NHS) were purchased from
Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China). Nitronium tetrafluoroborate
(NOBF,) was purchased from Hebei Bailingwei Superfine Materials Co., Ltd. (Lang-
fang, Hebei, China), PBS buffer and DNA with amino and FAM were purchased from
Sangon Biotech Co. Ltd. (Shanghai, China), corresponding base sequence is 5'-NH2-
CCCCCCCCCCCCACCCCTATCACGATTAGCATTAA-6-FAM-3'. The ultrapure water
was produced by a water purification system (H20BASIC-B, Sartorius, Germany).

Instrumentation: the intelligent digital magnetic stirring electric heating mantle
(ZNCL-TS-250 mL, Shanghai Anchun Instrument Co., Ltd., Shanghai, China) was used to
prepare upconverted nanomaterials and carboxylated proteins. Fluorescence was measured
using a fluorescence spectrometer (F-4600, Hitachi, Hitachi, Ltd., Tokyo, Japan). Phase anal-
ysis of upconverted nanomaterials was carried out by X-ray powder diffractometer (X-ray
Diffraction, XRD, D8 ADVANCE, Bruker, Germany). The morphology of the upconverted
nanomaterials was characterized by field emission scanning electron microscope (Scanning
Electron Microscope, SEM, SU8010, Hitachi Co., Ltd., Tokyo, Japan) and scanning trans-
mission electron microscope (Transmission Electron Microscopy, TEM, FEI TECNAI G2
F20, Hitachi Co., Ltd., Tokyo, Japan). A Fourier transform infrared spectrometer measured
infrared absorption (Tensor 27, Bruker, Germany). The luminescence was measured with a
980 nm fiber laser (BOT980-5W, Xi’an Leize Electronic Technology Co., Ltd., Xi’an, China).

2.2. Preparation of Upconverted Nanomaterials

Rare-earth-doped upconverted luminescent nanomaterials NaYF,:Yb,Tm were synthe-
sized by high-temperature thermal decomposition. The preparation of 2 mmol NaYF4:20%
Yb3*, 0.5% Tm3* nanomaterials was performed by first charging 1.39 mmol YCl3-6H,0,
0.6 mmol YbCl3-6H,0, and 0.01 mmol TmCl3-6H;0 into a three-neck round-bottom flask.
Then, oleic acid (12 mL) and octadecene (30 mL) were added, and the flask flowed with
nitrogen gas for 10 min to ensure no oxygen in the flask. Next, under nitrogen protection
with magnetic stirring, the mixture was heated to 160 °C and reacted for 1 h to obtain a
pale-yellow solution. The mixture was cooled to 50 °C and then 10 mL of a methanol solu-
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tion containing 8.0 mmol of ammonium fluoride and 5.0 mmol of sodium hydroxide was
added dropwise to the mixture. The reaction was continuously stirred at 50 °C for 30 min
to ensure a complete integration. Then, the temperature was raised to 80 °C to evaporate
the methanol. During the evaporation of methanol, the solution continued to bubble, and
the mixture was continuously heated to 120 °C for 30 min until no more bubbles were
generated in the solution. Finally, the sample was heated to 300 °C for 90 min. After the
reaction was over, the solution was naturally cooled to room temperature and cyclohexane
was added to disperse the mixture. The mixture was centrifuged at 8000 rpm/min for 5 min
to obtain a precipitate, which was then washed with cyclohexane. The above steps were
centrifuged and washed three times, and the NaYF,:Yb, Tm upconverted nanomaterial
finally obtained was dispersed in cyclohexane and stored. In addition, the experimental
steps for the preparation of NaGdF,:Yb, Tm upconverted nanomaterials are the same as
above. The YCl3-6H,0 in the experimental material was replaced by GdCls-6H,O, and the
experimental steps were repeated to obtain NaGdF,:Yb,Tm upconverted nanomaterials.

2.3. Water-Soluble Upconverted Nanomaterials

Two mL of the cyclohexane solution of the upconverted nanomaterial prepared in
the above experiment was prepared and ultrasonically dispersed for 5 min. Twenty mg
of NaBF; was dissolved in two mL of acetonitrile solution and was added to the fully
dispersed cyclohexane solution of upconverted nanomaterials by stirring at 1000 rpm/min
for 30 min to obtain a mixed solution of water and oil separation. Then, the water-soluble
NaYF4:Yb, Tm upconverted nanomaterials were obtained by centrifuging at 8000 rpm/min
for 15 min.

2.4. Preparation of Carboxylated Proteins

First, we dissolved 1 g of bovine serum albumin in 20 mL of ultrapure water, then
excess oxalic acid was added, and we adjusted the pH to 7-8 with an aqueous sodium
carbonate solution under magnetic stirring. Then, 5 mmol of EDC was added and the
mixed solution was stirred overnight. A dialysis bag with a molecular-weight cut-off of
10k-30k Da was used for dialysis. The denatured proteins were put into the dialysis bag,
clamped on both sides with dialysis clips to prevent leaking, and immersed into a sodium
bicarbonate aqueous solution (1000 mL, 2 mmol) leaving it in a refrigerator at 4 °C. The
sodium bicarbonate aqueous solution was replaced every 4-6 h to ensure that the protein
was always in a slightly alkaline environment. The protein was dialyzed and purified
under this condition for at least 72 h, and the carboxylated bovine serum albumin was
obtained, which was divided into centrifuge tubes and stored in a —20 °C refrigerator.

2.5. Carboxylated Protein-Modified Upconverted Nanoparticles

Next, 0.5 mL of the prepared carboxylated protein, described above, was dissolved
in 2 mL of DMF solution, then water-soluble upconverted nanomaterials were added to
the DMF solution and the pH was adjusted to about 8 with aqueous sodium bicarbonate
solution by stirring for 2 h. After the reaction was completed, the mixed solution was
centrifuged at 10,000 rpm/min for 10 min. The precipitates were washed twice with DMF
centrifugation, and finally dispersed with DMF for preservation. The above operations
were all carried out at room temperature.

2.6. DNA Probes Linked to Carboxylated Protein-Modified Upconverting Nanoparticles

The pH of 1 mL of the carboxylated protein-modified upconverted nanomaterials
obtained in the above steps was adjusted to about 6 with 20 umol of hydrochloric acid
aqueous solution, then 5 mg EDC and 5 mg NHS were added and stirred at room tem-
perature for 25 min to let the carboxyl groups fully react with the nanoparticles. Next,
the aminated DNA probe with FAM was added to a 40 uL PBS buffer to make a concen-
tration of 100 umol. An appropriate amount of the solution was immediately added to
the carboxylated upconverted nanomaterial solution, and then put in a shaker to react for

84



Nanomaterials 2022, 12, 1787

30 min. The reaction was washed twice with PBS buffer at 10,000 rpm/min for 5 min each
time, and the resulting precipitates were DNA probes with FAM linking to a carboxylated
protein-modified upconverted nanomaterial fluorescent probe (DNA/dBSA /NaYF,:Yb, Tm).

3. Experimental Results and Discussion
3.1. The Effect of Yb®* Doping Concentration on the Luminescence of Upconverted Nanomaterials

Figure 1 shows the energy structure and the transitions of Yb** and Tm>* ions in the
upconverting luminescence process. It can be seen that upconversion luminescence is a
complex multi-photon energy transfer and conversion process. The energy level transition
of 2F; /2 — 2F5 /2 of the sensitizer Yb3* ion matches the energy of the near-infrared photon
at 980 nm, so it can continuously absorb the excitation energy and then transfer it to the
adjacent luminescent center Tm?3*. The 3Hs, 3F, (°F3), and 1G, energy levels are from
Tm3* ions. Among them, there are three methods for upconversion luminescence: (1) the
3Hg energy level absorbs three photons continuously and transitions to the 1G4 energy
level; (2) the 3Hg energy first absorbs two photons continuously and then transitions to
the 3F,, then, through the cross-relaxation process 3le_o, +3H, — 3Hg + 1D, to the 1Dy;
(3) the non-radiation transitions from Gy, 'D, of Tm3* to the lower energy levels 3F2,3,4,
3H4,5,6 to achieve upconversion luminescence. From the emission spectra of NaYF,:Yb,Tm
and NaGdF,:Yb,Tm in Figure 3b,d, it can be seen that different host materials NaY(Gd)F,
will not affect the position of the emission peak, but the doping concentration of Yb%*
ions affects the intensity of the emission peak. However, the change is not a simple linear
increase or decrease with the increase or decrease in the doping ratio of Yb3*.
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Figure 1. Schematic diagram of energy level transition of Yb>* and Tm>* ions.

3.2. The Effect of Rare-Earth Ion Doping Concentration on the Luminescence of
Upconverted Nanomaterials

3.2.1. Effect of Yb** Doping Concentration on Upconverted Nanomaterials
NaYF4:x%Yb3*, 0.5%Tm>" and NaGdF,:x%Yb?*, 0.5%Tm3" (x = 5, 10, 20, 50, 80)
nanomaterials were synthesized by high-temperature thermal decomposition under the
same experimental conditions by varying the doping molar fraction of Yb*" ions with
a fixed Tm3* ions molar fraction of 0.5%. Figures 2 and 3 show the multi-directional
characterization results of the prepared NaYF4:x%Yb%", 0.5%Tm3* and NaGdF:x%Yb?",
0.5%Tm3". As shown in Figures 2a—j and 3a-j, all the nanomaterials exhibit the charac-
teristics of high size dispersion and good crystallinity. It can be seen from Figures 2k
and 3k that NaYF4: 20%YDb?*, 0.5%Tm>?" and NaGdF;:20%Yb3*, 0.5%Tm>" are uniform
in morphology and size, forming a complete and regular hexagonal phase. Obviously,
the doping concentration of Yb** ions does not have much effect on the morphology of
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the upconverted nanomaterials. The nanomaterials with different Yb** doping ratios
can be synthesized with particle sizes between 25-38 nm, which lays a good founda-
tion for the subsequent preparation of upconversion fluorescent probes. NaYF:x%Yb?",
0.5%Tm3*(x = 5, 10, 20, 50, 80) and NaGdF,:x%Yb?*, 0.5%Tm3* (x = 5, 10, 20, 50, 80) were
subjected to phase analysis, as shown in Figures 21 and 31, the XRD patterns were compared
with standard card No.16-0994 (NaFy), and the diffraction peaks obtained all corresponded
to the standard card one by one, indicating that the samples obtained under this condition
were all pure hexagonal NaYF;:Yb, Tm and NaGbF,:Yb, Tm.
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Figure 2. SEM, particle size analysis, TEM and XRD images of NaYFy: x%Yb>*, 0.5%Tm>*. SEM:
(a)x=5, (c) x =10, (e) x =20, (g) x = 50, (i) x = 80; particle size analysis: (b) x =5, (d) x = 10, (f) x = 20,
(h) x =50, (j) x = 80; (k) TEM image of NaYFy: 20%Yb?*, 0.5%Tm3*; (1) XRD of NaYF4:x%Yb?*,
0.5%Tm3* (x = 5, 10, 20, 50, 80).

Figure 4 shows the fluorescence spectra of nanomaterials with different concentrations
of Yb** doping. It can be seen from Figure 4a,c that the emission peak position is not
affected by the host material NaY(Gd)F, or the doping concentration of Yb>* ions. The
intensity of the emission peak changes as the doping ratio of Yb®" changes, but the change
is not a simple linear increase or decrease with the increase or decrease in the doping ratio
of Yb%*.
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Figure 3. SEM, particle size analysis, TEM and XRD images of NaGdF: x%Yb3*, 0.5%Tm3*. SEM:
(a) x =5, (c) x = 10, (e) x = 20, (g) x = 50, (i) x = 80; particle size analysis: (b) x =5, (d) x = 10,
(f) x = 20, (h) x = 50, (j) x = 80; (k) TEM image of NaGdFy: 20%Yb>*, 0.5%Tm3"; (I) XRD of
NaGdF,:x%Yb3*,0.5%Tm3* (x = 5, 10, 20, 50, 80).

As shown in Figure 4, the luminescence intensity at 450, 477 and 646 nm increased
gradually with the increase in Yb®* concentration up to 20%, then the emission intensity is
decreased with the increase in Yb3* concentration (Figure 4b,d).

Upon Yb%* doping, with the change in doping concentration, the number of photons
absorbed at 980 nm increases, and the energy transferred to Tm3* ions increases, so that
its luminescence is enhanced. When the concentration of Yb®" continues to increase,
the photon energy absorbed by the Yb%* ions will pass through the “bridge” between
Yb®* — Yb%" and surface defects. Through energy resonance transfer, the energy will be
transferred to the surface defects and organic vibration groups, through the free radiation
process. According to the experimental results, when the optimal Yb3* doping mole fraction
is 20%, the luminescence reaches its peak.
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Figure 4. Fluorescence spectra of NaYFy: Yb®*, Tm3* and NaGdFy: Yb%", Tm3" with different
Yb3+ doping ratios. (a) Fluorescence spectra of NaYF;:x%Yb%*, 0.5%Tm3* (x = 5, 10, 20, 50, 80) at
980 nm excitation. (b) Schematic diagram of the relationship between the maximum intensity of the
luminescence peaks corresponding to NaYF,: Yb** and Tm3* with different doping ratios and the
concentration change. (c) Fluorescence spectra of NaGdF4:x%Yb3+, 0.5%Tm3* (x=5,10, 20, 50, 80) at
980 nm excitation. (d) Schematic diagram of the relationship between the maximum intensity of the
luminescence peaks corresponding to NaGdFy: Yb** and Tm®* with different doping ratios and the
concentration changes.

3.2.2. The Effect of Tm*" Doping Concentration on Upconverted Nanomaterials

NaYF4:20%Yb%", x%Tm3" and NaGdF4:20%Yb%*, x%Tm>* were synthesized by the
same method and conditions by varying the concentration of Tm3* (x = 0.2, 0.3, 0.5,
0.8, 1.0) while the concentration of Tb3* was fixed at 20%. Figures 5 and 6 show the
multi-directional characterization results of the prepared NaYF;:20%Yb>*, x%Tm?* and
NaGdF4:20%Yb%*, x%Tm3*. As can be seen in Figures 5a—j and 6aj, all the nanomaterials
have high dispersibility in size distribution and good crystallinity. It can be seen from
Figures 5k and 6k that the upconverted nanomaterials have uniform morphology and
size, forming a regular hexagonal phase. Similarly, by changing the doping concentration
of Tm3*, the morphology of the upconverted nanomaterials does not change too much.
The particle sizes of nanomaterials with different Tm>* doping ratios can be between
21-43 nm. The XRD pattern of NaGdFy: x%Yb®*, 0.5%Tm3* (x = 0.2, 0.3, 0.5, 0.8, 1) and
NaGdFy: 20%Yb3*, x%Tm3* (x = 0.2, 0.3, 0.5, 0.8, 1) nanomaterials was also compared with
the standard card No.27-0699 (NaGdF;), NaGdF: Yb, Tm is a pure hexagonal phase. As
shown in Figures 51 and 6], the diffraction peaks obtained all corresponded to the standard
card, which means that the samples obtained under this condition were all pure hexagonal
NaYF;:Yb, Tm and NaGbF,4:Yb, Tm.
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Figure 6. SEM, particle size analysis, TEM, and XRD images of NaGdF;: 20%Yb3*, x%Tm3*.
(a) x =02, (¢) x =03, (e) x = 0.5, (g) x = 0.8, (i) x = 1.0; particle size analysis: (b) x = 0.2,
(d) x =03, (f) x = 0.5, (h) x = 0.8, (j) x = 1.0; (k) TEM image of NaGdFy: 20%Yb3*, 0.5%Tm3";
(1) NaGdFy: 20%Yb3*, x%Tm3* (X = 0.2, 0.3, 0.5, 0.8, 1.0).
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The luminescence spectra of materials with different Tm3* concentrations are shown
in Figure 7. As the mole fraction of Tm3* increases from 0.2% to 0.5%, the luminescence
peaks at 450, 475, and 646 nm also change. As the mole fraction of Tm3* increases from
0.5% to 1%, the emission intensities of these three luminescence peaks gradually decrease.
When the mole fraction of Tm3* is 0.2%, the luminescence intensity of the nanomaterial
is not strong because there are not enough excitable Tm3* ions in the nanomaterials. As
the concentration of Tm3* increases gradually, the number of excitable Tm3* ions increases
accordingly, and the luminescence of nanomaterials becomes stronger accordingly. When
the mole fraction of Tm>* reaches 0.5%, the upconversion luminescence intensity reaches
the maximum, and then gradually becomes weaker. This is because the increase in Tm3*
ion concentration reduces the interionic distance and strengthens the interaction. Finally,
the concentration quenching effect and cross-relaxation effect are observed, resulting in
a decrease in luminescence intensity. At the same time, when the sample is excited with
the same power of the 980 nm laser, since the total energy is fixed, the energy that each
Tm3* can receive will decrease with the increase in Tm>*, leading to the weakening of
the luminescence.
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Figure 7. Fluorescence spectra of NaYFy: Yb3*, Tm3* and NaGdF,: Yb3*, Tm3* with different Tm3*
doping ratios. (a) Fluorescence spectra of NaYF4:20%Yb3*, x%Tm3* (x=0.2,0.3,05,08, 1.0) at
980 nm excitation. (b) NaYFy: Yb3" with different Tm3* doping ratios, the relationship between the
maximum intensity of the luminescence peak corresponding to Tm3* and the concentration change.
(c) Fluorescence spectra of NaGdF;:20%Yb?*, x%Tm3* (x = 0.2, 0.3, 0.5, 0.8, 1.0 at 980 nm excitation).
(d) The corresponding doping ratios of NaGdF,: Yb*" and Tm>* with different Tm3* doping ratios.
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3.2.3. Comparison of Luminescence Properties of Two Upconverted Nanomaterials with
the Best Doping Ratio

From the above results, the luminescence intensity of nanomaterials is the strongest
when the mole fraction of Yb®* is 20% and the mole fraction of Tm3* is 0.5%. Therefore,
the optimal doping concentration ratio (40:1) is selected to prepare these two kinds of
upconverting nanomaterials. Figure 8 shows the luminescence intensity comparison of
NaYF4:20%Yb%",0.5%Tm3* and NaGdF,:20%Yb?*, 0,5%Tm3*. At 345, 362, 450, 477, 646,
802 nm, the luminescence intensity of NaYF,:Yb,Tm is 4.4, 3.0, 4.2, 3.4, 2.3, and 2.7-times
stronger than that of NaGdF4:Yb,Tm, respectively. The luminescence intensity of NaYF4:Yb,
Tm is much higher than that of NaGdF,:Yb, Tm under the same power of 980 nm laser
excitation. Therefore, we chose NaYF4:20%Yb3*,0.5%Tm>* upconverted nanomaterials as
the substrate to further investigate protein detections.
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Figure 8. Comparison of fluorescence spectra of NaYFy: 20% Yb%*, 0.5% Tm3* and NaGdF,: 20%
Yb3*, 0.5% Tm3* at 980 nm excitation.

3.3. Analysis of Fluorescence Characteristics Based on NaYFy:Yb3*, Tm* Biological Probes

After the carboxylated bovine serum albumin was added to the upconverted nanoma-
terial sample for reaction treatment, we carried out repeated centrifugal washing on the
sample to remove the carboxylated bovine serum albumin, and then measured the infrared
absorption spectrum of the remaining samples, as shown in Figure 9a (the red line). As
shown in Figure 9a, the broad infrared (IR) absorption peak at 3295.86 cm ! represents the
stretching vibration peak of OH in the carboxyl functional group; the sharp IR absorption
peak at 1650.82 cm ™! represents the C=O formed after the reaction between the carboxy-
lated protein and NH-PEG group stretching vibration peak; 1024.05 cm ™! represents the
stretching vibration absorption peak of -O- in PEG; 700.06 cm ™! broad absorption peak rep-
resents the out-of-plane rocking vibration absorption peak of NH in bovine serum albumin
and NH,-PEG. Repeated centrifugal washing can completely remove the free carboxylated
bovine serum albumin in the solution, and the upconversion material is inorganic and
will not absorb at these positions. Therefore, it is considered that the new characteristic
peaks belonging to organic functional groups can only come from carboxylated bovine
serum proteins that have been attached to the surface of upconverted nanomaterials, which
cannot be washed away. The above results prove that the surface of NaYF,;:Yb%*, Tm3*
nanomaterials contains many carboxyl functional groups, and the carboxylated bovine
serum albumin has been successfully modified the surface of water-soluble nanomaterials.
Figure 9b shows the excitation and emission spectra of DNA/dBSA/NaYF;:Yb,Tm excited
at 480 nm. The excitation spectrum is from 450 nm to 490 nm, and the emission spectrum
is from 510 nm to 530 nm, which is mainly the contribution of FAM. As described in
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Section 2.6, we carried out repeated centrifugal washing to fully wash the excess DNA, and
then obtained the fluorescence spectrum in Figure 9¢c. As shown in Figure 9¢c, when the
DNA /dBSA/NaYF4:Yb, Tm fluorescent probes were excited at 480 nm, a strong emission
peak is observed at 520 nm, which is consistent with the FAM fluorescence peak. It indicates
that some DNA strands were not washed away due to their attachment to the carboxy-
lated protein-modified upconversion material, namely DNA was attached successfully to
the surfaces of UCNP via a protein and a FAM was added to the UCNP/DNA complex.
Similarly, NaYF4:Yb,Tm and DNA /dBSA /NaYF,:Yb,Tm was excited at 980 nm, and the
upconversion intensity of the luminescence is quite strong, as shown in Figure 9d. These
nanocomposites have strong upconversion luminescence with good water solubility and
biocompatibility, making them a new type of fluorescent probe.
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Figure 9. (a) Infrared absorption spectra of NaYF,: Yb,Tm before and after modification with
carboxylated bovine serum albumin. (b) Absorption and emission spectra of the FAM fluorophore.
(c) Fluorescence spectra of NaYF;:Yb,Tm and novel fluorescent probes under excitation at 480 nm.
(d) Fluorescence spectra of NaYF4:Yb,Tm and novel fluorescent probes under excitation at 980 nm.

3.4. Fluorescent Probes for the Detection of Different Proteins

To test the detection of these upconverted nanomaterials for protein detection, 100 pM
solutions of miRNA-155, single-base mismatch of miRNA-155, double-base mismatch of
miRNA-155, complete-base mismatch of miRNA-155 and miRNA-150 solution with the
same concentration of 100 pM were prepared, respectively. The prepared nucleotide se-
quences of miRNAs and fluorescent probes are shown in Table 1. The prepared fluorescent
probes of upconverted nanomaterials were tested with different miRNAs and mismatched
miRNAs, and the samples were excited by a fiber laser with a wavelength of 980 nm and
their fluorescence spectra were measured.
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Table 1. Nucleotide sequences of miRNAs and fluorescent probes.

Name Sequences (5'-3")
miRNA-155 UUAAUGCUAAUCGUGAUAGGGGU
miRNA-150 UCUCCCAACCCUUGUACCAGUG

NH,-CCCCCCCCCCCC-
ACCCCTATCACGATTAGCATTAA-CGCTAT-FAM
NH,-CCCCCCCCCCCC-
CACTGGTACAAGGGTTGGGAGA-CGCTAT-FAM

miRNA-155 matched DNA strands

miRNA-150 matched DNA strands

miRNA-155 single base mismatch UUAAGGCUAAUCGUGAUAGGGGU
miRNA-155 double base mismatch UUAAGGCUAAUAGUGAUAGGGGU
miRNA-155 complete base mismatch AATTACGATTAGCACTATCCCCA

As shown in Figure 10, the fluorescence spectrum of the fluorescent probe after con-
necting different miRNA-155 changed significantly. In general, the fluorescence spectra of
the four groups were very similar, and the fluorescence intensity decreased significantly
(compared with Figure 9d). The sample added with miRNA-155 had the strongest fluores-
cence intensity. The more mismatched bases, the more obvious fluorescence quenching and
the smaller spectral intensity. It is worth noting that the fluorescence quenching at 345 nm,
362 nm, 450 nm, 477 nm and 646 nm is more obvious than that at 802 nm.

a) 25000 25000
( ) ——miRNA-155 (b) —=— miRNA-155
—— miRNA-155 single-base mismatch —+— miRNA-155 single-base mismatch
20000 ~——miRNA-155 double-base mismatch 20000 | —+—miRNA-155 double-base mismatch

; —— miRNA-155 complete base mismatch ? —v— miRNA-155 complete base mismatch
E 15000 - E 15000
) )
ot ]
= =
7] 7]
S 10000 £ 10000+
7] o
- -
= =
—_ —

5000 - 50004

A A
0 = = = 2 . = 0 T T T T T
200 300 400 500 600 700 800 900 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 10. Fluorescence spectra of fluorescent probes connected to miRNA-155, miRNA-155 single-
base mismatch, miRNA-155 double-base mismatch, and miRNA-155 complete-base mismatch.
(a) Fluorescence spectra of mismatched sequences relative to miRNA-155 at 980 nm excitation.
(b) MiRNA-155 with different sequences, the relationship between the maximum intensity of the
luminescence peak corresponding to sequences change.

We divided the peak intensity at 802 nm (Iggz) by the peak intensity at 345 nm (I345),
362 nm (I3¢2), 450 nm (I450), 477 nm (I477) and 646 nm (I46) to calculate a group of fluores-
cence peak ratios for further analysis of the differences in fluorescence spectra of samples
with different miRNA-155s. The results are shown in Table 2. As can be seen in Table 2,
the five peak ratios of the fluorescent probes are very close to those of the upconverted
nanomaterials; then, the value of the completely mismatched miRNA155 is relatively close
to that of the upconverted nanomaterials, and intact miRNA-155 had the greatest effect on
all five peak ratios. It seems that the completely mismatched miRNA-155 has little effect
on the peak ratios, and the intact miRNA-155 has the greatest effect on the peak ratios.
This result may be that miRNAs with different sequences have different effects on different
molecular bonds of upconverted nanomaterials. It is believed that these peak ratios can be
used for specific recognition of miRNA-155. For fluorescent probes with multiple emission
peaks, in addition to identifying the target substance by simply comparing the changes in
peak intensity, the ratios between peaks can also be used for substance-specific identifica-
tion. The fluorescence probe with multiple emission peaks provides more abundant optical
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information for the study of the characteristic changes of the detected object and has great
application potential.

Table 2. The ratio of fluorescence peaks at 802 nm and 450 nm.

Fluorescent Substance 1802/1345 1802/1362 1802/1450 1802/1477 1802/1646
NaYF4:20%Yb%*, 0.5%Tm3* 1.97 2.38 1.24 1.13 3.65
Fluorescent probes 2.09 2.71 1.23 1.01 3.37
FP + CmiRNA-155 2.87 2.52 2.01 1.96 3.32
FP+ M2miRNA-155 5.19 4.38 3.61 3.29 55
FP + M1miRNA-155 4.66 4.21 3.38 3.22 4.69
FP + miRNA-155 7.92 7.28 5.19 4.06 6.99

Noting: FP + CmiRNA-155 represents fluorescent probe with completely mismatched miRNA155; FP+ M2miRNA-
155 represents fluorescent probe with miRNA-155 double-base mismatch: FP+ M2miRNA-155 represents flu-
orescent probe with miRNA-155 single-base mismatch; FP + miRNA-155 represents fluorescent probe with
miRNA-155.

As shown in Figure 11, when the fluorescent probes were connected to miRNA-155
and miRNA-150, respectively, the fluorescence intensity of miRNA-155 was higher than
that of miRNA-150. The experimental results show that the fluorescent probe can effectively
distinguish different types of miRNAs.
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Figure 11. Fluorescence spectra of fluorescent probes connected to miRNA-155 and miRNA-150
under excitation at 980 nm.

4. Conclusions

In this paper, a novel NaYF,:Yb, Tm surface-functionalized fluorescent probe was
proposed based on upconverted nanomaterials. Quantitative analysis of the effects of Yb%*
and Tm>* ion concentrations on the morphology, size, and luminescence properties of
NaYF4:Yb,Tm and NaGdF,:Yb,Tm indicated that the optimal doping concentration ratio
of Yb3*:Tm3* is 40:1. In the study, by comparing the fluorescence emission of NaYFy:
20% Yb, 0.5% Tm and NaGdFy: 20% Yb, 0.5% Tm, upconverted nanomaterials with better
luminescence properties were obtained. A novel fluorescent probe was designed for the
surface carboxylation of NaYF;:Yb,Tm and the connection with amino group and DNA.
The probe can be used for the detection of different specific biological miRNAs. When
the fluorescent probes are used to detect different miRNAs, they can distinguish different
miRNAs, especially miRNAs with base mismatches, from non-specific RNA molecular
analytes. The preliminary studies indicate that the upconverted probes have a good
potential for protein detection in early cancer diagnosis.
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Abstract: Sulfur quantum dots (SQDs) are a kind of pure elemental quantum dots, which are
considered as potential green nanomaterials because they do not contain heavy metal elements and
are friendly to biology and environment. In this paper, SQDs with size around 2 nm were synthesized
by a microwave-assisted method using sulfur powder as precursor. The SQDs had the highest
emission under the excitation of 380 nm and emit blue fluorescence at 470 nm. In addition, the SQDs
had good water solubility and stability. Based on the synthesized SQDs, a fluorescence assay for
detection of alkaline phosphatase (ALP) was reported. The fluorescence of the SQDs was initially
quenched by Cr (VI). In the presence of ALP, ALP-catalyzed hydrolysis of 2-phospho-L-ascorbic
acid to generate ascorbic acid. The generated ascorbic acid can reduce Cr (VI) to Cr (III), thus the
fluorescence intensity of SQDs was restored. The assay has good sensitivity and selectivity and was
applied to the detection of ALP in serum samples. The interesting properties of SQDs can find a wide
range of applications in different sensing and imaging areas.

Keywords: sulfur quantum dots; nanomaterials; fluorescence sensing; alkaline phosphatase; ascorbic
acid

1. Introduction

Fluorescent quantum dots (QDs) have been widely used in the fields of biosensing,
cell imaging and biomedicine due to their unique size and superior optical properties [1-9].
However, heavy metal quantum dots such as CdS and CdTe are limited in practical appli-
cations due to their potential cytotoxicity and environmental hazard [10-13]. As a kind of
pure elemental quantum dot, sulfur quantum dots (SQDs) have attracted much attention in
recent years because of their low toxicity, good water solubility, stable optical properties
and abundant raw materials [14-19]. So far, there have been reports on the application
of SQDs in biosensing, cell imaging and antibacterial [20-24]. However, the complex and
time-consuming synthesis process and the use of environmentally harmful substances
make the synthesis of SQDs still a challenge, which limits its practical applications [25-29].
Therefore, it is necessary to develop green and time-saving methods to synthesize SQDs.

Alkaline phosphatase (ALP), as a membrane-bound enzyme widely exists in a variety
of organisms, participating in the process of dephosphorylation in cells and hydrolyzing
the phosphate groups of various substrates [30,31]. The normal level of ALP in adult
blood is 40 to 190 U/L. Its abnormal expression is closely related to many diseases, such
as bone diseases, liver dysfunction and various cancers. Serum ALP levels can be used as
a reference for clinical diagnosis [32,33]. Therefore, it is of great significance to develop
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methods for effective detection of ALP. To date, surface-enhanced Raman scattering (SERS),
electrochemical analysis, colorimetric detection, fluorescence analysis and other methods
have been developed for the detection of ALP [34-38]. Among them, fluorescence detection
technology has attracted significant attention because of its convenient operation, high
throughput and high sensitivity.

Several fluorescent material-based chemical sensors have been developed for the
detection and analysis of ALP [39]. For example, Li and co-workers designed a smartphone-
based sensing strategy for ALP analysis using amino-functionalized copper (II)-based
metal-organic frameworks (NH,-Cu-MOFs), which have both oxidase mimetic properties
and fluorescence properties. The catalytic activity of NH,-Cu-MOFs was greatly inhibited
due to the binding ability of Cu?* with pyrophosphate (PPi). After the addition of ALP,
the catalytic activity of NH,-Cu-MOFs was recovered due to the hydrolysis of PPi into
orthophosphate by ALP, and then o-phenylenediamine was further catalyzed to form
2,3-diaminophenazine, which constituted a ratiometric fluorescent probe for the detection
of ALP. The method has been successfully applied to the determination of ALP in serum
samples. Zhang et al. constructed a novel near infrared ratiometric fluorescent probe
(APT), which can achieve a rapid response to ALP (Within 10 min) [40]. After adding
ALDP, the fluorescence spectrum showed a shift (from 580 to 650 nm), and the near-infrared
fluorescence emission (650 nm) made it more suitable for biological detection. The method
has been successfully applied to the determination of ALP in serum and the detection and
imaging of endogenous ALP in cells. In addition, nanocomposites have also been used to
construct fluorescent sensors to detect ALP. Li’s group developed a simple hydrothermal
method to construct “three-in-one” nanocomposites (Fef NCs) for the detection of ALP [41].
Fef NCs consist of three components, in which MnO, nanosheets (NSs) are assembled on
Fe304 nanoparticles (NPs), and then CeO, NPs are modified. The nanometer material has
various catalytic activity, and can realize label-free, ultrasensitive and selective detection
of ALP by utilizing that characteristic. Duan et al. utilized WS, quantum dots and MnO,
nanosheets to form a nanocomposite system to detect ALP [42]. MnO, nanosheets can
quench the blue fluorescence of tungsten disulfide quantum dots (WS, QDs). However, in
the presence of ALP and amifostine, their hydrolysis products triggered the decomposition
of MnO; nanosheets. This results in the restoration of fluorescence. Based on this discovery,
the researchers successfully used the switch principle to detect ALP and used it in the
analysis of actual samples. However, the above methods have limitations such as use of
inorganic substances which limit their application and are harmful to the environment,
and cumbersome synthesis or construction processes. Therefore, it is necessary to develop
green, simple methods for efficient and sensitive detection of ALP.

In this work, SQDs with stable optical properties were prepared by microwave-assisted
heating using sublimed sulfur as a precursor and PEG-400 as a stabilizer. The synthesized
SQDs was utilized for detecting ALP through a fluorescence “off-on” mechanism, as shown
in Scheme 1. As the emission band of SQDs and the absorption band of Cr (VI) are well
matched, there is a strong internal filtering effect (IFE) between them, so the addition of Cr
(VI) can well quench the fluorescence of SQDs. However, ascorbic acid (AA) can reduce Cr
(VI) to Cr (III), so the addition of AA can restore the fluorescence of the quenched SQDs. In
addition, ALP can hydrolyze 2-phospho-L-ascorbic acid (AAP) to AA and phosphate ions;
therefore, the activity of ALP can be detected via the recovery of the fluorescence of SQDs.
Based on the above principle, the relationship between the fluorescence characteristics
of sulfur quantum dots, Cr (VI), AA as well as ALP was explored, and the performance
of SQDs for detection of ALP was studied in detail. The microwave synthesis of SQDs
greatly shortens the synthesis time of SQDs and simplifies the operation steps, which
have great reference significance for the exploration of the synthesis of SQDs. At the same
time, the obtained SQDs are successfully used in the detection of ALP, which broadens the
application of SQDs in biosensors.
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Scheme 1. Synthesis of SQDs and schematic diagram for determination of ALP.

2. Experimental Section
2.1. Materials and Apparatus

Potassium dichromate, sodium hydroxide, polyethylene glycol and sulfur powder
were purchased from Aladdin (Shanghai, China). ALP and AA were obtained from Sigma-
Aldrich (Shanghai, China). All reagents are of analytical grade and do not require further
purification. The solutions used in the experiment were prepared by ultrapure water.

Transmission electron microscopy (TEM) images of the SQDs were obtained under
a FEI Titan G2 60-300 microscope. Fluorescence measurements were performed on an
F-7000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan). UV-visible absorption
spectra were recorded on a UV-2450 spectrophotometer (Hitachi, Tokyo, Japan).

2.2. Synthesis of SQDs

The synthesis of SQDs was based on previously reported methods with minor mod-
ifications [43—45]. Briefly, 1 g NaOH, 0.175 g sulfur powder, and 1.5 mL PEG-400 were
mixed under stirring at 50 °C until the solution was clear. Then, the clear solution was
placed in a microwave oven and reacted at 200 W for 1.5 h. Next, the obtained solution
was centrifuged at 6000 rpm for 15 min, and the supernatant was centrifuged for two more
times. Finally, the obtained supernatant was the SQDs solution, which was placed at 4 °C
before use.

2.3. Determination of ALP

Initially, 20 pL of SQDs solution was mixed with various concentrations of aqueous
KyCr,0Oy, then a PBS buffer (pH 7.4, 0.1 M) was added until the volume of the mixture
reached 200 uL. The fluorescence spectrum of the solution was then measured. The
excitation wavelength was maintained at 380 nm throughout the detection.

For the detection of ALP, 40 uL of solution containing different concentrations of ALP
were mixed with 40 uL of 30 mM AAP. After mixing, the solution was incubated for 30 min
in a water bath at 37 °C, then 10 pL of 10 mM K,Cr,O7 was added. After incubating for
another 10 min, 20 pL of SQDs was added into the mixture. Fluorescence spectra of the
solution were then collected.

3. Results and Discussion
3.1. Preparation and Characterization of the SQDs

As shown in Scheme 1, using sulfur powder as a precursor, and PEG-400 as stabilizer,
SQDs were synthesized by microwave-assisted heating. The whole synthesis process is easy
to operate, the raw materials used being basically non-toxic to the environment, and the
synthesis time was shortened to 90 min. In order to understand the size and morphology
of SQDs, the morphology of SQDs was imaged by transmission electron microscope (TEM).
As shown in Figure 1a, SQDs can be well dispersed into water. The particles display
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spherical shape, and the particle size is 2.27 £ 0.76 nm, which is similar to the fluorescent
SQDs previously reported.

24 2.27+0.76 nm

Count

3
Diameter(nm)

Figure 1. Morphological characterizations of the SQDs: (a) TEM images; (b) size distribution histogram.

The excitation and emission positions and fluorescence intensity of SQDs can be ob-
tained by fluorescence tests. Fluorescence properties of the synthesized SQDs were studied
(Figure S1). When excited under different wavelength, with the increase of wavelength
from 320 nm to 380 nm, the emission intensity of SQDs increases with the increase of excita-
tion wavelength. By further increasing the wavelength from 380 nm to 420 nm, the emission
intensity decreases with the increase of excitation wavelength. In addition, the fluorescence
emission peak is redshifted with the increase of excitation wavelength. Therefore, 380 nm
was used as the optimal excitation wavelength in subsequent experiments.

3.2. Feasibility of the Assay for ALP Analysis

The feasibility of the assay for ALP analysis was tested. As described in Figure 2, SQDs
has a strong fluorescence emission peak at about 470 nm. However, the fluorescence of the
SQDs is quenched after adding a certain concentration of K,Cr,Oy, and can then recovered
with further addition of AA. The recovery of fluorescence intensity is in accordance with
the amount of AA added; this is because AA can reduce Cr (VI) to Cr (IIT). The fluorescence
intensity of SQDs, mixed with a certain amount of chromium chloride solution, has no
obvious difference with that of the single SQDs solution, which indicates that Cr (III) gener-
ated due to the reduction of K,Cr,O7 by AA has no quenching effect on the fluorescence
signal of the SQDs. Meanwhile, after the K,Cr,Oy7 is added into the SQDs, the fluorescence
signal is not changed by following addition of AAP, indicating AAP can not react with
KyCryO7 and AAP alone will not affect the fluorescence intensity of the system. However,
in the presence of ALP, the fluorescence signal was restored, which verified that ALP can
catalyze the hydrolysis of AAP to generate AA, thus achieving the same effect as adding
AA. Based on the above experimental results, it can be seen that fluorescence sensing of
ALP activity can be achieved based on SQDs.

UV-vis absorption spectra further verified the above experimental results (Figure 3).
Cr (VI) has a strong absorption at 380 nm. In contrast, the absorption of SQDs is weak.
The competion of Cr (VI) ion with SQDs for the absorption of 380 nm light resulted in the
quenching of the fluorescence of SQDs. Adding SQDs to Cr (VI), the absorption at 380 nm
is slightly enhanced compared to Cr (VI) alone which is due to the absorption of SQDs at
380 nm. After the addition of AA, the absorption at this point almost disappeared because
AA reduced Cr (VI) to Cr (IIT). These results are consistent with the fluorescence data.
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Figure 2. Feasibility analysis of the assay for ALP detection.
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Figure 3. UV-vis absorption spectra of different solutions.

3.3. Detection of Cr (VI)

The quenching of the fluorescence of SQDs by Cr (VI) is due to fact that the excitation
spectrum of SQDs overlaps well with the absorption band of Cr (VI). Therefore, a strong
IFE occurred between SQDs and Cr (VI), because Cr (VI) can shield the excitation light
of SQDs. As shown in Figure 4a, the fluorescence intensity of SQDs decreased gradually
with the increase of the amount of Cr (VI) added. When the Cr (VI) concentration reaches
5 mM, the fluorescence of SQDs is almost completely quenched. The fluorescence intensity
of SQDs was linearly correlated with Cr (VI) concentration in the range of 10-100 uM and
has a good linear correlation coefficient (R? = 0.997) (Figure 4b).
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Figure 4. (a) Emission spectra of SQDs after adding different concentrations of Cr (VI) solution from
0 to 5 mM; (b) Fluorescence value of the SQDs in response to different concentrations of Cr (VI) in the
range of 0 to 2 mM. Inset: the calibration curve to Cr (VI) in the linear range of 10-100 uM.

The selectivity of the synthesized SQDs for Cr (VI) was evaluated. Under the same
experimental conditions, 2 mM Cr (VI) and 6 mM, other interfering ions, were added into
SQDs and the fluorescence intensity was measured under 380 nm excitation. As described
in Figure 5, when 2 mM Cr (VI) was added to the SQDs, the fluorescence intensity of the
SQDs was reduced by more than 90%. However, even when 6 mM of other common metal
ions were added, the fluorescence intensity of the SQDs was not affected significantly.
These data show that the SQDs have good selectivity for Cr (VI).
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Figure 5. Response of SQDs to different ions.

3.4. Detection of ALP

The absorption peak of Cr (VI) at about 380 nm disappears after the addition of AA,
which indicates that AA can reduce Cr (VI) to a low-valent Cr species, thereby eliminating
the IFE between Cr (VI) and SQDs and restoring the fluorescence of SQDs. ALP can
hydrolyze AAP to generate AA, which can also recover the fluorescence of SQDs-Cr (VI)
system. Hence, the principle can be applied for detecting ALP. The selectivity of the system
to AA was investigated. Other potential reductants including glutathione (GSH), cysteine
(Cys), glucose and some common ions had little effect on the fluorescence of SQDs-Cr (VI)
system, indicating that SQDs-Cr (VI) system had good selectivity for AA (Figure S2). As
described in Figure 6a, the fluorescence intensity of SQDs increases with the increase of
ALP activity. When the ALP activity is more than 10 U/mL, the fluorescence intensity
of the system tends to be stable, and the fluorescence strength of SQDs was almost fully
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recovered. The fluorescence intensity of SQDs had a good linear relationship with ALP
activity in the range of 1.5-5.0 U/mL, and the linear correlation coefficient R? was 0.992.
Based on a signal-noise ratio of 3, the calculated LOD was 0.13 U/mL. Table 1 summarizes
previously reported strategies for detecting ALP using different probes, indicating that the
methods are comparable to those reported in other studies.
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Figure 6. (a) Fluorescence response of the assay to ALP of different activities. Inset: linear response
of SQDs to ALP in the activity range of 1.5-5.0 U/mL; (b) Selectivity of the assay to ALP.

Then, the selectivity of the assay for ALP was analyzed. Responses of the assay to
2 U/mL of alkaline phosphatase (ALP) and other enzymes with an activity of 5 U/mL were
tested. As described in Figure 6b, when ALP is added, the fluorescence change is obvious,
while the responses of the assay to other enzymes are negligible, similar to blanks. These
data show that the assay has good selectivity to ALP sensing. In addition, the assay is used
for the recovery testing of ALP in serum. With the serum signal as the background, ALP
with the activity of 1, 2, 2.5 and 3.5 U/mL were added into the serum sample, and then the
level of ALP was measured. The results are shown in Table 2. The recoveries for ALP in the
serum were in the range of 102.01~119.61%, with the relative standard deviations (RSD)
less than 5%. Therefore, the assay has potential application for clinical detection of ALP.

Table 1. Comparison employing fluorescent probes to detect ALP.

Probe Linear Range/U-mL~1 LOD/U-mL-1 Ref.
Luminol-
Th—GMP CPNPs 0.00005-0.1 0.00002 [46]
Hydrogelator 0-2.8 0.06 [31]
NIR-Phos-1,NIR-Phos-2 0-1.0 1075-1073 [47]
5-bromo-4-chloro-3-indolyl 10-1000 0.87 [48]
phosphate
CuNPs 0.1-40 0.05 [49]
SQDs 1.5-5.0 0.13 This work

Table 2. Recovery analysis of ALP in human serum.

Samples Added (U/mL) Found (U/mL) Recovery (%) RSD (%)
1 1.43 £ 0.02 - 0.301
human serum 2 2.63 £0.09 119.61 0.495
25 3.05+0.20 108.15 2.497
35 3.05+0.20 102.01 1.181
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4. Conclusions

In this work, by using sulfur powder as a precursor and polyethylene glycol as a
stabilizer, SQDs were prepared successfully through a microwave-assisted method. The
synthesis time of the SQDs was greatly shortened to only 90 min. The synthesized SQDs had
good water solubility and good fluorescence stability. A sensitive and selective fluorescence
assay based on IFE for detection of ALP was developed by using synthesized SQDs. In
the presence of Cr (VI), the fluorescence of SQDs was quenched, and then recovered by
the addition of AAP and ALP. The SQDs as fluorescence probes can find a wide range of
applications in different sensing areas.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12162787 /s1, Figure S1: Fluorescence emission spectra of SQDs
under different excitation wavelength, Figure S2: Selectivity of the SQDs-Cr (VI) system for AA.
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W N e

Abstract: This work examined the thermoluminescence dosimetry characteristics of Ag-doped ZnO
thin films. The hydrothermal method was employed to synthesize Ag-doped ZnO thin films with
variant molarity of Ag (0, 0.5, 1.0, 3.0, and 5.0 mol%). The structure, morphology, and optical char-
acteristics were investigated using X-ray diffraction (XRD), scanning electron microscope (SEM),
energy-dispersive X-ray spectroscopy (EDX), photoluminescence (PL), and UV-vis spectrophotome-
ters. The thermoluminescence characteristics were examined by exposing the samples to X-ray
radiation. It was obtained that the highest TL intensity for Ag-doped ZnO thin films appeared to

Citation: Thabit, H.A.; Kabir, N.A.; correspond to 0.5 mol% of Ag, when the films were exposed to X-ray radiation. The results further
Ismail, A.K.; Alraddadi, S.; Bafaqeer, showed that the glow curve has a single peak at 240-325 °C, with its maximum at 270 °C, which
A.; Saleh, M.A. Development of corresponded to the heating rate of 5 °C/s. The results of the annealing procedures showed the
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Thermoluminescence (TLD)

best TL response was found at 400 °C and 30 min. The dose-response revealed a good linear up to
4 Gy. The proposed sensitivity was 1.8 times higher than the TLD 100 chips. The thermal fading was
recorded at 8% for 1 Gy and 20% for 4 Gy in the first hour. After 45 days of irradiation, the signal
loss was recorded at 32% and 40% for the cases of 1 Gy and 4 Gy, respectively. The obtained optical

Characteristics for Radiation
Technology. Nanomaterials 2022, 12,
3068. https://doi.org/10.3390/

nano12173068 fading results confirmed that all samples’ stored signals were affected by the exposure to sunlight,

which decreased up to 70% after 6 h. This new dosimeter exhibits good properties for radiation
Academic Editors: Wei Chen and measurement, given its overgrowth (in terms of the glow curve) within 30 s (similar to the TLD
100 case), simple annealing procedure, and high sensitivity (two times that of the TLD 100).
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iations. Thermoluminescence dosimeter, well-known as TLD, is a device that can keep radi-

ation energy for a specific time and then read it out after being induced by heating. The

process behind this device depends on the emission of light. TLD is a tool for measuring
BY

radiation doses in the clinical, radiotherapy, environmental, irradiated food, industrial,
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increment the capacity of the materials to store radiation energy [6,11-13].
In recent years, many studies have been performed to establish novel high-performance
TLDs that show a linear response at a wide range of doses, since most dosimeters exhibit
nonlinear responses in a wide range of doses. TLD materials are microcrystalline powders
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or chips that can disperse light, where the near-surface light produced can approach the
photon detector more than the light from within its depth. This result depends on the
dosimeter’s ability to keep light emitting through it. Most researchers focus on block form
dosimeters such as pellets, chips, and discs [4,14-17]. In contrast, a few researchers have
used limited efforts to investigate nanocomposites with a creative design of 2D thin films to
serve as TL materials [18]. We see that it is of the utmost importance to consider modifying
the dimensions of the dosimeter, to ensure that it is compatible with various applications
and the critical regions for radiation measurements.

The development of thin films with dosimetric characteristics is of great importance in
calculating low penetrating radiation doses, including in the study of dose distribution at
interfaces. However, knowing the dose in the particular region and beyond clinics are signif-
icant. These are essential assets of knowledge to prevent unnecessary issues in the skin and
treat the lymphatic system at a depth of 0.5 mm. According to the literature review, several
attempts have been made to design two dimensional (2D) dosimeters [19-22]. Additionally,
the 2D design of the dosimeter with a high resolution is essential in modern radiotherapy,
for modalities where steep gradients of dose distributions occur. Moreover, overcoming
the problems associated with measuring depth dosage distributions is desirable [14,23,24].

Hence, Zinc oxide, ZnO, is an excellent advantage in improving efficient TL phosphor
tailored to be used in dosimetry applications, due to its wide bandgap of 3.37 eV, exciton
binding energy of 60 MeV, and high transparency of 90% in the visible region [23]. Based
on the characterization of ZnO, the surface area to volume ratio increases with the decrease
in the nano-range of grain sizes, which changes the optical properties such as transmittance.
Moreover, ZnO has inherent structures with different morphologies, i.e., nanoparticles,
nanowires, and nanorods [24]. However, ZnO has weaknesses, such as a high electron-hole
recombination rate. To address this limitation, doping with foreign atoms is crucial for
modifying the characteristics and proposed uses of semiconductor nanocrystals. Adding
impurities to ZnO will change the emission luminescence, as it creates defects in materials
and increases the charge carriers. The results of ZnO doped by transition metals showed
ZnO as a promising composite material in dosimetry, based on the TL glow curves, per
the most recent literature review indicated in our previous work [25]. The introduction of
Ag to ZnO caused the substitute of Ag?* in the Zn?* lattice, which increased the oxygen
vacancies due to variation in the ionic radius between Ag (1.15 A) and ZnO (.72 A). These
vacancies act as the sub-bandgap donor sites, producing traps; these sub-bandgap act as
traps for the electrons during irradiation. Later by stimulating the nanocomposite, the
trapped electrons tend to relax in the recombination center. A typical recombination center
may be created by dislocating a negative ion that works as an electron trap; if this trap is
shallow may be released by thermal vibrations of the lattice. On the other side, if the trap
is deep (high activation energy), the electrons will recombine with the holes’ trap at the
recombination center, giving rise to light emission (TL).

Therefore, adding selective elements to ZnO offers a vital way to enhance and control
optical and luminescence properties. According to the theory of valence control in oxide
semiconductors, the Debye length (Lp) of ZnO is reduced when it is doped with acceptor
elements such as Au, Cu, and Ag; Ag can promote the separation of spatially generated charge
carriers. Furthermore, the unique interface interactions between Ag metal and ZnO may be
related to the presence of the Schottky barrier, which promotes charge carrier separation. For
instance, Huang observed that when Ag (NPs) is added to ZnO, electrons concentrate in ZnO
along the Ag-ZnO interface until the electron-rich islands link. This difference in electron
transport at Ag-ZnO is caused by the fact that the work function of ZnO (4.62 eV) is greater
than that of Ag (4.24 eV), increasing electric conductivity up to 1000 times.

Furthermore, when the Ag content in the ZnO matrix increases, the electron concentra-
tion rises to 2.4 102°/cm, causing the electron accumulation zones to overlap and forming a
percolation channel for electron transport, without reducing electron mobility [26]. Simi-
larly, Corro and their research group reported that adding Ag to pure ZnO increased the
number of electrons in the conduction band (CB) of ZnO. This is caused by the interfacial
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electronic interactions between the metals and the ZnO. These impurities may increase the
probability of localized electrons being trapped in de-traps (close to conduction band CB);
this might occur because the electron transfer that emerged from Ag to ZnO caused the
shifted absorption to a higher wavelength [27]. Saboor’s findings demonstrated that the
Ag-doping concentration significantly impacted the morphology, structure, and intrinsic
defects of ZnO nanorods. As the modifier shifts the conduction band and Fermi level of
the ZnO nanorods, it creates vacancies and forms ionic bonds with the oxygen atom rather
than covalent bonds [28]. Likewise, incorporating silver into ZnO creates surface defects,
which act as effective charge carrier traps to reduce the recombination rate of the photo-
generated charge carriers. Thus, the addition of Ag to ZnO caused an increase in oxygen
vacancies sites, due to the electron sensitization effect of Ag; as a result, an improvement in
TL intensity can be obtained [29]. However, scholars are still making intensive efforts to
improve the TL properties of these phosphors, either by preparing them in various ways,
doping them with different impurities, or introducing new matrices, with ZnO being one of
these new host materials. Although many researchers have been dedicated to developing a
ZnO-based dosimeter, to our knowledge, no study has been reported that covers all of the
features [30-34]. This study comprehensively investigated the dosimeter characteristics of
Ag-doped ZnO thin films grown via the hydrothermal method.

2. Experimental Section
2.1. Materials

All of the compounds chosen for this research were conducted without additional
purification. Zinc acetate dihydrate (Zn(CH3COO),-2H,0) (BHD, Poole, UK), silver nitrate
AgNOj3 (Sigma, Ronkonkoma, NY, USA), hexamethylenetetramine (C¢H;,N) (HMTA,
Merck, Darmstadt, Germany). The ammonia (NHj3) and ionized water were available in
the laboratory of School of Physics Universiti Sains Malaysia.

2.2. Preparation of Ag-Doped ZnO Thin Films and Measurements

The simple hydrothermal method was employed to synthesize Ag-doped ZnO thin
film growth on the glass. The solution was prepared by mixing 0.1 mol of Zinc acetate
dihydrate and 0.1 mol of hexamethylenetetramine in 100 mL of ionized water. After that,
the mixture was vigorously stirred for half hour. AgNO;3 (0, 0.5, 1.0, 3.0, and 5.0 wt%) was
introduced to the prepared solution and continuously stirred for 1 h to obtain a homoge-
neous solution. Then, NHj3 was added dropwise into the solution until the transparent
solution was acquired. The solution was then poured into 150 mL Teflon autoclave, with the
immersion of the glass substrate (slab glass that deposited the thin films on it), before it was
closed tightly and heated at 180 °C in the furnace for 12 h, after which it was cooled to ambi-
ent temperature. The thin film was rinsed several times using deionized water. Finally, the
sample was annealed at 400 °C for 1 h in the furnace for impurity removal. This procedure
was performed several times for different concentrations of Ag, as previously mentioned.

Meanwhile, the structure analysis of pure ZnO and Ag-doped ZnO thin films was
measured by X-ray diffraction (XRD) (Malvern PANalytical, Malvern, UK) and equipped
with a Cu-K emission wavelength at (0.154 nm), for the range of 20 at 20° <2 6 < 80°.
Besides that, the morphology of the thin films was studied by scanning electron microscope
(SEM) (JSM-6460LV SEM JEOL Ltd, Tokyo, Japan). The nanocomposite of the thin films
was depicted via energy-dispersive X-ray (EDX) (Tokyo, Japan) analysis. In addition,
photoluminescence (PL) (Jobin Yvon HR 800 UV Jobin Yvon, Kyoto, Japan) was investigated
using a laser with a power of 0.18 mW, and the excitation source’s wavelength was 325 nm.
Ultraviolet visible (UV-vis) spectrophotometry (Model Cary 5000 UV-VIS-NIR Agilent
Technologies, Santa Clara, CA, USA) was applied to measure the transmittance.

2.3. Thermoluminescence Measurments

In this study, the process of preparing the samples was carefully considered; the
weighing by difference technique was applied to measure the mass of the thin films. After
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that, the thin film was cut into 5 x 5 mm?. The samples were then labeled and placed in
opaque containers. Before irradiating the samples, the annealing dosimeter procedure was
first conducted to remove any traps. Annealing treatment is a method used to eliminate
the residual signal, which may cause unwanted background readings in this work. The
samples were kept under specific circumstances, to shield them against external physical
and environmental effects such as dust and cleaning. Figure 1 shows the setting of the
samples for irradiation using an X-ray machine (Toshiba KXO-50S) (Toshiba Medical
Equipment, Tokyo, Japan) with its control panel setting, as mentioned in our previous
study but with a slight modification, where the SSD and the field size were set at 80 cm
and 10 x 10 cm?, respectively [35]. In the present work, the temperature-time profile
was preheated at 50 °C, and the maximum temperature was 400 °C. The heating rate
was carried out within the intervals of (1, 3, 5, 7, and 10 °C/s) for all three compositions,
where the samples were irradiated by X-ray radiation, and each data point is an average
of three samples to estimate the average TL intensity and standard deviation. Win REMS
application software (USA) for TLD readers involved two phases of preheating.

perspex phantom

pespex hole to
but sample and TLD100

Figure 1. The schematic diagram of the experimental set-up for X-ray irradiation dose using Toshiba
KXO-50S X-ray.

There are two steps in the readout (acquisition phase): collecting light emitted during
the heating process and converting the light into an integrated value (display glow curve).
In order to measure the percentage depth doses (PDD), 10 Perspex phantom slides were
used, where the thickness of each slide was 1 cm. HARSHAW TLD Model 3500 (Thermo
Fisher, Waltham, MA, USA) was utilized. Initially, the reader was warmed for 30 min, and
nitrogen gas was turned on at a flow rate of 3.0 to 4.0 psi. The planchet’s nitrogen flow
improves the accuracy of low exposure reading and extends the planchet life by eliminating
the oxygen in the planchet area. The time temperature profile (TTP) included the heating
cycle parameters and was set in the Win REMS software. The TL charge was collected from
each reading cycle in 200 data points.

3. Results and Discussion
3.1. Structural, Morphological, and Chemical Composition Investigations

Figure 2 displays the structure and crystallinity of undoped ZnO and Ag-doped ZnO
thin films using XRD (20° <2 6 < 80°). The results showed polycrystalline with a hexagonal
wurtzite structure for the Ag-doped sample [36]. The diffraction peaks corresponding to
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Zn0O and Ag appeared to agree with the standard JCPDS data card 01-089-0511 and 03-065-
2871, respectively. The peaks for all samples indicate that Ag-doped ZnO thin films have
grown successfully. The peaks of 100, 002, and 101 planes correspond to 2 § = 31.77°, 34.37°,
and 36.35° of ZnO, respectively. The peak at (002) orientation is the highest, indicating the
growth direction and c-axis orientation. In the meantime, the diffraction peak of 111 at
2 0 =38.22° is consistent with Ag for Ag-doped ZnO thin films. No evidence of impurity
peaks was observed from the XRD data [37].
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Figure 2. The X-ray diffraction pattern of undoped ZnO and Ag-doped ZnO thin films.

The results showed that the diffraction peaks connected to ZnO decreased along
with the Ag dopant increment, due to the disorder formed by the Ag ions in the ZnO
lattice structure; moreover, the dopant’s chemical reactivity plays a role in crystal growth
dynamics. As a result, the added Ag atoms cause a deformation in the crystalline structure
of ZnO [38]. However, this deformity may be ascribed to Ag* having a considerably larger
ionic radius (1.22 A) than Zn* 0.72 A, leading to the segregation of Ag atoms to the grain
boundaries of ZnO crystal, indicating Ag cluster formation that appeared as separate Ag
peaks. Consequently, a metallic phase of silver was produced on the surface of ZnO [28,39].

The crystallite size was estimated using Scherrer’s formula and was tabulated in
Table 1:

D = 0.89A/B cos @ (1)

As seen in Table 1, the TL intensity increases as the crystallite size decreases. The
change of TL is consistent with that of the surface fluorescence, which increases as the
surface area to volume ratio increases, as we mentioned in the introduction. When the
nanocomposite is exposed to radiation, the electron and hole will be created and trapped in
these metastable states. Hence, it is obvious that the TL of the nanoparticles is proportional
to the surface defects. The surface-to-volume ratio increases when the size decreases, and
the particles go to more easily obtainable carriers, which increase the holes and electrons
for TL emission. There is still much to learn about the aspects of the upconversion of
luminescence in these nanomaterials [40-43]. However, by increasing the dopant, the
intensity decreased. Researchers ascribed the decrease in luminescence intensities to the
quenching effect as an increasing dopant, which is consistent with this study [44,45].
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Table 1. Calculation of the crystallite size of ZnO and Ag-doped ZnO thin films.

. FWHM e
Samples 20(°) (rad) Crystallite Size (nm)
Pure ZnO 31.80 0.147 36.21

1% Ag 31.79 0.1476 35.9

3% Ag 31.52 0.197 27.0

5% Ag 31.76 0.246 21.5

Figure 3’s SEM images show the surface morphology of pure ZnO and Ag-doped ZnO
thin films. One-dimension nanostructure hexagonal shapes were successfully synthesized
through the hydrothermal method. The effect of the amount of Ag on the morphology of
ZnO nanorods is observed. Based on the obtained results, the nanorods’ length is 5 um,
as confirmed from the cross section (image inset of Figure 3b). The surface morphology
of Ag-doped ZnO became deformed and flattened by increasing the Ag dopant. The
morphologies of thin films are affected by adding Ag*, which may be replaced with Zn%t.
Further increase in impurities caused the agglomeration of Ag atoms at the grain boundary
of ZnO crystal, suggesting the creation of Ag clusters that appeared as separate Ag atoms,
as can be seen in Figure 3¢,d [46].

Figure 3. FE-SEM images of the (a) pure ZnO and silver dopant at (b) 0.5%; (c) 1%; and
(d) 3%, respectively.

Energy-dispersive X-ray (EDX) spectroscopy was used to evaluate the chemical com-
positions of pristine ZnO and Ag-doped nanorods. The results showed that the sample
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comprises Zn and O elements; no additional elemental peaks were seen in the pristine ZnO
analysis. Ag impurities have also been fully incorporated into the ZnO lattice. Figure 4
showed the elemental synthesis of ZnO and Ag-doped ZnO thin films via EDX and revealed
a good agreement with the experimental composite [47]. The mapping images exhibited a

uniform and homogeneous distribution of Ag* ions in ZnO.
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Figure 4. The EDX spectrum for undoped and Ag-doped ZnO thin films with typical mapping
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3.2. Optical Properties Studies

The PL spectra of undoped ZnO and Ag-doped ZnO thin films at room temperature
were recorded. Figure 5a shows the PL spectra of pure ZnO and Ag-doped ZnO as-
synthesized by hydrothermal deposition at room temperature, after annealing at 400 °C
for 2 h. The PL study was conducted at room temperature with an excitation wavelength
of 325 nm xenon-lamp Laser. The obtained results revealed two peaks that included the
near bandgap (NBE) (3.26 eV), due to the collision process of excitons. The other highest
intensity peak in the visible region is defined as deep level emission (DLE) with a wide
range (2.25 to 1.46 eV); this was mainly attributed to the electron-hole recombination,
which gave rise to the surface and intrinsic defects in the crystalline structure lattice during
the growth. In addition, the DLE is the result of various developmental defects, such as
zinc interstitials (Zn;), interstitial oxygen (O;), zinc vacancies (Vz,), and oxygen vacancies.
These defects cause the DLE (Vp), and the red band at 1.6 E;, was observed due to the
interface between O; and Vy,, emissions [48-51].
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Figure 5. (a) Room temperature PL spectra of pure ZnO and Ag-doped ZnO 1%, 0.5% mol thin films,
and (b) Gaussian deconvolution of Ag-doped ZnO thin film.

For the Ag-doped ZnO thin film, there is an increase in the intensity of NBE without
shifting the peak’s position. The enhancement in UV intensity after annealing may be
attributed to excitonic recombination; we can explain it as due to the implanted Ag atoms;
thermal annealing provides energy to occupy Zn atom sites in the lattice of ZnO. When no
Ag atoms are stuck in non-equilibrium positions, the occupying probability could increase
the temperature and gradually become steady at a specific value. The UV light in ZnO
crystal can excite photocarriers [51,52]. However, the optimized intensity was 0.5 mol%,
due to the electron-hole recombination as an electron transporting layer and the oxygen
vacancies mechanism. With the increase in Ag molarity beyond 0.5% of the Ag amount, the
PL intensity tended to reduce, which may be due to the surface plasmon resonance (SPR)
of Ag, as reported in a prior study by [53].

The cause of the red region is still controversial. Due to the diverse array and com-
plexity of defects existing in ZnO, some authors have attributed it to ZnO structure defects.
In contrast, some other authors attributed it to an excess of oxygen impurities [54]. To
understand the characteristics of the broad visible emission band, the deconvolution of
the components band was applied via Gaussian fitting, see Figure 5b. The deconvolution
peak at 2.10 (eV) may be ascribed to the Vz,-Vg vacancies that other scholars assigned to
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positively charged oxygen vacancy V. [54-57]. Moreover, we observed other peaks at
1.84 (eV) and 1.7 (eV) assigned as the yellow and orange emissions in ZnO, respectively,
attributed to neutral Vg and interstitial zinc atoms Zn; [58-61]. The emission bands in
the 1.7 (eV), 1.56 (eV), and 1.46 (eV) were caused by different types of defects, such as
interstitial zinc, zinc vacancy, oxygen vacancy, and interstitial oxygen [56,62-64]. The
emission bands have been improved by oxygen heat treatment and Ag-doping, suggesting
that this emission band is due to Ag—O clusters [18].

Figure 6 shows the transmittance spectra of ZnO and Ag-doped ZnO over 200 to
800 nm. The results revealed that the transmittance decreased with the increment of Ag,
which may be ascribed to the scattering of photons by crystal defects formed by the Ag
dopant, agglomeration density, and adsorption of free carriers [65].
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Figure 6. Optical transmittance for undoped ZnO and Ag-doped ZnO thin films.

Figure 7 shows the bandgap (Eg) of the samples. From the above transmittance, the
absorption coefficient () was determined based on the following equation:

a=—LnT/d (2)

where T is the transmittance, and d is the thickness of the thin films. Meanwhile, the
bandgap can be measured by extrapolating the linear portion curve of (ahv)? versus the
photon energy (hv), according to the following equation:

ahv = (hv — EgQ)™ 3)
where Eg is the gap energy; hv is the energy of the photon; « is the calculated absorption

coefficient from the raw transmittance data; and m = 1/2 for the plotted direct transition
bandgap (whv)? vis photon energy (hv).
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Figure 7. The bandgap for undoped ZnO and Ag-doped ZnO thin films.

The energy gap for ZnO recorded 3.2 eV, slightly decreasing with the addition of
Ag. The decrease in Eg with the increase in Ag may signify Ag* was substituting for Zn*
in the lattice [66]. The production of oxygen vacancies plays a vital role in reducing the
bandgap, as they serve as trap centers that minimize the recombination of charge carriers by
capturing the electrons. Furthermore, the addition of Ag may cause defects in the bandgap,
which can broaden the spectrum and promote emission in the visible range, leading to
improved luminescence characteristics of Ag-doped ZnO nanocomposites [67].

3.3. Dosimetry Characteristics
3.3.1. Sample Optimization

The samples were exposed to 3 Gy of X-ray radiation. Figure 8 displays the glow
curve of the dosimetric peak for ZnO and Ag-doped ZnO thin films. The acquired glow
curve exhibited a single peak sited at 240270 °C with 5 °C/s of the heating rate. The
results showed that the highest intensity of the thermoluminescence corresponded to a
0.5 mol% Ag-doped ZnO sample at 270 °C. This temperature peak is a desirable site for the
dosimetry application because, if located at a low temperature, it will cause an increase
in the fading and a loss of the signal, similar to if the dosimetric peak is situated at a high
temperature, which leads to an interface with black body radiation as reported [25,68]. As
the concentration of Ag decreased, the TL intensity appeared to increase, with a noticeable
shift toward higher temperature.

The emission of TL intensity for Ag-doped ZnO increased when the dopant ratio
reached 0.5%. Beyond this concentration, the Ag atoms became agglomerated into metallic
Ag clusters, reducing the surface defects and, thus, quenching the TL intensity [69,70].

Another fact is that Ag-doped ZnO does not create a new TL peak but increases the
trap center, increasing TL intensity. For more explanation of the TL mechanism of Ag-doped
ZnO, when the samples were irradiated (the photon energy of X-ray was more significant
than the bandgap of ZnO), the electrons in the valence band of this nanocomposite excited
to the conduction band (e~) simultaneously produce an equal number of holes (4*) in
the valence band. These electrons and holes will relax at the tarps created by the oxygen
vacancies and Ag+ ions, preventing the immediate recombination of (¢~ — h") pairs.
Consequently, the electrons and holes will stay trapped for a long time, depending on the
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lifetime of the levels trapped and the ambient temperature; later, when stimulated, the
samples via the temperature, electrons, and holes will recombine at the recombination
center, and emission photons will occur. The optimized sample of 0.5%Ag-doped ZnO was
chosen for further investigations.
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Figure 8. The glow curves of Ag-doped ZnO thin films with different concentrations of Ag percentage.

3.3.2. Heating Rate

The process of determining the heating rate is crucial in order to acquire the optimal
recombination and sensitivity [71]. Figure 9 depicts the glow curve with a different heating
rate of the optimum sample. For this study, each data value identified an average of three
dosimeters samples to estimate the average TL intensity and a standard deviation. The
prepared samples were automatically heated at 50 °C by the TLD reader before recording
the glow curve, and the temperature was gradually incremented at the heating rate of
1°C/s up to 10 °C/s. Ideally, the optimum heating rate should achieve the highest TL
intensity with the lowest standard deviation [72]. As shown in Figure 10, the optimum
heating rate corresponding with the highest TL intensity is set at 5 °C/s. It was observed
that the intensity of the glow curve with the different heating rates of the Ag-doped ZnO
film decreased when increasing the heating rate. The glow curve is connected to trap levels
in the bandgap between the conduction bands and the valence bands of material at varying
depths. These trap levels are distinguished by kinetic parameters such as activation energy,
live time, and frequency factor. Besides, the reduction in intensity with an increase in
heating rate can be attributed to the association between the time taken to de-trap the
electrons trapped and the number of electrons de-trapped due to thermal stimulation [73].
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Figure 9. Glow curve of Ag-doped ZnO thin films as a function of heating rate.
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Figure 10. TL response of Ag-doped ZnO thin films as a function of heating rate.

3.3.3. Annealing Procedures

Annealing treatment is a method used to eliminate the residual signal of radiations,
which may cause unwanted background readings; this process is essential to yielding a
precise TLD outcome [74] The annealing procedure in the current study was carried out
using different temperature values (100400 °C) at a specific annealing time (1 h). In this
investigation, each data value indicated an average of three dosimeter samples. Following
that, the samples were exposed to 3 Gy of X-ray radiation.

Figure 11 displays the best TL response with a minimum standard deviation of the Ag-
doped ZnO (0.5 mol%) at 400 °C. The samples were subjected to an annealing temperature
at 400 °C with different annealing times (from 20 to 60 min), before being exposed to
3 Gy of X-ray radiation. As shown in Figure 12, the optimum TL response and low
standard deviation were found at 30 min. These annealing processes demonstrated that all

120



Nanomaterials 2022, 12, 3068

traps had been evacuated and restored the thermodynamic defect equilibrium before the
irradiation [75]
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Figure 11. The TL response of Ag-doped ZnO thin films with different annealing temperatures.
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Figure 12. The TL response of Ag-doped ZnO thin films with different annealing times.
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3.3.4. Dose-Response

The study investigated the TL response for the Ag-doped ZnO thin films. Each data
point involved three samples; the average and standard deviations were taken. Figure 13
shows the linear response doses (0.1-4 Gy) for Ag-doped ZnO thin films. The study revealed
an excellent linear response and correlation coefficients of 0.97 and 0.996 for Ag-doped ZnO
thin films and TLD 100 chips, respectively. The results indicated the distribution of deep
traps in Ag-doped (0.5 mol%) ZnO thin films located at different levels [76]. The Ag-doped
ZnO thin films and TLD 100 chips were irradiated under the same condition for comparison
(to the material host). The response of TLD 100 chips appeared linear within the range
(0.1-4 Gy), as expected. This finding confirmed that the phosphorus established deep traps
within the nanocomposites lattice, which is proportional to the various doses [77].
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Figure 13. The linearity of response dose irradiated with X-ray (0.1-4) Gy.

3.3.5. Sensitivity

One of the essential characteristics of TLD properties is dosimeter sensitivity TL.
Sensitivity is defined as the TL intensity per unit mass of the thin film and per unit dose of
X-ray radiation (TL.mGyfl.mgfl), as shown in Equation (4).

S(D) = TL/m.D @)

where TL is the intensity (expressed in nC), and m.D is the dose (expressed in mGy).
Relative sensitivity, another term linked to the dosimeter material sensitivity, is often
compared to the standard (TLD 100). The following equation expresses relative sensitiv-
ity [78].
R(D) = S(D)materiat/ S(D)TLD 100 ®)

The sensitivity could be obtained based on the slope of the graph of response doses
(linearity) [79]. The sensitivity of 0.5 mol% Ag-doped ZnO appeared to be approximately
two times that of the TLD 100 chips, which agreed with the past reported studies.
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3.3.6. Reproducibility

Reproducibility is another significant aspect of TL material that should stay stable
even after repeated usage. The samples were irradiated to 4 Gy and stored for 24 h
at room temperature. The numerous cycles of TL reading were recorded. As a result,
Figure 14 shows no considerable difference in the results after eight cycles and no changes
in transparency or color. The results demonstrated remarkable stability of using the material
as a dosimeter [80].
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Figure 14. Reproducibility of Ag-doped ZnO thin films irradiated 4 Gy with X-ray.
3.3.7. Thermal Fading

Thermal fading is defined as the loss of stored thermoluminescence TL intensity during
the storage after irradiation. Typically, the thermal stability of the dosimetry material is
based on two categories: annealing, storage temperature, readout, radiation types, and
time, which are discussed in the previous terms. Second, the thermal stability is strongly
dependent on the nature of the material; in this context, the activation E energy of the depth
trap should be (E > kT), to liberate an electron from a trapping center.

The desirable dosimeters possess a glow curve that starts upward after 140 °C and
reaches a maximum peak between 200-250 °C. However, commercial TLD materials possess
fading. The fading may occur through defects or be due to their recombination in trapped
holes [81-83]. The thermal fading property of the new host TL material in this work was
examined. In this case, 0.5 mol% Ag-doped ZnO was exposed to 1 Gy and 4 Gy. The
irradiated TL materials were divided into two groups, where each group had 35 samples
and was stored in an opaque box (dark environment) at room temperature. The readout of
TL started directly after 1 h and continued for 45 days.

Figure 15 displays the fading curve behavior of the samples. The signal loss was
recorded at 8% for 1 Gy and 20% for 4 Gy in the first hour. After 45 days of irradiation,
the signal loss was recorded at 32% and 40% for the cases of 1 Gy and 4 Gy, respec-
tively. The residual signal noticeably decreased with the increase in the dose value of the
X-ray radiation.
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Figure 15. Thermal fading characteristics of Ag-doped ZnO thin films exposed to X-ray.
3.3.8. Optical Fading

Optical fading is another significant parameter for TLD materials; however, the optical
fading dramatically depends on the light intensity, wavelength, and time exposure [83]. In
the current study, optical fading was measured to estimate the sensitivity of the Ag-doped
ZnO thin films to sunlight and room light. The samples were initially kept in a dark
container during all the time measurements. Two groups of 30 samples were irradiated by
4 Gy of X-ray radiation and numbered, where each data point identified the outcomes of
five samples. For six hours, the first group of samples was exposed to sunlight, while the
second group was exposed to room light (by fluorescent lamp).

Figure 16 shows the behavior of the optical fading of Ag-doped ZnO thin films. The
stored signals for the first group of samples yielded a loss of 53% after 1 h and 70%
after 6 h of direct sunlight exposure in ambient conditions. As for the second group of
samples, the stored signals yielded a loss of 30% after 1 h and 46% after 6 h. The trapped
electrons or holes can be released optically at low temperatures, which suggests that
further recombination could occur between the opposite charge carriers with an increasing
absorbed temperature. Thus, a decrease in the TL intensity is expected when the proposed
dosimeters are directly exposed to sunlight or room light [84]. This behavior has been
observed in our previous works with multilayer thin films and nanopowder (pellets). The
results revealed that the samples exposed to sunlight lost the signal more than the samples
exposed to room light; this shrinking in the stored signals is attributed to the UV in sunlight.
In light of this, the study concluded that the TL dosimeters should be stored in opaque
containers when utilized [25].
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Figure 16. The optical fading of Ag-doped ZnO thin films exposed to sunlight and fluorescent light.
3.3.9. Minimum Detectable Dose (MDD)

For this study, the minimum detectable dose (MDD), also known as the lowest level
detection, was calculated using Equation (6):

Dy = (B* +20B)F (6)

where 0B is the standard deviation of the background; B* is the average background TL
(zero dose reading); and F is the calibration factor expressed in Gy nC—L.

In the current study, the five samples were read to measure the background before
irradiation and exposed to 1 Gy of X-ray radiation. The average background and standard
deviation for Ag-doped ZnO thin films were 0.414 and 0.099 nC, respectively. Additionally,
the calibration factor recorded 0.0168 Gy nC~!, substituting Equation (7). Consequently,
the low detectable dose of the Ag-doped ZnO thin film was found to be 10.31 mGy. Table 2
shows the MMD for the Ag-doped ZnO thin film. The type of model of TLD reader is a
significant factor in determining MMD [85].

F = Dose (Gy)/TL (nC) (7)

Table 2. The minimum detectable doses (MMD) for the Ag-doped ZnO thin film.

1 Gy X-ray Irradiated

Ag-Doped ZnO

Samples BG nC TL Signal nC TL-BG
1 0.27 63.27 63
2 0.36 59.62 59.26
3 0.47 48.94 48.47
4 0.52 65.28 64.76
5 0.451 61.85 61.399
Average 0.4142 59.792 59.3778
STDV 0.099238
F 0.016841311
Dy 0.01031827
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3.3.10. Percentage Depth Doses (PDD)

The percentage depth dose (PDD) is vital to determine the dose delivery, especially for
cases that involve applying a narrow beam and a small field size [86]. PDD is given by the
division of the absorbed dose at any depth, D, to the absorbed dose at a specific reference
dose, which is along the central axis of the beam, as shown in Equation (8):

%PDD = Dy/Dj @)

In this study, X-ray radiation (80 kVp, 100 Ams) was applied to determine the depth
dose distribution and compare the use of a PTW Markus parallel plate chamber, TLD rods,
and TLD 100 chips, a host material of Ag-doped ZnO thin films. As previously described in
Figure 1, with a slight difference, the procedure was set up with a source-to-surface distance
(SSD) of 80 cm and a field size of 20 x 20 cm?. Furthermore, the phantom consisting of
Perspex slabs included a slab with a thickness of 1 cm, where 10 slabs were used to get a
maximum depth of 10 cm. The thin film set up in a slab with a thickness of 2 mm was placed
in square holes, and the dose delivery was 3 Gy. The ionizing chamber, TLD rods, TLD 100
chips, and Ag-doped ZnO thin films were placed at different depths (from 0 to 10 cm).

Figure 17 shows the performance of the measurements at different depths, from the
surface Dy up to D = 10 cm. The depth doses (each data point representing five samples’
outcomes) were normalized to Dy = Dyyar. Ag-doped ZnO and all references recorded Dyax
at a depth of 0 cm. The PDD appeared to gradually decrease from the surface until the
depth of 6 cm. The PDD values of Ag-doped ZnO at a depth of 5 cm were higher than
the PPD values of the TLD 100 chips, ionization chamber (IC), and TLD rods, which were
found to be 28.33%, 24.33%, 27.00%, and 25.00%, respectively. The variation in the values
of depth dose is subjected to many factors, such as the location of effective point samples,
field size (may be due to the scattering of radiation), measurement of detectors, presence of
air gap between detectors and layers of Perspex phantom, and the Zg of the materials.

) v L) . I M L) L L} b4 I
100 - -
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4 —&— TLD100 chip J
Q —w— TLD100 rod
L 60 = -
(]
73 . i
o
°
£ 40 -
o
[}
° 1 p
20 - -
0 ) . L) hd L) v ) v ) v L)
0 2 4 6 8 10
Depth (cm)

Figure 17. Percentage depth dose curve of the Perspex phantoms in 30 cm x 30 cm field size at
60 kVp of the X-ray energy with delivery dose 3 Gy.
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4. Conclusions

The proposed dosimeter thin films were prepared successfully by the hydrothermal
(autoclave) method. The structural and optical properties were studied. The PL spectra
showed two peaks that included the near bandgap edge emission (3.26 eV) and high-
intensity defect in the visible region with a wide range (2.25 to 1.55 eV). The dosimetric
properties were investigated. TL optimum intensity was found at 0.5 mol% of Ag for
a delivered dose of 4 Gy, with the glow curve showing a single peak at 270 °C. The TL
sensitivity was normalized to the mass of the thin films and found to be two times that
of the TLD 100 chips. Ag-doped ZnO thin films showed good reproducibility, and the
results of PDD also confirmed an agreement with the case of TLD 100. However, it can be
concluded that the advantage is that the glow curve’s growth was acquired immediately
with different heating rates and that the sensitivity is more than that of TLD 100. The
limitations of this work are that the thin films’ synthesizing conditions were a crucial effect
on the shape and position of the glow curve and optical fading. These thin films were
strongly affected by sunlight. The study demonstrated that the synthesized sample exhibits
suitable TL properties for radiation monitoring.
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Abstract: The emerging chemodynamic therapy (CDT) has received an extensive attention in recent
years. However, the efficiency of CDT is influenced due to the limitation of HyO, in tumor. In this
study, we designed and synthesized a novel core-shell nanostructure, Cu-metal organic framework
(Cu-MOF)/glucose oxidase (GOD)@hyaluronic acid (HA) (Cu-MOF/GOD@HA) for the purpose of
improving CDT efficacy by increasing H,O, concentration and cancer cell targeting. In this design,
Cu-MOF act as a CDT agent and GOD carrier. Cu(Il) in Cu-MOF are reduced to Cu(I) by GSH
to obtain Cu(I)-MOF while GSH is depleted. The depletion of GSH reinforces the concentration
of HyO, in tumor to improve the efficiency of CDT. The resultant Cu(I)-MOF catalyze H,O, to
generate hydroxyl radicals (-OH) for CDT. GOD can catalyze glucose (Glu) to supply H,O, for CDT
enhancement. HA act as a targeting molecule to improve the targeting ability of Cu-MOF/GOD@HA
to the tumor cells. In addition, after loading with GOD and coating with HA, the proportion of
Cu(I) in Cu-MOF/GOD@HA is increased compared with the proportion of Cu(l) in Cu-MOE. This
phenomenon may shorten the reactive time from Cu-MOF to Cu(I)-MOF. The CDT enhancement as
a result of GOD and HA effects in Cu-MOF/GOD@HA was evidenced by in vitro cell and in vivo
animal studies.

Keywords: Fenton reaction; hydroxyl radicals; GSH depletion; hydrogen peroxide; glucose oxidase

1. Introduction

Chemodynamic therapy (CDT) is an emerging cancer treatment, which depends
on the Fenton or Fenton-like reactions to obtain highly toxic hydroxyl radicals (-OH)
for killing cancer cells [1]. The Fe/hydrogen peroxide (H,O,) system is defined as the
Fenton reagent, and the others (e.g., Co, Cd, Cu, Ag, Mn, Ni) are called Fenton-like
reagents [2-6]. Compared with normal cells, the tumor microenvironment is characterized
by overexpression of H,O,, glutathione (GSH) and weak acidity [7,8]. Up to now, most of
the metal ions used to construct CDT nanotherapeutics include Mn, Fe and Cu. Fe ions in
particular are the most commonly used for CDT [9]. However, the Fe-based Fenton reaction
is only effective under strongly acidic conditions (pH 2—4) [10]. Therefore, the Fenton-
reaction of Fe will be limited under the neutral and weakly acidic microenvironment
conditions encountered in tumors. Mn(II) used in Fenton-like reactions only remains stable
when pH < 4. In contrast, the efficiency of Cu(I) is not influenced by the pH. Even under the
best reaction conditions, the reaction rate of Cu(I) is 160 times than that of Fe(II) [11-13]. In
addition, a large amount of GSH in tumor cells can react with reactive oxygen species and
affect the concentration of H,O, and -OH. GSH can be depleted during the reduction of
the Cu(II) to Cu(I), which is beneficial for CDT [14]. Therefore, Cu-based nanotherapeutic
agents for CDT have attracted a lot of attention.
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The relatively higher concentration of HyO, in tumor cells than in normal cells is
the basis for CDT due to Fenton/Fenton-like reactions with H,O,. However, the H,O»
concentration in tumor cells is still limited and this limitation actually influences the
efficiency of CDT [15]. Different kinds of strategies have been proposed to overcome this
drawback. The introduction of extraneous enzyme (glucose oxidase (GOD), superoxide
dismutase and so on) into the cell interior may facilitate the production of H,O,, which
ensures the continuous and effective treatment of tumor cells [16]. GOD can catalyze the
reaction of glucose (Glu) to produce gluconic acid and H,O, [16,17]. Therefore, combining
GOD and a CDT agent is a promising strategy. GOD consumes a large amount of Glu
needed for physiological activities, which achieves a “cell starving” effect therapy during
this process. This phenomenon also supplies H,O, for CDT [18].

Metal-organic frameworks (MOFs) are organic-inorganic hybrid materials formed
by the combination of inorganic metal ions or metal clusters and organic ligands. MOFs
have been widely used in biomedical imaging and therapy [19], biosensing [20], catalysis
and as drug carriers [21] due to their high specific surface area, porosity and diversified
structures. MOFs can be easily modified with appropriate treatments during or after their
synthesis [22]. Therefore, Cu-MOFs are suitable as modifiable CDT agents.

Hyaluronic acid (HA) is a natural acid mucopolysaccharide present in the synovial
fluid and extracellular matrix [23]. HA has been widely used in tissue engineering, drug
delivery and molecular imaging which all benefit from its biocompatibility and biodegrad-
ability [23-25]. More importantly, HA can specifically target CD44 overexpressed in various
cancer cells and be decomposed by the intracellular hyaluronidase [26]. Therefore, HA
is often used to bounding various drug-loaded nanoparticles as a targeting moiety for
enhanced cancer therapy [27-30].

In this work, Cu-MOF are chosen as a cascade nanoreactor for CDT. As shown in
Figure 1, GOD are first loaded onto Cu-MOF and Cu-MOF/GOD composites are thus
obtained. HA acts as a shell on the Cu-MOF/GOD to avoid GOD leakage and as a targeting
molecule to tumor site. The resulting Cu-MOF/GOD@HA nanocomposites are activated
by GSH in tumors and catalyze HyO, to produce -OH for CDT for cancer treatment as
illustrated in Figure 1.

++-COOH -NH, HA A
Cu-MOF
_ o — © Cu-MOF/GOD
QCu-MOF/GOD@HA

Cu-MOFIGOD@HA Glu. B
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essct ./ \_
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& Cu(I)-MOF/GOD@HA .

. E “%@ on

Figure 1. Schematic of the Cu-MOF/GOD@HA preparation process (A) and the Cu-containing
nanoformulation mediated CDT (B).
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2. Materials and Methods
2.1. The Preparation of Cu-MOF/GOD@HA Nanocomposites
2.1.1. Cu-MOF/GOD

Cu-MOFs (HKUST-1) were prepared according to a previously reported approach [31].
Thus, 10 mg of Cu-MOF were dissolved in 1 mL of absolute ethanol. Next 10 mg
of coupling agent (1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride/N-
hydroxysuccinimide) (EDC/NHS) were dissolved in 6 mL of DI water. The above Cu-MOF
and EDC/NHS solutions were mixed with vigorous stirring for 30 min. Then 2 mg of
GOD was dissolved in 3 mL of DI water and added dropwise into the above mixture under
stirring for 4 h. Finally, the resultant Cu-MOF/GOD was washed with DI water three times.

2.1.2. Cu-MOF/GOD@HA

The above Cu-MOF/GOD nanoparticles (final concentration: 2 mg mL™!) mixed with
HA (final concentration: 0.5 mg mL1) under sonication for 30 min. Finally, the resultant
Cu-MOF/GOD@HA was washed with DI water 3 times.

2.2. Extracellular -OH Generation under Catalysis by Cu-MOF
2.2.1. Reaction between Cu-MOF and GSH

Two hundred pL of Cu-MOF solution (1 mg mL™!) was mixed with 800 uL. GSH
solution (10 mmol L™!) under vortex mixing until the appearance of a white precipitate
(Cu(I)-MOF). The precipitated intermediate products were characterized via UV-vis ab-
sorption spectroscopy (Hitachi, Hitachi, Japan).

2.2.2. Extracellular -OH Generation under Catalysis by Cu-MOF

A5 ug mL™! methylene blue (MB) solution was mixed with 5 mmol L H,O, and
200 ug mL™ Cu(I)-MOF or Cu-MOF under vortex mixing. After different time intervals
of reaction, -OH-induced MB degradation was evaluated based on the change in the
absorption at the maximum absorption wavelength 630 nm.

2.2.3. Gluconic Acid Generation under Catalysis by GOD

(1) A 100 pg mL™ Cu-MOF or Cu-MOF/GOD solution was mixed with 500 ug mL™!
Glu under vortex mixing. After different times of reaction, the generation of gluconic
acid was monitored by the acidity change of the solution. (2) A 100 ug mL™ Cu-MOF
or Cu-MOF/GOD solution was mixed with different concentrations of Glu under vortex
mixing for 24 h. The generation of gluconic acid was monitored by the acidity change of
the solution.

2.2.4. The HyO, Generation under Catalysis by GOD

The fluorescence signals of Ampliflu Red are influenced by the change of H,O, con-
centration. Thus, Ampliflu Red was used to investigate the H,O, generation. Specific steps
were as follows: (1) A 600 ug mL~! Ampliflu Red solution was mixed with 500 pg mL™! Glu
and 100 pg mL~! Cu-MOF/GOD under vortex mixing. After different time intervals (0, 5,
10, 25, 50 min), the fluorescence intensity at 585 nm under 530 nm wavelength excitation
was measured. (2) A 600 pg mL™' Ampliflu Red solution was mixed with 100 pug mL™!
Cu-MOF/GOD and different concentrations of Glu (0, 20, 50, 70, 100 pg mL1) under vortex
mixing. After 30 min of reaction, the fluorescence intensity at ~585 nm under 530 nm
wavelength excitation was measured.

2.3. Cell Experiments
2.3.1. Cytotoxicity Assay

Briefly, 10* cells/well were seeded in 96-well plates and cultured overnight at 37 °C
in 5% CO, atmosphere. The pending test cells were then further incubated with different
concentrations of Cu-MOF, Cu-MOF/GOD or Cu-MOF/GOD@HA (10, 20, 30, 50, 70,
100 pg mL~1) under different conditions (GSH: 2.5, 5.0 mmol L1, H,O,: 100 umol L
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or trypan blue: 10 pg mL™) for 24 h. The cytotoxicity of Cu-MOF, Cu-MOF/GOD and
Cu-MOF/GOD@HA was evaluated through an MTT assay.

2.3.2. Intracellular -OH Generation Capability of Cu-MOF/GOD@HA

For the evaluation of -OH generation capability, MCF-7 cells were cultured with
50 pg mL! of Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA for 4 h, the cellular-ROS
stress levels were then evaluated by using a ROS assay kit. After washing with PBS for
twice, MCF-7 cells were further incubated with 2,7/ -dichlorodihydrofluorescein diacetate
(DCFH-DA) (10 pmol L) for 20 min followed by washing for 3 times with PBS. Finally,
ROS associated signals in the cells were observed by fluorescence microscopy.

3. Results
3.1. Preparation and Characterization of Cu-MOF/GOD@HA

The preparation process of Cu-MOF/GOD@HA was shown in Figure 1A as described
in the experimental section. GOD was firstly loaded into Cu-MOF by amide reaction
between -COOH on the Cu-MOF and -NH; on GOD. Then, Cu-MOF/GOD was coated by
HA to avoid the leakage of GOD and to improve its biocompatibility as well as the targeting
ability. The CDT mechanism of Cu-MOF/GOD@HA was shown in Figure 1B. After endo-
cytosis into MCF-7 cells, i.e., the tumor cells, CDT process based on Cu-MOF/GOD@HA
was triggered sequentially by GSH “AND” H,O; in the cancer cell interior. In addition,
GOD in Cu-MOF catalysis Glu to supply HyO, to improve CDT efficacy.

Transmission electron microscope (TEM) images in Figure 2A,B illustrate the Cu-MOF
with diameter of 63.32 £ 9.12 nm. SEM image and Elemental mapping of C, N, O and Cu of
Cu-MOF confirmed the successful preparation (Figure S1A,B). From the EDS spectra from
SEM, Cu-MOF were consisted of 1% Cu, 2% N, 5% O and 92% C. As shown in Figure 2C,
the shells of loaded GOD and coated HA were 5 nm. Compared with Cu-MOF, the FT-IR
spectra of Cu-MOF/GOD, Cu-MOF/GOD@HA and GOD showed bands at 1550 cm™!,
attributed to vibrational stretches characteristic of GOD, indicating the successful loading
of GOD (Figure S2A). Furthermore, the TGA analysis of Cu-MOF and Cu-MOF/GOD@HA
further confirmed the GOD loading and HA coating (Figure S2B). From the TGA analysis,
Cu-MOF/GOD@HA were consisted with 15.32% HA, 21.56% GOD and 63.12% Cu-MOF.
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Figure 2. (A) TEM images of Cu-MOF. Scale bar: 50 nm. (B) The size distribution of Cu-MOF as
measured by TEM image. (C) TEM images of Cu-MOF/GOD@HA (Scale bar: 25 nm).

In order to confirm the successful preparation of Cu-MOF/GOD@HA, the UV-vis
absorption spectra of the reaction mixture were recorded. The absorption-change of
Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA in the 600-900 nm region, indicating
the successful assembly of Cu-MOF/GOD@HA is clearly seen in Figure 3A. The color
of Cu-MOF and Cu-MOF/GOD@HA changed from sky blue to green, also indicating
successful loading of GOD and coating of HA. Zeta potential values of the corresponding
nanocomposites obtained in each step are shown in Figure 3B, where the Cu-MOF aqueous
solution exhibits a potential of —10.03 & 0.16 mV. The loading of GOD reduces the zeta
potential to —4.84 & 0.19 mV, implying the deprotonation of the -NHj; of the GOD. The
increase of zeta potential to —7.84 4= 0.28 mV due to the presence of the -OH of HA [32,33].
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Furthermore, the X-ray diffraction (XRD) spectra of Cu-MOF, Cu-MOF/GOD and Cu-
MOF/GOD@HA indicates that the loading of GOD and coating of HA did not influence
the crystal structure of Cu-MOF (Figure S3).
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Figure 3. (A) UV-vis absorption spectra of Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA (The
concentrations of pending test samples were 100 ug mL!). Inset in (A) shows the photographs of the
solutions containing Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA. (B) Zeta potential values of
Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA. (The concentrations of pending test samples are
200 pg mL1).

3.2. Depletion of GSH and Generation of H,O,

In order to confirm the oxidation-reduction reactions between Cu-MOF and GSH,
molar equivalents of Cu-MOF and GSH were mixed in an aqueous solution. It is clearly
illustrated in Figure S4 that the absorption of Cu-MOF completely disappeared after
reaction of Cu-MOF and GSH for ca. 2 min along with the formation of Cu(I)-MOF, and the
color of the mixture of Cu-MOF and GSH turned from sky blue to white. This observation
obviously demonstrated that the incubation of Cu-MOF with GSH facilitates the reduction
of divalent Cu(II) in the Cu-MOF by GSH. In addition, compared with TEM image of Cu-
MOE, Cu-MOF was collapsed after treatment with 10 mmol L1 GSH (Figure S5), proving
the reaction between GSH and Cu-MOF.

X-ray photoelectron spectroscopy (XPS) was also used to investigate the oxidation-
reduction reactions between Cu-MOF and GSH. XPS is a surface sensitive technique.
Compared with Cu-MOF (Figure S6A), an obvious N1s peak was observed in the XPS
spectra of Cu-MOF/GOD and Cu-MOF/GOD@HA (Figure S6B,C), further demonstrating
the occurrence of GOD loading. After treatment by GSH, an obvious N1s peak appears in
Cu-MOF due to the residues of GSH (Figure S6D). Furthermore, after treatment of GSH,
the XPS analysis of Cu(I)-MOF only shows Cu(I) (932.7, 952.4 eV) peaks (Figure S6E), also
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confirming the reduction of Cu-MOF by GSH. Moreover, Figure 3A also shows that after
loading with GOD and coating with HA, the UV-vis absorption of between 600-900 nm
is significantly reduced. Interestingly, the proportion of Cu(I) on the surface of Cu-MOF
have increased after loading with GOD and coating with HA. As shown in Figure S6F-H,
the valence state of Cu is “+1” or “+2”, since the Cu 2p XPS spectra displayed peaks on
Cu(Il) (934.4 eV, 954.2 eV) /Cu(I) (932.7 eV, 952.4 V). The existence of Cu(Il)/Cu(I) redox
pair provide a great potential for Fenton-like reactions. In the paramagnetic chemical state
(Figure S6F-H), the Cu 2p3, XPS spectrum is quantitatively analyzed, and the Cu(II) /Cu(I)
ratio of Cu-MOF is 1.2872. The Cu(II)/Cu(l) ratios on the surface of Cu-MOF/GOD and
Cu-MOF/GOD@HA in Cu 2p3,, XPS spectra are 1.0376 and 0.8744, respectively. Obviously,
after loading with GOD and coating with HA, the proportion of Cu(I) on the surface of
Cu-MOF increased, indicating that Cu(II) was reduced to Cu(I) during the assembly process
on the surface of Cu-MOF. This phenomenon may shorten the reaction time from Cu-MOF
to Cu(I)-MOE

After reduction of Cu-MOF by GSH, Cu(I) moiety catalyzes H,O, to generate -OH
via a Fenton-like reaction. The Cu(I)-MOF-involved CDT processes are investigated and
demonstrated by observing the degradation methylene blue (MB) [34]. -OH induced
degradation of MB which may result in a significant decrement on the absorption of MB at
the maximum wavelength of 663 nm. Figure 4A shows that the degradation results of MB
under different conditions by incubation for 40 min. In the presence of only Cu(I)-MOF
or HyO,, virtually no degradation of MB was observed. On the contrary, a remarkable
degradation of MB was recorded by introducing H,O, into the mixture containing MB and
Cu(I)-MOF. In addition, in the presence of free Cu(I) and H,O,, no remarkable degradation
of MB was observed within 40 min. Thus, compared with free Cu(l), Cu(l) activated from
Cu-MOF has a higher catalytic performance. Moreover, Figure S7 shows that Cu-MOF
could not react with HyO, to generate -OH to reduce the degradation of MB. This provides
a clear evidence for the occurrence of the Cu-MOF involving in the cascade reactions
in CDT process. First, divalent Cu(II) in Cu-MOF was activated by GSH to convert to
monovalent Cu(I) in Cu(I)-MOF. Subsequently, Cu(I)-MOF catalyzes the generation of -OH
from HyO,. The absorption spectra of MB illustrating its time-dependent degradation
is shown in Figure 4B. It is obvious that MB was completely degraded after incubation
for 40 min.

The depletion of GSH by Cu-MOF and the generation of H,O, by GOD were investi-
gated. First of all, Cu-MOF were treated by excess GSH. The residual GSH was indicated
by 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), a kind of sulphydryl (-SH) indicator at
different time points [35]. With the extended time, the characteristic absorbance at ~412 nm
decreased, indicating the depletion of GSH. As shown in Figure S8A, the depletion capacity
of GSH exhibits a concentration-dependent model. The fluorescence signals of Ampliflu
Red were influenced by the change of H,O, concentration [36]. Therefore, Ampliflu Red
can be used to investigate the generation of HyO,. As shown in Figure S8B,C, the generation
of HyO; exhibits a time-dependent model and a Glu-concentration-dependent model. The
catalytic reaction of GOD with glucose to produce gluconic acid and H,O, will cause the
pH of the aqueous solution to change. Therefore, after mixing Cu-MOF or Cu-MOF/GOD
and Glu for different time, the pH change can reflect the catalytic performance of GOD
in Cu-MOF/GOD. As shown in Figure S9, the pH values show a time-dependent mode
and a concentration-dependent mode (Glu). These results indicate that GOD loaded in
Cu-MOF/GOD still can catalyze Glu to produce H,O,.
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Figure 4. Experimental demonstration of the mechanism for the CDT process with Cu-MOF as the
nano-therapeutic agent. OH generated from the Fenton-like reaction between Cu(I)-MOF and H,O,
leads to the degradation of MB. (A) MB degradation after incubation for 40 min in the presence of
Cu(I)-MOEFE, HyO,, HyO,+Cu(I)-MOF and HyO,+free Cu(I), respectively. (B) The time-dependent
degradation process of MB in the presence of Cu(I)-MOE. MB: 5 ug mL™1, H,O,: 10 mmol L,
Cu(I)-MOF: 200 pg mL~! (Cu(l): 0.494 ug mL™), free Cu(I): 0.494 pg mL!, time interval: 5 min.

3.3. Cell Experiment

After Cu-MOF/GOD@HA endocytosis into tumor cells, Cu(ll) in Cu-MOF were
reduced to Cu(l) by GSH in tumor. Cu(l) catalyzes H,O, to generate a large number
of -OH. The excessive -OH oxidize signal molecules, cytokines, proteins, nucleic acids,
carbohydrates, lipids and etc to promote apoptosis of tumor cells [1,2,4,5,7].

MTT experiments were used to evaluate the lethality of Cu-MOF, Cu-MOF/GOD
and Cu-MOF/GOD@HA [37-40]. The viabilities of MCEF-7 cells treated with Cu-MOF,
Cu-MOF/GOD and Cu-MOF/GOD@HA at several concentrations (0, 10, 20, 30, 50, 70,
100 pg mL™!) levels were calculated, as illustrated in Figure 4A. The quantitative results
showed that 10 ug mL™! the Cu-MOF/GOD@HA nanocomposites gave rise to an MCF-
7 cell viability of 49.8%, while the same concentration of Cu-MOF and Cu-MOF/GOD
produced an MCE-7 cell viability of 87.9% and 83.1%, respectively. This could be attributed
to the targeting ability of HA. 20 pg mL™! the Cu-MOF nanocomposites gave rise to
an MCF-7 cell viability of 84.5%, while the same concentration of Cu-MOF/GOD and
Cu-MOF/GOD@HA produced an MCEF-7 cell viability of 36.5% and 19.9%, respectively.
This could be due to the loading of GOD. GOD catalyzes Glu to supply more H,O, for
CDT. The 50% inhibitory concentration (ICsp) values of Cu-MOF, Cu-MOF/GOD and
Cu-MOF/GOD@HA for MCF-7 cells were found to be 70.8, 17.5, 9.7 ug mL™. In general,
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Cu-MOF/GOD@HA improves its own tumor lethality in two aspects, one is the catalytic
ability of GOD, and the other is the targeting ability of HA. When MCE-7 cells were
incubated with lower concentration Cu-MOF/GOD@HA, the targeting performance of
HA plays a dominant role. When MCF-7 cells were incubated with higher concentration
Cu-MOF/GOD@HA, the catalysis performance of GOD plays a dominant role. Moreover,
trypan blue was used to observe the lethality of Cu-MOF/GOD@HA more intuitively as
illustrated in Figure 5B. It is clearly shown that the incubation of MCF-7 cells with Cu-MOF,
Cu-MOF/GOD and Cu-MOF/GOD@HA for 4 h leads to the significant decrease on the
number of cells and the morphology of MCF-7 cells became irregular. Catalytic ability of
GOD and targeting ability of HA improve the lethality of Cu-MOF/GOD@HA.
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Figure 5. Cytotoxicity of different nanocomposites under different conditions. (A) MCF-7 cells were
incubated with Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA at concentrations of 0, 10, 20,
30, 50, 70, 100 pg mL~L. (B) Microscopy images of MCF-7 cells with trypan blue staining. MCF-7
cells were incubated with Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA for 4 h at the levels of
20 g mL1. Scale bar: 100 um. Values of p < 0.05 were considered statistically significant, with *, **,
*** represent p < 0.05, p < 0.01 and p < 0.001, respectively.

3.4. In Vivo Antitumor Efficacy

The above discussions about the Cu-MOF/GOD@HA mediated CDT mechanisms
indicate that the CDT process is significantly sensitive to GSH, which to a large extent
determines the efficiency of CDT. In the present case, the variation of cell viability is
evaluated by regulating the level of GSH in the cancer cell interior. For this purpose,
MCF-7 cells were pre-incubated with GSH at the concentration of 2.5 and 5.0 mmol L1,
respectively. Then, the cytotoxicity of Cu-MOF was assessed. As shown in Figure 6A,
the increase of GSH level in tumor cell environment leads to a significant increase on the
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lethality of Cu-MOF to MCF-7 cells. The corresponding ICsy values of Cu-MOF were 70.8,
24.0and 19.1 ug mL, at GSH levels of 0, 2.5 and 5.0 mmol L1, respectively. Moreover, the
variation of cell viability was evaluated by regulating the level of HO, in the cancer cell
interior. For this purpose, MCF-7 cells were pre-incubated with H,O, at the concentration
of 100 umol LL. Then, the cytotoxicity of Cu-MOF was assessed. As shown in Figure 6B,
the increase of Hy,O, level in the tumor cell environment leads to a significant increase
in the lethality of Cu-MOF to MCE-7 cells. The corresponding ICs values were 70.8 and
20.3 pg mL™, at H,O, levels of 0 and 100 pmol L. Furthermore, in order to investigate
the influence of Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA on the production
of intracellular ROS, ROS detection kit was used for cell staining after MCF-7 cells were
incubated with 50 pg mL™! of Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA for 4 h.
The results in Figure S10 indicate that the loading of GOD and targeting ability of HA are
beneficial for the generation of -OH.
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Figure 6. (A) The dependence of MCEF-7 cell viability on the concentration of GSH (0, 2.5 and
5.0 mmol L) by incubation with Cu-MOF at the levels of 10, 20, 30, 50, 70, 100 ug mL™'. (B) The
MCEF-7 cell viability on H,O, (100 pmol L by incubation with Cu-MOF at the levels of 10, 20, 30, 50,
70,100 pg mL™". Values of p < 0.05 were considered statistically significant, with *, **, *** represent
p <0.05, p <0.01, and p < 0.001, respectively.

The in vivo antitumor efficacy of the Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA
was investigated in nude mice bearing MCF-7. Once the tumors had grown to approximately
90 mm?3, the mice were intertumorally injected with either PBS (control, 10 mmol L), Cu-
MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA (The concentrations were all 2.5 mg kg ™)
in 10 mmol L™! PBS every 2 days (1 = 3). A total of seven injections were performed over
2 weeks. During the treatment process, the mice in control (PBS) and experimental groups
exhibit virtually no difference in their body weight, indicating negligible systemic toxicity
of Cu-MOFE, Cu-MOF/GOD and Cu-MOF/GOD@HA itself (Figure S11A). As shown in
Figure S11B, tumor sizes in the PBS group were evidently increased from ~100 mm? to
~774 mm?®. the tumor sizes in the groups by injecting 2.5 mg kg™ Cu-MOF, Cu-MOF/GOD
were increased from ~90 mm?3 to ~238, 95 mm?, respectively. On the contrary, the tumor sizes

139



Nanomaterials 2021, 11, 1843

in the groups by injecting 2.5 mg kg™! Cu-MOF/GOD@HA were decreased from ~90 mm? to
45 mm?3. At the end of the treatment (15 days), the tumor tissues were excised from the mice
and weighed. As shown in Figure S11C, the tumor sizes in the experimental and groups
(PBS, Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA) decreased by 7.72,2.98, 1.08 and
0.57 with respect to the initial-tumor volumes. The tumor sizes were obviously increased
in the PBS group. In contract, the tumor sizes for the experimental group were remarkably
decreased (Figure S11D).

In the concentration range of 10-100 pg mL™!, Cu-MOF/GOD@HA exhibited no
obvious hemolytic effect, and the hemolytic rate at each concentration level was less than
4%. This result well indicated the excellent blood compatibility of the Cu-MOF/GOD@HA.
Figure S11E illustrated that after H&E staining of the major organs of mice including
heart, liver, spleen, lung and kidney, no obvious pathological changes in these tissues
were observed in the presence of Cu-MOF/GOD@HA. In order to avoid the possible
hemolysis or blood cell aggregation after intravenous injection, the hemolysis experiment
of Cu-MOF/GOD@HA was carried out (Figure 512).

4. Conclusions

In summary, Cu-metal organic framework (Cu-MOF)/ glucose oxidase (GOD)@hyaluronic
acid (HA) (Cu-MOF/GOD@HA) were prepared for chemodynamic therapy (CDT) with
the aims to increase HyO,, targeting and efficacy. Cu-MOF/GOD@HA were activated by
intracellular GSH and catalyzed intracellular H,O, reactions to generate -OH. During these
processes, a large amount of -OH were generated which well facilitates CDT for cancer
destruction. The loading of GOD and coating of HA can improve the efficacy of CDT. The
present study provides a useful route for the development of nanotherapeutic agents for the
treatment of tumor by taking advantage of the intracellular ingredients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano11071843/s1, Figure S1: (A) SEM image of Cu-MOF. Scar bar: 50 nm. (B) Elemental
mapping of C, N, O and Cu of Cu-MOF, Figure S2. (A) FI-IR spectra of Cu-MOF, Cu-MOF/GOD, Cu-
MOF/GOD@HA and GOD. (B) TGA curves of Cu-MOF and Cu-MOF/GOD@HA, Figure S3. XRD
spectra of Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA and simulated XRD pattern of Cu-MOF,
Figure S4. UV-vis absorption spectra of Cu-MOF and Cu(I)-MOF (The concentrations of pending test
samples were 100 g mL1). Inset image shows the photographs of the solutions containing Cu-MOF
and Cu(I)-MOE, Figure S5. TEM image of Cu-MOF after treatment by GSH, Figure S6. XPS pattern of
Cu-MOF (A), Cu-MOF/GOD (B), Cu-MOF/GOD@HA (C), Cu(I)-MOEF (D). Cu 2p high-resolution
XPS pattern of Cu(I)-MOF (E), Cu-MOF (F), Cu-MOF/GOD (G), Cu-MOF/GOD@HA (H). Figure S7.
UV-vis spectra of Cu-MOF+H;0,+MB and MB. Figure S8. (A) GSH depletion after incubation for
1 h in the presence of DTNB (720 ug mL1) and Cu-MOF (0, 5, 15, 25, 50 ug mL™1). (B) The time-
dependent reaction of Ampliflu Red solution (600 pg mL~1) with Glu (500 g mL~1)+Cu-MOF/GOD
(100 pg mL™). (C) The concentration-dependent reaction of Ampliflu Red solution (600 pg mL™1)
with Glu+Cu-MOF/GOD (100 ug mL1) for 30 min (Aex/Aem = 530/585 nm). Figure S9. (A) The
pH values of Cu-MOF+Glu and Cu-MOF/GOD+Glu aqueous solution in different time intervals.
Cu-MOF and Cu-MOF/GOD: 100 pg mL~!, Glu: 500 ug mL™". (B) The pH values of Cu-MOF and
Cu-MOF/GOD with different concentration of Glu aqueous solution after 24 h. Cu-MOF/GOD:
100 pg mL1, Glu: 0, 20, 50, 100, 500, 750, 1000 ug mL1, Figure 510. ROS staining in MCF-7 cells after
incubation with Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA for 4 h at the concentration of
50 pg mL!, scale bar: 10 pm. Figure S11. In vivo CDT treatment for MCF-7 cancer cell-bearing mice
with different nanocompesites (PBS, Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA 2.5 mg kg‘]).
(A) The changes of body weight for the KunMing mice during the process of therapy. (B) The
variation of tumor size for the KunMing mice during the process of therapy. (C) The average relative
mass excised from MCF-7 tumor-bearing mice after the treatment. (D) Photographs showing the
tumor size after the treatment. Scale bar, 1 cm. (E) H&E staining of the major organs/tissues of mice
after CDT process. Scale bar, 50 um. Values of p < 0.05 were considered statistically significant, with x,
w5, %k represent p < 0.05, p < 0.01, and p < 0.001, respectively. 1, 2, 3 and 4 represent the group of PBS,
Cu-MOF, Cu-MOF/GOD and Cu-MOF/GOD@HA, respectively. Figure S12. Hemolysis percentage
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of RBCs by Cu-MOF/GOD@HA nanodots at various concentration levels (10-100 pg mL™). Inset:
the photographs for direct observation of hemolysis.
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Abstract: Photothermal therapy has been widely used in the treatment of bacterial infections. How-
ever, the short photothermal effective radius of conventional nano-photothermal agents makes it
difficult to achieve effective photothermal antibacterial activity. Therefore, improving composite
targeting can significantly inhibit bacterial growth. We inhibited the growth of Staphylococcus aureus
(S. aureus) by using an extremely low concentration of vancomycin (Van) and applied photothermal
therapy with molybdenum disulfide (MoS,). This simple method used chitosan (CS) to synthesize
fluorescein 5(6)-isothiocyanate (FITC)-labeled and Van-loaded MoS,-nanosheet hydrogels (MoS;-
Van-FITC@CS). After modifying the surface, an extremely low concentration of Van could inhibit
bacterial growth by trapping bacteria synergistically with the photothermal effects of MoS,, while
FITC labeled bacteria and chitosan hydrogels promoted wound healing. The results showed that
MoS;-Van-FITC@CS nanosheets had a thickness of approximately 30 nm, indicating the successful
synthesis of the nanosheets. The vitro antibacterial results showed that MoS,-Van-FITC with near-
infrared irradiation significantly inhibited S. aureus growth, reaching an inhibition rate of 94.5% at
nanoparticle concentrations of up to 100 pg/mL. Furthermore, MoS,-Van-FITC@CS could exert a
healing effect on wounds in mice. Our results demonstrate that MoS,-Van-FITC@CS is biocompatible
and can be used as a wound-healing agent.

Keywords: MoS; nanosheet; antibacterial activity; photothermal therapy; wound-healing

1. Introduction

Bacterial infections are consistently ranked as one of the leading causes of human
mortality, with infection rates, mortality rates, and hospitalization costs increasing annu-
ally [1-3]. The high prevalence of bacterial infections has led to the misuse of antibiotics,
resulting in the emergence of superbugs as bacteria become resistant to treatment. Unfortu-
nately, superbugs are arising at a rate much faster than that of new antibiotic discovery,
thereby leading to a growing threat of untreatable bacterial infections [4-8]. Therefore, new
treatments are urgently needed.

With the rapid development of technologies in the fields of modern nanotechnology
and biomedicine, numerous antibacterial inorganic nanoparticles (NPs), such as silver,
gold, copper nanoparticles, alumina, zinc oxide, magnesium oxide, silica titanium dioxide,
and graphene oxide NPs, as well as their composites, have been used in antibacterial
therapy [3,9-11]. For example, two-dimensional (2D) graphene-based nanocomposites and
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analogues have been demonstrated to have wide application prospects because of their
multi-functional antibacterial mechanisms, which include physical and chemical damage
to bacterial cells [12,13]. Molybdenum disulfide (Mo0S;), a transition metal dichalcogenide,
is similar to graphene. Currently, MoS, has several potential applications in the field of
biomedicine due to its unique electronic, optical, mechanical, and chemical properties,
and MoS; has been demonstrated to have unique optical properties in that it can convert
itself into heat by absorbing light energy when irradiated with near-infrared (NIR) light.
Through this property, MoS; can kill bacteria [14-16].

Free MoS; without irradiation does not have significant antibacterial effects. To
improve the antibacterial ability of MoS,, we selected vancomycin (Van). Van is a peptide
antibiotic that can kill bacteria, such as Staphylococcus aureus (S. aureus), residing on a
wound’s surface [17,18]. Van has an attractive property in that it can target bacteria through
hydrogen bonding to the terminal D-Ala-D-Ala sequence of the cytosolic peptide unit of
Gram-positive bacteria. In other words, Van recognizes the D-Ala-D-Ala sequence on the
cell surface of bacteria, increasing the half-life and effective working radius of the nano-
antibacterial composites and enhancing the antibacterial effect [19-22]. Together, MoS; and
Van can target Gram-positive bacteria, which can further enhance the thermal response of
MoS; and promote bacterial growth inhibition while applying antibiotic therapy. Van has a
primary amine group that binds covalently to fluorescein 5(6)-isothiocyanate (FITC), and
we selected FITC-labeled Van because it can maintain both the fluorescent properties of
FITC and the ability of Van to bind to the bacterial cell wall, thereby facilitating subsequent
experimental validation.

To promote wound healing, it is important not only to clean the wound of germs but
also to maintain an environment that is suitable for healing. A moist and clean environment
accelerates the migration of epidermal cells, which facilitates skin cell granulation and
division [23-25]. Polymer hydrogels are one of the most practiced soft-wet materials used
for biomedical applications [26]. They can provide this type of environment for wounds,
and thermosensitive hydrogels are easy to prepare. Chitosan (CS) is a biocompatible
and weakly immunogenic material that can be degraded by enzymes in vivo, and the
degradation products, namely oligosaccharides, are non-toxic. In addition, CS can enhance
drug penetration by affecting the tightness between epithelial cells, which makes CS a
valuable entity in the biomedical field [27]. As such, we prepared a temperature-sensitive
hydrogel excipient by wrapping our synthesized MoS,-Van-FITC nanomaterials, which
possess photothermic and chemotherapeutic properties, in a hydrogel. By physically
mixing CS with a sodium 3-glycerophosphate (3-GP) solution, a sol-gel phase transition
was achieved at temperatures higher than 37 °C due to the enhanced hydrogen bonding,
electrostatic attraction, and hydrophobic interactions between CS and (3-GP [28].

In this study (Figure 1), Van not only efficiently inhibited the growth of bacteria on
the wound surface but also enhanced the antibacterial effect by targeting bacteria through
hydrogen bonding with the terminal D-Ala-D-Ala sequence of the cytosolic peptide unit of
Gram-positive bacteria, increasing the half-life of the composite and the effective working
radius of the photothermal treatment. Therefore, when MoS, is combined with Van, the
effective working radius of MoS; PTT can be further increased to better inhibit bacterial
growth while applying anti-infective therapy. The covalent binding of primary amine
groups using FITC with MoS;-Van confers the nanocomposite to maintain the fluorescent
properties of FITC, which can be observed for real-time detection. Additionally, photother-
mal treatment combined with chemotherapy cleaned the wound surface of pathogenic
bacteria, thereby accelerating wound healing.
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Figure 1. Schematic illustration of the synergism between the two components of MoS, and Van in
MoS,-Van-FITC@CS, which was constructed and applied to wound healing in vivo with their highly
efficiently antibacterial properties.

2. Materials and Methods
2.1. Materials

Raw MoS; (99.5%), FITC (90%, mixture of 5- and 6-isomers), CS (>99.8%), and Van
HCL were purchased from Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). The
beef extract peptone agar medium, Staphylococcus aureus ATCC 25,923 cells (S. aureus, Gram-
positive), and Escherichia coli ATCC 11,303 cells (E. coli, Gram-negative) were obtained from
Anhui Polytechnic University.

2.2. Synthesis of MoS, Nanosheets

MoS, nanosheets were synthesized by liquid ultrasonic stripping [29-32]. In brief,
0.5 g of MoS; was combined with 50 mL of 45% ethanol to form the dispersion system
of MoS; (concentration, 10 ug/mL), which was sonicated in a water bath for 12 h. The
solution was centrifuged at 12,000 rpm for 15 min, and the supernatant was collected and
processed by a rotary evaporator to yield a thin film. The film was weighed, and MoS; was
resuspended in deionized water to form the MoS; nanosheet aqueous solution.

2.3. Synthesis of MoS,-Van-FITC

Van is a heptapeptide-containing glycopeptide antibiotic with a primary amine moiety
that binds covalently to FITC [33]. In brief, 4 mL of the MoS, nanosheet aqueous solution
(concentration, 0.002 g/mL) was aliquoted, 0.2 mg of Van was added to the solution, and
the volume was adjusted to 20 mL. The solution was mixed on a magnetic stirrer at 250 rpm
for 6 h and centrifuged at 12,000 rpm for 15 min. The precipitate was resuspended in 20 mL
of pure water, and 1 mL of FITC was added. The solution was further mixed for 12 h.
MoS;-Van-FITC was obtained by centrifugation.

2.4. Synthesis of the MoS,-Van-FITC@CS Hydrogel

To prepare the hydrogel, 300 mg of CS was added to 18 mL of 0.1 mol HCI solution
and mixed on a magnetic stirrer until the CS solution was clarified. Thereafter, 2 mg of
sodium B-glycerophosphate was added to 2 mL of 0.001 g/mL MoS,-Van-FITC solution,
dissolved completely, and mixed for 4 h [27,34,35]. The MoS,-Van-FITC@CS hydrogel was
obtained by heating in a water bath at 37 °C for 1 h.
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2.5. Characterization

Ultraviolet-visible (UV-vis) absorption spectra were recorded by UV-vis spectroscopy
(model S-3100, Scinco Co., Daejeon, Korea). Fluorescence spectra of MoS,-Van-FITC NPs
were recorded by fluorescence spectrophotometry (model RF-5301PC, Shimadzu Corp.,
Kyoto, Japan). Fourier transform infrared (FT-IR) spectroscopy was performed with an
FT-IR spectrometer (model Nicolette is50, Thermo Fisher Scientific, Waltham, MA, USA).
The ultrastructural characteristics of synthesized MoS; were observed via scanning elec-
tron microscopy (SEM; model S-4800, Hitachi, Tokyo, Japan). The Brookhaven Zeta Pals
instrument was used to obtain zeta potential measurements and to characterize the optical
properties of MoS,-Van-FITC (Brookhaven Instruments Corp., Holtsville, NY, USA). NPs
of different concentrations were illuminated by using NIR irradiation at 808 nm at different
power densities for 15 min, and the temperature was detected with an infrared camera
with an accuracy of 0.1 °C [36,37].

2.6. In Vitro Antibacterial Assays

The minimum inhibitory concentration (MIC) of MoS,-Van-FITC NPs was determined
using the 96-well microtitration plate dilution method. In brief, 100 pL of LB medium was
added to each well of a sterile 96-well plate, and 100 uL of the drug solution was added
to the first well, mixed, and diluted in multiples until the last well was mixed. Thereafter,
100 puL of the mixture was discarded, followed by the addition of 100 uL of the bacterial
diluent to each well (final density of bacteria, 1 x 10° CFU/mL). The positive controls were
kanamycin and ampicillin. The cells of the NIR group were NIR irradiated (1.5 W/cm?)
for 6 min and cultured at 37 °C for 12 h. The OD value was measured with a microplate
reader [38]. The three independent measurements were averaged, and each treatment
group had three wells.

Log-phase S. aureus cultures were inoculated (1:40) into medium containing MoS,-
Van-FITC (100 pug/mL) or MoS; (100 pug/mL) and incubated in a shaking incubator at 37 °C
for 12 h. The irradiation power densities were 0.5 W/ cm?,1W/em?, and 1.5 W/cm?, and
the irradiation times were 0 s, 150 s, and 300 s. Thereafter, the cells were coated on solid
medium. The number of live bacteria was calculated using the CFU counting method.

2.7. Cellular Uptake Assays

To confirm the effect of Van in capturing S. aureus cells, we performed cellular uptake
assays. Log-phase S. aureus cultures were incubated with different concentrations (15,
30, 45 ug/mL) of MoS;-Van-FITC NPs for 12 h. The cells treated with PBS served as the
control. S. aureus cells were harvested and stained with 4’-6-diamidino-2-phenylindole
(DAPI; concentration, 5 ug/mL) for 15 min. Thereafter, the cells were washed twice with
PBS, and the red and blue channels were examined under a fluorescence microscope.

2.8. LIVE-DEAD Assays

To further investigate the antibacterial ability of the drug, we conducted LIVE-DEAD
assays. Log-phase S. aureus cultures were inoculated (1:40) in medium containing MoS,-
Van-FITC (100 pug/mL), MoS, (100 pg/mL), or Van (1 pg/mL) and incubated in a shaking
incubator at 37°C for 12 h. The irradiation power density was 1.5 W/cm?, and the irradia-
tion time was 300 s. Thereafter, the cells were stained with SYTO9 and propidium iodide
for 30 min in the dark, washed twice with PBS, and red and green channels were examined
under a fluorescence microscope. The number of non-viable bacterial cells was determined
by the CytoFLEX system (Beckman Coulter, Brea, CA, USA) [2,39].

2.9. Cell Integrity Assays

Log-phase S. aureus cultures were treated with different concentrations (25, 50, 100 j1g/mL)
of MoS,-Van-FITC NPs. Van (1 pug/mL) and MoS, (100 ug/mL) served as the controls. The
PBS-treated group served as the blank. The irradiation power density was 1.5 W/cm?, and
the irradiation time was 6 min. The cells were collected by centrifugation at 4000 rpm for
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10 min, washed twice with PBS, and fixed with 2.5% glutaraldehyde at 4 °C for 12 h. The
cells were subjected to gradient dehydration with different concentrations of ethanol (35%,
50%, 70%, 80%, 95%, 100%) for 20 min each time and then placed into acetone [40,41]. The
specimens were observed under a scanning electron microscope.

2.10. Establishment of the Wound Mice Model

Kunming female mice (~25 g body weight; 4-5 weeks old) were obtained from the
Model Animal Research Center of Nanjing University (Nanjing, China) and housed under
standard environmental conditions (temperature, 22 + 3 °C; humidity, 55 &+ 5%; 12-h
dark/12-h light cycles). All animals were housed according to the guidelines in the “Guide
for the Care and Use of Laboratory Animals”. All animal studies were approved by
Suzhou University (Suzhou, China) (approval number: 202010A415). After 7 days of
acclimatization, an oval wound of approximately 1.5 cm in length was made by shaving
the back of each mouse under anesthesia and adding 100 uL of activated S. aureus cells
(1 x 10° CFU/mL) dropwise to each wound for two consecutive days. The wound was
treated after inflammation [14,42].

2.11. Wound Healing Assays

The mice whose wounds were infected with S. aureus were randomly divided into five
groups (1 = 5-7 mice) as follows: blank group, MoS, group, MoS,-Van-FITC@CS group,
NIR MoS; group, and NIR MoS,-Van-FITC@CS group. The wound site of the blank group
was treated with 100 uL of PBS, that of the MoS; group was treated with 100 uL of MoS;
each day, that of the MoS2-Van-FITC@CS group was treated with 100 uL of MoS,-Van-
FITC@CS hydrogel each day, that of the NIR MoS; group was treated with MoS,, followed
by irradiation at 1.5 W/cm? for 5 min, and that of the NIR MoS,-Van-FITC@CS group was
treated with MoS,-Van-FITC@CS, followed by irradiation at 1.5 W/ cm? for 5 min. The
mice were photographed daily for eight consecutive days. The mice were euthanized, and
their epidermises were harvested for hematoxylin—eosin staining [43].

2.12. Safety Evaluation of MoS,-Van-FITC@CS

To examine the toxic effects of NIR and MoS;-Van-FITC@CS on the heart, liver, spleen,
lungs, and kidneys of mice, the wounded mice were divided into four groups as follows:
control group, NIR irradiation group, MoS,-Van-FITC@CS group, and MoS,-Van-FITC@CS
+ NIR group. The irradiation power density was 1.5 W/cm?, the wavelength was 808 nm,
and the irradiation time was 6 min. The mice were treated until their wounds healed, and
they were euthanized 30 days after the end of treatment. Their organs were collected, and
the cross-sections were stained with hematoxylin—eosin [44].

3. Results and Discussion
3.1. Characterization of MoS,-Van-FITC@CS

The nanocarriers were exfoliated by liquid phase ultrasound. The composite nanoma-
terials conjugated to FITC-labeled Van showed strong antibacterial effects. After irradiation,
MoS, converted light energy into heat energy, thereby killing the bacteria by actively trap-
ping the cells through Van. MoS,-Van-FITC had good antibacterial and wound-promoting
abilities through the temperature-sensitive hydrogel formed with chitosan (Figure 2A). To
determine the synthesis of two-dimensional MoS, nanosheets, the morphology and thick-
ness of MoS, NPs were observed via SEM (Figure 2B). The results of SEM showed that the
flake NPs, which had a thickness of approximately 40 nm, were uniformly distributed. Zeta
potentiometry can be used to determine the solid-liquid interfacial electrical properties
of dispersed systems of particulate matter, so we can determine the successful synthesis
of materials by using the potential changes of nanomaterials. The zeta potential of MoS;
was —21.4 £ 1.2 mV, whereas the loading of Van resulted in a potential of —8.3 &= 1.9 mV
and a zeta potential of —33 4 0.8 mV after labeling with FITC (Figure 2C). The synthesis of
MoS;-Van-FITC@CS causes changes in the structure of a single component as a result of

147



Nanomaterials 2022, 12, 1865

electron leaps between electronic energy levels in the valence and molecular orbitals, which
can be observed by UV-vis spectrum (Figure 2D). In the UV-vis spectrum, MoS, NPs were
observed to have an absorption peak near 808 nm, showing a longitudinal surface plasmon
resonance band, which indicated photothermal effects, whereas Van did not show an ab-
sorption peak near 808 nm. Van was adsorbed on MoS,, after which this characteristic peak
significantly shifted. After FITC was decorated on the Van surface, the characteristic peak
of MoS,-Van-FITC was significantly shifted, and a new characteristic peak was observed
near 450 nm. MoS,-Van-FITC@CS also showed a shift in the characteristic peak compared
to MoS,. FTIR spectroscopy allows the observation of the functional groups and chemical
bonds contained in the material, in order to be able to determine the successful synthesis
of MoS,-Van-FITC nanocomposites. FT-IR spectral analysis showed that the presence of
Van resulted in an amino peak near 3000 cm~ 1, and a distinct peak at 1000 cm ! in the
fingerprint region after the loading of FITC (Figure 2E). A significant change was also
found in the fingerprint region after the wrapping of chitosan. The fluorescence properties
of MoS,-Van-FITC@CS are shown in Figure 2F,G. M0S,-Van-FITC@CS emitted fluorescence
under UV light irradiation at 465 nm, and the fluorescence properties of the nanomaterials
were further confirmed by the fluorescence spectra. Taken collectively, these findings indi-
cate that MoS,, which has photothermal properties, was successfully synthesized, Van was
successfully loaded, and the surface was modified by FITC. The morphological features of
the MoS;-Van-FITC@CS hydrogel were indicative of its successful synthesis.
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Figure 2. Synthesis and characterization of MoS,-Van-FITC@CS. (A) Synthesis illustration of MoS,-
Van-FITC@CS. (B) SEM images of MoS; NPs. (C) Zeta potential of MoS;, MoS;-Van, MoS,-Van-FITC,
and MoS,-Van-FITC@CS. (D) UV-vis absorption spectra of MoS,, Van, MoS;-Van, MoS,-Van-FITC,
and MoS,-Van-FITC@CS. (E) FT-IR spectrometry of MoS;, Van, MoS,-Van, MoS,-Van-FITC, and
MoS;-Van-FITC@CS. (F) Digital images of I (Milli-water), II (FITC), IIT (MoS,), IV (MoS;,-Van), V
(MoS,-Van-FITC), and VI (MoS,-Van-FITC@CS) under bright and UV light. (G) Fluorescence emission
spectra of MoS,-Van-FITC@CS.
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3.2. In Vitro Photothermal Efficiency

MoS; is a photothermal agent that produces a large amount of heat to kill bacteria in
the NIR region of 808 nm [45,46]. Therefore, we measured its photothermal conversion
efficiency to understand the photothermal properties of MoS,. As expected, MoS,-Van-
FITC acted as a good photothermal nanomaterial under NIR irradiation in that it converted
light energy into heat energy, resulting in rapid warming (Figure 3A,B). Furthermore,
the MoS;-Van-FITC concentration was 400 pg/mL, mpgs (mp) was 1.0 g, C,0 (Cp) was
4.27/g/°C, ATmax was 47.3 °C (Figure 3C), I was 2 W, and 7 was 296 s (Figure 3D). Thus,
the photothermal conversion efficiency () of MoS,-Van-FITC was 52%. Figure S1 shows
the thermal images of MoS,-Van-FITC at different concentrations under an NIR irradiation
at 808 nm. In summary, MoS,-Van-FITC has good photothermal conversion efficiency and
can be used as a photothermal nanomaterial for killing bacteria.
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Figure 3. In vitro photothermal efficiency. (A) The photothermal responses of MoS;-Van-FITC@CS.
Different concentrations (50, 100, 200 and 400 pg/mL) were exposed to NIR irradiation (808 nm;
2 W/cm?). PBS served as a control. (B) The photothermal responses of MoS;-Van-FITC@CS
(400 pg/mL), which was exposed to different power density of NIR irradiation (808 nm; 0.5, 1,
1.5and 2 W/cm?). (C) The heating and cooling curves of MoS,-Van-FITC@CS (400 ug/mL) and PBS
(laser irradiation at 808 nm). (D) The linear regression between the cooling period and —In(6) of the
driving force temperature. Results shown are mean + SD, n = 3.

3.3. In Vitro Antibacterial Activity

We used S. aureus and E. coli as Gram-positive and Gram-negative bacteria, respectively,
in subsequent experiments (Table 1). In the MIC test, we found that MoS,-Van-FITC + NIR
had the highest killing effect against S. aureus, which may have been related to the fact that

Van is a narrow-spectrum antibiotic that is only effective against Gram-positive bacteria.
MoS,-Van-FITC + NIR showed the effects of common antibiotics at low doses, and the
inhibition of growth made it difficult for bacteria to develop resistance (Table 1). Thermal
images of the test in MIC were showed in Figure S2. Figure 4 shows the thermogram of the
solution temperature increase after NIR irradiation. We found that our nanomaterials had a
stronger growth inhibition ability against S. aureus. In the CFU test, we screened the power
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density and light time using power densities of 0.5, 1, and 1.5 W/cm?, and light times
of 0, 150, and 300 s. We observed that a power density of 1.5 W/ cm? and a light time of
300 s inhibited bacterial growth. As shown in Figure 4, the inhibition rate of bacteria in the
absence of MoS, was low, and the survival rate of bacteria was 89%. However, the survival
rate of bacteria gradually decreased after NIR irradiation, and the survival rate of bacteria
was only 4.2% after treatment with MoS; (100 ug/mL, 1.5 W/ cm?, 300 s). After treatment
with MoS;-Van-FITC + NIR (100 pg/mL), the survival rate of bacteria was 0.9% after an
irradiation time of 300 s at a power density of 1.5 W/cm?. In the in vitro antibacterial
test, the nanomaterials inhibited the growth of S. aureus cells, which played a role in the
elimination of bacteria from the wound, thereby speeding up wound healing.

Table 1. Antibacterial activities with MICs values test (ug/mL).

Materials Bacteria

S. aureus E. coli

MoS; >128 >128

Van 2 >128
MoS;-Van-FITC 64 64
MoS;-Van-FITC@CS 64 64
MoS; + NIR 64 128
MoS,-Van-FITC + NIR 36 128
MoS;-Van-FITC@CS + NIR 36 128
Kanamycin 6 12
Ampicillin 18 24

Data are average values of at least three replicates.

A Blank B Mos,

Time (s) Time (s)

Power density w/cm’
Power density w/cm®

C  MoS,-Van-FITC@CS D
Time (s) L0 ] b s, ) s vnrciacs

”E § 80

§ g

s £ 60

z Z .

= |

5 20

z

k=)

< 04
PD(Wem?) 05 1 15 05 1 1505 1 15
Time (s) 0 150 300

Figure 4. In vitro antibacterial activity. (A) The results of the CFU assay for the blank group. PBS as
a blank group. (B) The results of the CFU assay for MoS; (100 pg/mL) for different times (0, 150
and 300 s) at different power densities (0.5, 1 and 1.5 W/cm?). (C) The results of the CFU assay for
MoS;-Van-FITC (100 pg/mL) for different times (0, 150 and 300 s) at different power densities (0.5, 1
and 1.5 W/cm?). (D) Quantitative statistical results of (A-C) (PD = Power Density). graphed using
the Origin software. Results shown are mean + SD, n = 3.
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3.4. Cellular Uptake Assays

Van targets Gram-positive bacteria by binding to the hydrogen bond of the terminal D-
Ala-D-Ala sequence of the cytosolic peptide of bacteria. It is also a heptapeptide-containing
glycopeptide antibiotic with a primary amine moiety that binds covalently to FITC [46-48].
Van can label FITC on the bacterial surface; therefore, we verified the targeting of Van by
DAPI staining. When MoS,-Van-FITC was used at a concentration of 15 g/mL, most of
the bacteria were labeled, similar to higher concentrations of 30 ug/mL and 45 pg/mL.
However, as the concentration increased, the number of bacteria decreased, showing the
excellent antibacterial ability of MoS;-Van-FITC (Figure 5). The results of cellular uptake
assays indicated that MoS,-Van-FITC successfully targeted bacteria and showed excellent
antibacterial ability, thereby achieving our goal of using combined chemotherapy and
photothermal therapy to inhibit bacterial growth.

DAPI Fitc Overlay

Control

MoS;-Van-FITC (pg/mL)

Figure 5. Fluorescence microscopy images of S. aureus cultures treated with MoS;-Van-FITC at
various concentrations (15, 30, 45 pg/mL) for 12 h. PBS served as a control for the blank group. The
cells stained with DAPI for 30 min were fluorescent blue, and those stained with MoS,-Van-FITC
were fluorescent green. Scale bar = 15 um. (DAPI, Ex = 358 nm and Em = 461 nm; FITC, Ex = 490 nm
and Em = 525 nm).

3.5. Fluorescent Staining Analysis of Antibacterial Activity

The CFU assay can detect only viable bacteria to determine the antibacterial activ-
ity of nanomaterials. To further examine the antibacterial activity of nanomaterials, we
determined the number of viable and non-viable cells using the LIVE-DEAD assay to ex-
amine the antibacterial activity of MoS,-Van NPs. Viable bacterial cells were stained green,
whereas non-viable bacterial cells were stained red (Figure 6A). No cell death was observed
in the blank group. However, cell death was observed in the Van group, indicating that
Van can inhibit bacterial growth. Similar results were obtained for the cells treated with
MoS; + NIR and MoS,-Van, with the MoS;-Van + NIR group exhibiting stronger inhibition
of bacterial growth after NIR irradiation.
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Figure 6. Confocal fluorescence microscopy assay (A). S. aureus cultures after treatment with MoS,-
Van NPs + NIR (100 pg/mL). Van solution (1 pug/mL), MoS; NPs + NIR (100 pug/mL) and MoS;-Van
(100 ug/mL) served as control groups. PBS served as a blank group. The cells were stained with
SYTO 9 (green fluorescence) and PI (red fluorescence) for 30 min. The cells underwent NIR irradiation
at 808 nm (1.5 W/cm?, 6 min). The results of the apoptotic assay by flow cytometry analysis were
statistically analyzed by CytExpert software (version 2.4.0.28) (B). Scale bar = 15 um. The data are
expressed as mean + SD (1 = 3).

To further confirm that MoS,-Van+NIR reduced the survival of bacteria, the number
of viable and non-viable bacterial cells was quantified via flow cytometry. As shown in
Figure 6B, the apoptotic rate of the blank + NIR group was 0.78%. The apoptotic rate of
MoS; + NIR (100 pg/mL) after NIR irradiation was 53.95%. When the concentration of Van
was 1 ug/mlL, the apoptotic rate was 49.68%. The apoptotic rate of MoS;-Van (100 ug/mL)
was 67.24% without irradiation, which was mainly due to the effects of Van, but MoS; also
played its own role after NIR irradiation, and the apoptotic rate was 94.51%. The increased
antibacterial activity of MoS,-Van NPs was further confirmed by the quantitative analysis
of viable and non-viable cells via flow cytometry.

3.6. Cell Integrity Study

Based on our findings, MoS,-Van NPs + NIR showed efficient antibacterial activity
against S. aureus. Because photothermal action mainly targets the bacterial cell surface, and
the cell surface is also the site of action of Van, we speculate that changes in cell integrity
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may be the main mechanism behind the induction of apoptosis in bacteria. As such, we
investigated the effects of MoS,-Van NPs + NIR on the cellular integrity of S. aureus by SEM.

The integrity of bacterial cells was examined via SEM, as shown in Figure 7. S. aureus
cells in the blank group had normal cell morphology, including intact cell membranes.
The results showed that NIR irradiation alone did not affect the structure of cells. The
rupture and shrinkage of cells could be clearly seen after treatment with Van and MoS,
in the control group, and the enlarged area showed that the cells did not have intact cell
membranes. In addition, there was cell leakage. In the MoS;,-Van-FITC group, we observed
more severe cell damage, even at a concentration of 25 pg/mL, compared to the blank
group. As the concentration increased, the cell damage increased, indicating that MoS,-
Van-FITC had a stronger antibacterial effect. The results from the elemental analysis chart
showed that the bacterial surface did contain elemental sulfur and molybdenum, indicating
that the bacterial surface contained MoS,. Taken collectively, these findings indicate that
MoS;-Van-FITC NPs have very effective antibacterial activity compared to MoS, NPs and
Van alone.

Blank Van (1 pg/mL) MoS,+NIR (100 pg/mL)

MoS,-Van-FITC+NIR

50(0.5) pg/mL

A

Figure 7. SEM images of S. aureus cells. The bacterial cultures were treated with MoS,-Van-FITC NPs
at various concentrations (25, 50 and 100 ug/mL). The bacterial cultures treated with Van (1 pug/mL)
and MoS; NPs + NIR (100 pg/mL) served as control groups. PBS + NIR served as a blank group.
The red squares indicate the enlarged regions. The blue area is the elemental analysis chart. The cells
underwent NIR irradiation at 808 nm (1.5 W/cm?, 6 min).
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3.7. In Vivo Wound Healing Evaluation

We established a wound-healing mouse model and examined the pro-wound healing
effects by directly applying NPs combined with irradiation. As shown in Figure 8, the
MoS;-Van-FITC@CS hydrogel alone was slightly therapeutic, and the rate of wound healing
increased with irradiation (Figure 8A). Heating, which increased the temperature of the
nanomaterial to 50 °C by irradiation at 1.5 W/cm? for 6 min, achieved a good therapeutic
effect. The MoS, group had the largest relative wound area, which did not heal. However,
MoS; decreased the relative wound area after NIR irradiation. MoS,-Van-FITC@CS hydro-
gel + NIR had the best therapeutic effect after NIR irradiation, where the relative wound
area was reduced to 20.8%. The weight of mice in all groups decreased and then increased.
The reason for the decrease in weight was likely due to the appearance of wounds, but as
treatment progressed, the mice recovered and regained the weight. MoS, was least effective,
and the healing of mice treated with MoS, was similar to that of the controls (Figure 8B).
Immunohistochemical analysis was performed to examine the epidermis from the different
groups of mice, and the abnormal histological features could be clearly seen in the stained
sections (Figure 8D). No changes in morphology were observed in the epidermises of mice
in the control group and the other four groups. The epidermises showed no significant
damage compared to those of normal mice, indicating that the elevated temperature of
the nanosheets during the photothermal treatment did not cause significant damage to the
wounds. Therefore, the therapeutic effect of the MoS;-Van-FITC@CS hydrogel combined
with NIR irradiation showed that there was no harm to the mice and their wound healing
was accelerated. The preliminary photothermal imaging of mice also demonstrated the
thermal response of NPs. In summary, the MoS,-Van-FITC@CS hydrogel combined with
photothermolysis significantly promoted wound healing in mice.

3.8. Biosafety Evaluation

The evaluation of toxicity is important for each new drug. As such, we evaluated
the safety of our hydrogels in vivo. We applied the hydrogels to the wounds of healthy
mice, followed by NIR irradiation, and performed a routine histological analysis of the
major organs (Figure 9). Compared with the controls, no significant organ damage, tissue
edema, cell death, or inflammatory cell infiltration was observed in the examined organs
after treatment with NIR irradiation, MoS,-Van-FITC@CS, and MoS,-Van-FITC@CS + NIR,
indicating that MoS;-Van-FITC@CS + NIR was non-toxic in mice.
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Figure 8. Invivo wound healing analysis. (A) The relative wound area curve shows the MoS,-
Van-FITC@CS hydrogel had a significant positive effect on wound healing. (B) The body weights
of different groups after treatment. (C) The thermal imaging of mice after treatment. The cells
underwent NIR irradiation at 808 nm (1.5 W/cm?, 6 min). (D) The photographs of wounds were
taken every 2 days after treatment. MoS,-Van-FITC@CS hydrogel + NIR (100 1g/mL), MoS, NPs (100
pg/mL), MoS, NPs + NIR (100 pg/mL) and MoS,-Van-FITC@CS hydrogel served as control groups.
PBS + NIR served as a blank group. The cells underwent NIR irradiation at 808 nm (1.5 W/ cm?,
6 min). Scale bar = 1 cm. Results shown are mean + SD, n = 5-7.
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Figure 9. In vivo toxicity evaluation. The hematoxylin-eosin-stained images of major organs follow-
ing different treatments of normal mice. Group 1 was the no treatment group, group 2 was the NIR
irradiation (1.5 W/cm?, 6 min) group, group 3 was the MoS,-Van-FITC@CS group and group 4 was
the MoS,-Van-FITC@CS + NIR (1.5 W/cm?, 6 min) group.

4. Conclusions

In this study, the Van-modified MoS,-loaded nanosystem, which was encapsulated
in a chitosan hydrogel, was established to examine its antibacterial activity and wound
healing ability. The results showed that the thickness of MoS, NPs was <100 nm, whereas
other experiments revealed that the surface of MoS, was successfully modified by Van. The
antimicrobial activity was enhanced when Van was labeled. The photothermal characteri-
zation experiments confirmed that MoS, had good photothermal conversion efficiency, and
cellular uptake assays verified the active capture of S. aureus by Van, which significantly
improved the photothermal inhibition of bacterial growth. The results of in vitro exper-
iments indicated that NIR could significantly increase the antibacterial activity of MoS,
NPs, whereas those of flow cytometry showed that NPs could increase the apoptotic rate of
bacterial cells. The morphological features of bacterial cells treated with MoS;-Van-FITC
NPs and NIR irradiation were examined, and NPs were observed to disrupt the integrity of
the bacterial cell wall. Furthermore, MoS,-Van-FITC combined with NIR irradiation could
disrupt the cell morphology, induce apoptosis, and affect cell proliferation in vitro. In a
wound healing assay, the MoS,-Van-FITC@CS hydrogel could accelerate wound healing. In
summary, MoS; in combination with NIR irradiation shows good applicability in the inhi-
bition of bacterial growth, and the CS hydrogel in combination with a photothermal agent
that actively traps S. aureus can disinfect the wound and maintain a moist environment to
accelerate wound healing.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12111865/s1, Figure S1: The thermal imaging images of
MoS,-Van-FITC@CS at different concentrations (50, 100 and 200 pug/mL) and NIR irradiation (808 nm;
2 W/cm?); Figure S2: Thermal images of the test in MIC.

156



Nanomaterials 2022, 12, 1865

Author Contributions: Conceptualization, W.Z.; Data curation, W.Z., Z K. and L.Z.; Formal analysis,
W.Z. and Z K ; Funding acquisition, P.S., W.L., L.G., Y.T. and E.G; Investigation, P.S., W.L. and C.T.;
Methodology, PS., W.L., C.T., FG. and L.Z.; Project administration, L.G.; Resources, Y.T.; Writing—
original draft, W.Z. and Z.K.; Writing—review & editing, Z.K. and L.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: The work was supported by the National natural science foundation of China (31671797),
Anhui Nature Science Foundation (2008085QH397), Anhui Provincial Higher Education Institutes
(KJ2020a0375 and KJ2021A0511), Anhui Polytechnic University (xjky2020064), Natural Science Foun-
dation of Anhui University (KJ2020A118), Youth Key Talents Program of Wannan Medical Col-
lege(wyqnyx202005).

Institutional Review Board Statement: The animal study protocol was approved by Suzhou Uni-
versity (Suzhou, China) (approval number: 202010A415).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors have declared that no competing interests exist.

References

1.

10.

11.

12.

13.

14.

15.

Vlazaki, M.; Huber, J.; Restif, O. Integrating mathematical models with experimental data to investigate the within-host dynamics
of bacterial infections. Pathog. Dis. 2019, 77, 14. [CrossRef] [PubMed]

Li, W.; Song, P; Xin, Y.; Kuang, Z.; Liu, Q.; Ge, F.; Zhu, L.; Zhang, X.; Tao, Y.; Zhang, W. The Effects of Luminescent CdSe Quantum
Dot-Functionalized Antimicrobial Peptides Nanoparticles on Antibacterial Activity and Molecular Mechanism. Int. |. Nanomed.
2021, 16, 1849-1867. [CrossRef] [PubMed]

Tang, M.; Zhang, J.; Yang, C.; Zheng, Y.; Jiang, H. Gold Nanoclusters for Bacterial Detection and Infection Therapy. Front. Chem.
2020, 8, 181. [CrossRef] [PubMed]

Sun, D.; Zhang, W.; Mou, Z.; Chen, Y.; Guo, F; Yang, E.; Wang, W. Transcriptome Analysis Reveals Silver Nanoparticle-Decorated
Quercetin Antibacterial Molecular Mechanism. ACS Appl. Mater. Interfaces 2017, 9, 10047-10060. [CrossRef] [PubMed]

Yang, X.; Zhang, W.; Zhao, Z.; Li, N.; Mou, Z; Sun, D.; Cai, Y.; Wang, W.; Lin, Y. Quercetin loading CdSe/ZnS nanoparticles as
efficient antibacterial and anticancer materials. J. Inorg. Biochem. 2017, 167, 36—48. [CrossRef] [PubMed]

Carlie, S.; Boucher, C.E.; Bragg, R.R. Molecular basis of bacterial disinfectant resistance. Drug Resist. Updat. 2020, 48, 100672.
[CrossRef]

Fernandez, J.; Bert, F.; Nicolas-Chanoine, M.-H. The challenges of multi-drug-resistance in hepatology. ]. Hepatol. 2016,
65, 1043-1054. [CrossRef]

Huang, S.; Liu, H.; Liao, K;; Hu, Q.; Guo, R.; Deng, K. Functionalized GO Nanovehicles with Nitric Oxide Release and
Photothermal Activity-Based Hydrogels for Bacteria-Infected Wound Healing. ACS Appl. Mater. Interfaces 2020, 12, 28952-28964.
[CrossRef]

Wang, W.; Li, Y.; Wang, W.; Gao, B.; Wang, Z. Palygorskite/silver nanoparticles incorporated polyamide thin film nanocomposite
membranes with enhanced water permeating, antifouling and antimicrobial performance. Chemosphere 2019, 236, 124396.
[CrossRef]

Sun, D.; Pang, X.; Cheng, Y.; Ming, ]J.; Xiang, S.; Zhang, C.; Lv, P.; Chu, C.; Chen, X,; Liu, G.; et al. Ultrasound-Switchable
Nanozyme Augments Sonodynamic Therapy against Multidrug-Resistant Bacterial Infection. ACS Nano 2020, 14, 2063-2076.
[CrossRef]

Tao, B.; Lin, C.; Deng, Y.; Yuan, Z.; Shen, X.; Chen, M.; He, Y.; Peng, Z.; Hu, Y.; Cai, K. Copper-nanoparticle-embedded hydrogel
for killing bacteria and promoting wound healing with photothermal therapy. J. Mater. Chem. B 2019, 7, 2534-2548. [CrossRef]
[PubMed]

Fan, X,; Yang, E; Nie, C.; Yang, Y.; Ji, H.; He, C.; Cheng, C.; Zhao, C. Mussel-Inspired Synthesis of NIR-Responsive and
Biocompatible Ag-Graphene 2D Nanoagents for Versatile Bacterial Disinfections. ACS Appl. Mater. Interfaces 2018, 10, 296-307.
[CrossRef] [PubMed]

Cao, W.; Yue, L.; Wang, Z. High antibacterial activity of chitosan—Molybdenum disulfide nanocomposite. Carbohydr. Polym. 2019,
215, 226-234. [CrossRef] [PubMed]

Yin, W.; Yu, J.; Lv, E; Yan, L.; Zheng, L.R.; Gu, Z.; Zhao, Y. Functionalized Nano-MoS2 with Peroxidase Catalytic and Near-Infrared
Photothermal Activities for Safe and Synergetic Wound Antibacterial Applications. ACS Nano 2016, 10, 11000-11011. [CrossRef]
[PubMed]

Liu, Y; Guo, Z.; Li, E; Xiao, Y;; Zhang, Y.; Bu, T.; Jia, P; Zhe, T.; Wang, L. Multifunctional Magnetic Copper Ferrite Nanoparticles
as Fenton-like Reaction and Near-Infrared Photothermal Agents for Synergetic Antibacterial Therapy. ACS Appl. Mater. Interfaces
2019, 11, 31649-31660. [CrossRef]

157



Nanomaterials 2022, 12, 1865

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhao, X.; Chen, M.; Wang, H.; Xia, L.; Guo, M.; Jiang, S.; Wang, Q.; Li, X; Yang, X. Synergistic antibacterial activity of streptomycin
sulfate loaded PEG-Mo0S2/rGO nanoflakes assisted with near-infrared. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 116, 111221.
[CrossRef]

McMullen, A R.; Lainhart, W.; Wallace, M.A.; Shupe, A.; Burnham, C.D. Evaluation of telavancin susceptibility in isolates of
Staphylococcus aureus with reduced susceptibility to vancomycin. Eur. ]. Clin. Microbiol. Infect. Dis. 2019, 38, 2323-2330.
[CrossRef]

Zhao, Z.; Yan, R.; Yi, X.; Li, J.; Rao, J.; Guo, Z.; Yang, Y.; Li, W.; Li, Y.Q.; Chen, C. Bacteria-Activated Theranostic Nanoprobes
against Methicillin-Resistant Staphylococcus aureus Infection. ACS Nano 2017, 11, 4428-4438. [CrossRef]

Han, D; Yan, Y.; Wang, J.; Zhao, M.; Duan, X.; Kong, L.; Wu, H.; Cheng, W.; Min, X,; Ding, S. An enzyme-free electrochemilu-
minesce aptasensor for the rapid detection of Staphylococcus aureus by the quenching effect of MoS2-PtNPs-vancomycin to
52082 — /02 system. Sens. Actuators B Chem. 2019, 288, 586-593. [CrossRef]

Wu, Z.C.; Boger, D.L. Maxamycins: Durable Antibiotics Derived by Rational Redesign of Vancomycin. Acc. Chem. Res. 2020,
53, 2587-2599. [CrossRef]

Blaskovich, M.A.T.; Hansford, K.A.; Gong, Y.; Butler, M.S.; Muldoon, C.; Huang, ].X.; Ramu, S.; Silva, A.B.; Cheng, M.; Kavanagh,
A.M.; et al. Protein-inspired antibiotics active against vancomycin- and daptomycin-resistant bacteria. Nat. Commun. 2018, 9, 22.
[CrossRef] [PubMed]

Yang, C.; Ren, C.; Zhou, J.; Liu, J.; Zhang, Y.; Huang, F; Ding, D.; Xu, B.; Liu, J. Dual Fluorescent- and Isotopic-Labelled
Self-Assembling Vancomycin for in vivo Imaging of Bacterial Infections. Angew. Chem. Int. Ed. Engl. 2017, 56, 2356-2360.
[CrossRef] [PubMed]

Li, J.; Yu, E; Chen, G,; Liu, J.; Li, X.L.; Cheng, B.; Mo, X.M.; Chen, C.; Pan, ].E. Moist-Retaining, Self-Recoverable, Bioadhesive, and
Transparent in Situ Forming Hydrogels To Accelerate Wound Healing. ACS Appl. Mater. Interfaces 2020, 12, 2023-2038. [CrossRef]
[PubMed]

Nuutila, K.; Eriksson, E. Moist Wound Healing with Commonly Available Dressings. Adv. Wound Care 2021, 10, 685-698.
[CrossRef] [PubMed]

Basha, S.I.; Ghosh, S.; Vinothkumar, K.; Ramesh, B.; Kumari, PH.P.; Mohan, K.V.M.; Sukumar, E. Fumaric acid incorporated
Ag/agar-agar hybrid hydrogel: A multifunctional avenue to tackle wound healing. Mater. Sci. Eng. C Mater. Biol. Appl. 2020,
111, 110743. [CrossRef]

Ganguly, S.; Das, P.; Itzhaki, E.; Hadad, E.; Gedanken, A.; Margel, S. Microwave-Synthesized Polysaccharide-Derived Carbon
Dots as Therapeutic Cargoes and Toughening Agents for Elastomeric Gels. ACS Appl. Mater. Interfaces 2020, 12, 51940-51951.
[CrossRef]

Zheng, Y.; Wang, W.; Zhao, J.; Wu, C; Ye, C.; Huang, M.; Wang, S. Preparation of injectable temperature-sensitive chitosan-based
hydrogel for combined hyperthermia and chemotherapy of colon cancer. Carbohydr. Polym. 2019, 222, 115039. [CrossRef]

Jiang, Y.; Meng, X.; Wu, Z.; Qi, X. Modified chitosan thermosensitive hydrogel enables sustained and efficient anti-tumor therapy
via intratumoral injection. Carbohydr. Polym. 2016, 144, 245-253. [CrossRef]

Zhao, H.; Wu, H.; Wu, J.; Li, J.; Wang, Y.; Zhang, Y.; Liu, H. Preparation of MoS2/WS2 nanosheets by liquid phase exfoliation with
assistance of epigallocatechin gallate and study as an additive for high-performance lithium-sulfur batteries. J. Colloid. Interface
Sci. 2019, 552, 554-562. [CrossRef]

Ye, J.; Li, X.; Zhao, J.; Mei, X.; Li, Q. A Facile Way to Fabricate High-Performance Solution-Processed n-MoS2/p-MoS2 Bilayer
Photodetectors. Nanoscale Res. Lett. 2015, 10, 454. [CrossRef]

Yang, X,; Li, J.; Liang, T.; Ma, C.; Zhang, Y.; Chen, H.; Hanagata, N.; Su, H.; Xu, M. Antibacterial activity of two-dimensional
MoS2 sheets. Nanoscale 2014, 6, 10126-10133. [CrossRef] [PubMed]

Zhang, W.; Mou, Z.; Wang, Y.; Chen, Y.; Yang, E.; Guo, F; Sun, D.; Wang, W. Molybdenum disulfide nanosheets loaded with
chitosan and silver nanoparticles effective antifungal activities: In vitro and in vivo. Mater. Sci. Eng. C Mater. Biol. Appl. 2019,
97, 486-497. [CrossRef] [PubMed]

Takai, H.; Kato, A.; Nakamura, T.; Tachibana, T.; Sakurai, T.; Nanami, M.; Suzuki, M. The importance of characterization of
FITC-labeled antibodies used in tissue cross-reactivity studies. Acta Histochem. 2011, 113, 472-476. [CrossRef] [PubMed]

Liu, T; Li, J.; Shao, Z.; Ma, K,; Zhang, Z.; Wang, B.; Zhang, Y. Encapsulation of mesenchymal stem cells in chitosan/beta-
glycerophosphate hydrogel for seeding on a novel calcium phosphate cement scaffold. Med. Eng. Phys. 2018, 56, 9-15. [CrossRef]
Dang, Q.; Liu, K.; Zhang, Z.; Liu, C; Liu, X.; Xin, Y,; Cheng, X.; Xu, T.; Cha, D.; Fan, B. Fabrication and evaluation of
thermosensitive chitosan/collagen/alpha, beta-glycerophosphate hydrogels for tissue regeneration. Carbohydr. Polym. 2017,
167, 145-157. [CrossRef]

Liu, H,; Zhu, X.; Guo, H.; Huang, H.; Huang, S.; Huang, S.; Xue, W.; Zhu, P.; Guo, R. Nitric oxide released injectable hydrogel
combined with synergistic photothermal therapy for antibacterial and accelerated wound healing. Appl. Mater. Today 2020,
20,100781. [CrossRef]

Ganguly, S.; Das, P; Das, TK.; Ghosh, S.; Das, S.; Bose, M.; Mondal, M.; Das, A K.; Das, N.C. Acoustic cavitation assisted
destratified clay tactoid reinforced in situ elastomer-mimetic semi-IPN hydrogel for catalytic and bactericidal application.
Ultrason. Sonochem. 2020, 60, 104797. [CrossRef]

158



Nanomaterials 2022, 12, 1865

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Sun, D.; Zhang, W.; Li, N.; Zhao, Z.; Mou, Z.; Yang, E.; Wang, W. Silver nanoparticles-quercetin conjugation to siRNA against
drug-resistant Bacillus subtilis for effective gene silencing: In vitro and in vivo. Mater. Sci. Eng. C Mater. Biol. Appl. 2016,
63, 522-534. [CrossRef]

Rekha, R.; Vaseeharan, B.; Vijayakumar, S.; Abinaya, M.; Govindarajan, M.; Alharbi, N.S.; Kadaikunnan, S.; Khaled, ].M.; Al-Anbr,
M.N. Crustin-capped selenium nanowires against microbial pathogens and Japanese encephalitis mosquito vectors—Insights on
their toxicity and internalization. J. Trace Elem. Med. Biol. 2019, 51, 191-203. [CrossRef]

Lu, B.-Y;; Zhu, G.-Y,; Yu, C.-H.; Chen, G.-Y.,; Zhang, C.-L.; Zeng, X.; Chen, Q.-M.; Peng, Q. Functionalized graphene oxide
nanosheets with unique three-in-one properties for efficient and tunable antibacterial applications. Nano Res. 2020, 14, 185-190.
[CrossRef]

Sun, D.; Li, N.; Zhang, W.; Yang, E.; Mou, Z.; Zhao, Z.; Liu, H.; Wang, W. Quercetin-loaded PLGA nanoparticles: A highly
effective antibacterial agent in vitro and anti-infection application in vivo. J. Nanoparticle Res. 2015, 18, 3. [CrossRef]

Li, W; Wang, Y.; Qi, Y.; Zhong, D.; Xie, T.; Yao, K.; Yang, S.; Zhou, M. Cupriferous Silver Peroxysulfite Superpyramids as a
Universal and Long-Lasting Agent to Eradicate Multidrug-Resistant Bacteria and Promote Wound Healing. ACS Appl. Bio Mater.
2020, 4, 3729-3738. [CrossRef] [PubMed]

Liang, Y.; Zhao, X.; Hu, T.; Chen, B.; Yin, Z.; Ma, P.X.; Guo, B. Adhesive Hemostatic Conducting Injectable Composite Hydrogels
with Sustained Drug Release and Photothermal Antibacterial Activity to Promote Full-Thickness Skin Regeneration during
Wound Healing. Small 2019, 15, €1900046. [CrossRef] [PubMed]

Zhang, W.; Ding, X.; Cheng, H.; Yin, C.; Yan, J.; Mou, Z.; Wang, W.; Cui, D.; Fan, C.; Sun, D. Dual-Targeted Gold Nanoprism for
Recognition of Early Apoptosis, Dual-Model Imaging and Precise Cancer Photothermal Therapy. Theranostics 2019, 9, 5610-5625.
[CrossRef]

Zhu, M.; Liu, X,; Tan, L.; Cui, Z; Liang, Y.; Li, Z.; Yeung, KW.K.; Wu, S. Photo-responsive chitosan/Ag/MoS2 for rapid
bacteria-killing. ]. Hazard. Mater. 2020, 383, 121122. [CrossRef]

Xu, M.; Zhang, K.; Liu, Y.; Wang, J.; Wang, K.; Zhang, Y. Multifunctional MoS2 nanosheets with Au NPs grown in situ for
synergistic chemo-photothermal therapy. Colloids Surf. B Biointerfaces 2019, 184, 110551. [CrossRef]

Wang, C.; Gu, B.; Liu, Q.; Pang, Y.; Xiao, R.; Wang, S. Combined use of vancomycin-modified Ag-coated magnetic nanoparticles
and secondary enhanced nanoparticles for rapid surface-enhanced Raman scattering detection of bacteria. Int. ]. Nanomed. 2018,
13,1159-1178. [CrossRef]

Vimberg, V.; Gazak, R.; Szucs, Z.; Borbas, A.; Herczegh, P.; Cavanagh, ].P; Zieglerova, L.; Zavora, ].; Adamkova, V.; Novotna, G.B.
Fluorescence assay to predict activity of the glycopeptide antibiotics. J. Antibiot. 2019, 72, 114-117. [CrossRef]

159






nanomaterials

Article

Thermoresponsive Zinc TetraPhenylPorphyrin
Photosensitizer/Dextran Graft Poly(N-IsoPropylAcrylAmide)
Copolymer/Au Nanoparticles Hybrid Nanosystem: Potential for
Photodynamic Therapy Applications

Oleg A. Yeshchenko /*, Nataliya V. Kutsevol 23, Anastasiya V. Tomchuk ', Pavlo S. Khort !, Pavlo A. Virych ?,
Vasyl A. Chumachenko ?, Yulia I. Kuziv %3, Andrey 1. Marinin 4, Lili Cheng 5 and Guochao Nie 5*

Citation: Yeshchenko, O.A.; Kutsevol,
N.V,; Tomchuk, A.V.; Khort, PS.;
Virych, P.A.; Chumachenko, V.A ;
Kuziv, Y.I; Marinin, A.L; Cheng, L.;
Nie, G. Thermoresponsive Zinc
TetraPhenylPorphyrin
Photosensitizer /Dextran Graft
Poly(N-IsoPropylAcrylAmide)
Copolymer/Au Nanoparticles
Hybrid Nanosystem: Potential for
Photodynamic Therapy Applications.
Nanomaterials 2022, 12, 2655. https://
doi.org/10.3390/nano12152655

Academic Editors: Wei
Chen and Derong Cao

Received: 21 June 2022
Accepted: 30 July 2022
Published: 2 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Physics Department, Taras Shevchenko National University of Kyiv, 60 Volodymyrska Str.,
01601 Kyiv, Ukraine; nastiona30@gmail.com (A.V.T.); mirason111@gmail.com (P.S.K.)
Chemistry Department, Taras Shevchenko National University of Kyiv, 60 Volodymyrska Str.,
01601 Kyiv, Ukraine; kutsevol@ukr.net (N.V.K.); sphaenodon@ukr.net (P.A.V.);
chumachenko_va@ukr.net (V.A.C.); garaguts.yulia.fox@gmail.com (Y.LK.)

3 Institute Charles Sadron, 23 Rue du Loess, 67200 Strasbourg, France

Problem Research Laboratory, National University of Food Technology, 68 Volodymyrska Str.,
01601 Kyiv, Ukraine; andrii_marynin@ukr.net

Guangxi Universities Key Lab of Complex System Optimization and Big Data Processing, Yulin Normal
University, Yulin 537000, China; chenglili0428@163.com

*  Correspondence: oleg.yeshchenko@knu.ua (O.A.Y.); bccu518@163.com (G.N.)

Abstract: The thermoresponsive Zinc TetraPhenylPorphyrin photosensitizer/Dextran poly (N-
isopropylacrylamide) graft copolymer/Au Nanoparticles (ZnTPP/D-g-PNIPAM/AuNPs) triple
hybrid nanosystem was synthesized in aqueous solution as a nanodrug for potential use in thermally
driven and controlled photodynamic therapy applications. The aqueous solution of the nanosystem
has demonstrated excellent stability in terms of aggregation and sedimentation several days after
preparation. Optimal concentrations of the components of hybrid nanosystem providing the lowest
level of aggregation and the highest plasmonic enhancement of electronic processes in the photo-
sensitizer molecules have been determined. It has been revealed that the shrinking of D-g-PNIPAM
macromolecule during a thermally induced phase transition leads to the release of both ZnTPP
molecules and Au NPs from the ZnTPP/D-g-PNIPAM/AuNPs macromolecule and the strengthening
of plasmonic enhancement of the electronic processes in ZnTPP molecules bound with the polymer
macromolecule. The 2.7-fold enhancement of singlet oxygen photogeneration under resonant with
surface plasmon resonance has been observed for ZnTPP/D-g-PNIPAM/AuNPs proving the plas-
mon nature of such effect. The data obtained in vitro on wild strains of Staphylococcus aureus have
proved the high potential of such nanosystem for rapid photodynamic inactivation of microorganisms
particular in wounds or ulcers on the body surface.

Keywords: thermoresponsive polymer; gold nanoparticles; photosensitizer; hybrid nanosystem;
plasmon enhancement; singlet oxygen photogeneration; photodynamic therapy

1. Introduction

Photodynamic therapy (PDT) is a promising method of treatment that can be used to
solve a number of problems, from the destruction of bacteria and viruses to the treatment
of cancer. This method is based on the use of three factors: light, a special light-sensitive
substance—photosensitizer (PS) and oxygen from the environment to generate cytotoxic
oxygen or free radicals [1,2]. Although this technique is now most widely used to treat
dermatological diseases and various skin malignancies, its prospects in the destruction of
various pathogens cannot be ignored, especially given the permanent emergence of new,
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antibiotic-resistant bacterial strains [3,4]. The main advantage of antibacterial PDT (APDT)
over conventional antibiotics is that the bacteria do not show resistance to PDT even after
repeated sessions of treatment.

For advances in nanobiology and nanomedicine, there is an urgent need for new hybrid
functional materials based on biocompatible polymers [5-10]. A variety of biocompatible
water-soluble polymers can be used to increase the bioavailability of a variety of drugs, as
well as to improve drug pharmacokinetics, such as controlled delivery of drugs directly
into cells and their controlled release [11]. Polymers can be used as an effective matrix
for in situ synthesis of metal nanoparticles (NPs) with narrow size distribution [12-15],
preventing the aggregation of NPs. An encapsulation of photosensitizers in a polymer
matrix avoids aggregation of hydrophobic photosensitizer molecules, which significantly
increases their photodynamic efficiency in biological media [16].

Recently, thermoresponsive polymers have attracted much attention from researchers,
since such polymers are the basis for the creation of locally temperature-controlled nanoac-
tuators [17-19]. In particular, poly (N-isopropylacrylamide) (PNIPAM) were used as a
potential basis for the fabrication of hybrid nanosystems for applications in biology and
medicine [20]. In aqueous phase, PNIPAM undergoes a phase LCST transition (lower criti-
cal solution temperature) at 32 °C from hydrophilic to hydrophobic phase, which leads to a
sharp shrinking of the polymer molecule [21-23]. Such temperature induced shrinking can
be used for the controlled release (at a given temperature) of certain molecules (e.g., drugs)
initially bound to the PNIPAM macromolecule [24]. Additionally, a temperature-induced
change (decrease) in the distance between molecules and plasmonic nanoparticles (NPs)
leads to a change (increase) in the strength of molecule-NP coupling. This, in principle, may
change the magnitude of the plasmon enhancement of electronic processes in molecules,
such as absorption, emission and scattering of light, photocatalysis, generation of singlet
oxygen, etc. [25-28]. The use of PNIPAM with a star-like structure allows for an increase
the phase transition point by approximately 2—4 °C compared to the corresponding tem-
perature of PNIPAM with a linear structure [26]. In addition, the Au and Ag NPs grown
in situ in a branched polymer in aqueous solution have significantly higher stability than
NPs grown in a linear polymer [29]. The temperature and related laser-induced phase
transitions and the possibility of changing its parameters for hybrid nanosystems based
on PNIPAM with a star structure (D-g-PNIPAM) and Au (Ag) NPs was shown in recent
works [30-33].

Porphyrin and its derivatives are the promising photosensitizers used in particular
for antibacterial and antitumor therapy [34,35]. Their advantages include high stability,
efficient absorption of visible light, low dark toxicity, long life in the triplet state, highly
efficient photogeneration of singlet oxygen and ease of their modification. However, there
is a serious problem—the vast majority of porphyrins are hydrophobic, and therefore in
living organisms they have a tendency to aggregation, which significantly reduces their
photodynamic efficiency [35]. In recent years, metal porphyrins have attracted considerable
attention. The PDT activity of porphyrin metal complexes depends on the type of metal
due to the paramagnetic effect [36]. Zinc is added to the porphyrin ring to provide ring
stability and to maintain the pronounced photodynamic efficiency of the porphyrin based
PS. Such porphyrin metal complexes, e.g., zinc tetraphenylporphyrin (ZnTPP), are similar
to natural porphyrin and are widely used in biology and medicine. The presence of Zn
atom in the porphyrin ring has been reported to reduce mitochondrial binding and promote
cell membrane binding due to complexation with phospholipid phosphate groups, which
enhances the PDT efficiency [37].

Gold nanoparticles (Au NPs) are widely used in many biological applications. They
are less toxic than Ag NPs [38,39]. Recently, the high antitumor efficiency has been demon-
strated for some gold-based compounds [40,41]. A well-known approach to enhance the
various electronic processes (light absorption, fluorescence, Raman scattering, photocataly-
sis, etc.) in the molecules is to place the molecules near the plasmonic metal nanoparticles
or nanostructures [25-28]. In such nanoparticles, the localized surface plasmon resonance
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(LSPR) is excited by an external light, as a result, there is a significant increase in the
electromagnetic field strength in the vicinity of plasmonic NPs, causing an increased
optical response of the molecules located in the enhanced field area. Accordingly, the
plasmon-enhanced light absorption by PS molecule located near the metal NP in a hybrid
nanosystem would result in a more efficient photogeneration of singlet oxygen, therefore,
an increase in the efficiency of PDT of the nanosystem [18,42-45]. In addition, small Au
NPs have antibacterial activity against pathological bacteria due to high ability to penetrate
the cell [46]. Another phenomenon with a plasmonic nature that can be used for PDT
purposes is the photo-induced heating of metal NPs, plasmon heating. Due to an extremely
low quantum yield of fluorescence of metal NPs, almost all of the light energy absorbed
by the nanoparticle is converted to thermal energy. As a result, metal NPs act as highly
efficient local nanoheaters. The effect of plasmon heating has a resonant character, i.e.,
it becomes strongest under the resonance of the frequencies of exciting light and LSPR
in metal NP [47-49]. Thus, plasmon heating of metal NPs can be efficiently used for the
photothermal therapy of cancer and bacterial diseases [50-53].

Here, we present the results of the chemical synthesis, the size and morphological
characteristics, spectroscopic properties and APDT activity of the aqueous solution of
ZnTPP/D-g-PNIPAM/AuNPs triple hybrid nanosystem. This hybrid nanosystem con-
tains zinc tetraphenylporphyrin (ZnTPP) photosensitizer, thermoresponsive dextran poly
(N-isopropylacrylamide) graft copolymer (D-g-PNIPAM) and Au NPs. Our work demon-
strates that ZnTPP/D-g-PNIPAM/AuNPs nanosystem exhibits a significant plasmon en-
hancement of the singlet oxygen photogeneration, see scheme in Figure 1. ZnTPP/D-g-
PNIPAM/AuNPs shows a high potential for thermally driven and controlled photodynamic
rapid inactivation of microorganisms.

D-g-PNIPAM

Plasmonic

enhancement

Figure 1. Scheme representing the structure of ZnTPP/D-g-PNIPAM/AuNPs hybrid macromolecule
as well as the plasmon enhancement of singlet oxygen generation.

2. Experimental
2.1. Fabrication of ZnTPP/D-g-PNIPAM and ZnTPP/D-g-PNIPAM/AuNPs Hybrid Nanosystems

The procedures of synthesis and structural peculiarities of D-g-PNIPAM copolymers
were reported previously. [14,30,31]. Initially, the copolymer with star-like structure con-
taining dextran core with molecular weight My, = 70 x 10* g/mol and 15 PNIPAM grafts
was synthesized. The molecular parameters of D-g-PNIPAM are as follows: the molecular
weight parameters M, = 1.03 x 100 g/mol and M, = 0.67 x 100 g/mol; M,/M,, = 1.52.
The reduction of Au ions took place in a mixture of aqueous solutions of the D-g-PNIPAM
polymer as a matrix and HAuCly as a source of gold. The detailed description of synthesis
and characterization of D-g-PNIPAM/Au NPs hybrid macromolecules in aqueous solution
has been reported [30,31].

The ZnTPP powder was dissolved in ethanol at 40 °C. The obtained stock ZnTPP
ethanol solution had concentration of 0.1 g/L. The aqueous stock solutions of D-g-PNIPAM
(CD—g-PNlPAM =1 g/ L) and D—g—PN]PAM/ AuNPs (CD—g-PNlPAM =0.8696 g /L and CAu = 0.8529 g/ L)
were diluted by water at 20 °C to obtain solutions with different concentrations. Finally,
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0.03 mL of ZnTPP ethanol solution was mixed with 2.97 mL of diluted aqueous solutions
of D-g-PNIPAM or D-g-PNIPAM/AuNPs. As a result, we obtained the aqueous solu-
tions of ZnTPP/D-g-PNIPAM or ZnTPP/D-g-PNIPAM/AuNPs nanocomposite contained
0.001 g/L of ZnTPP and various concentrations of D-g-PNIPAM and/or Au.

2.2. Morphology and Size Characterization by TEM and DLS

The transmitted electron microscopy (TEM) measurements were performed by CM12
(FEI) microscope, and images were acquired using a Megaview SIS camera. Due to the
much lower contrast of D-g-PNIPAM macromolecules compared to Au NPs, polymer
macromolecules and ZnTPP molecules and aggregates are not visible on the TEM images.
Therefore, the size of the studied nanosystems in solution were determined by the dynamic
light scattering (DLS) method. The hydrodynamic particle size distribution (PSD) of the
nanosystems in water was measured by DLS method on a Zetasizer Nano-Z590 (Malvern
Panalytical) which was equipped with a 5 mW He-Ne laser operating at 633 nm. The
scattered light was detected at the angle of 173°. PSD were obtained from autocorrelation
functions calculated by nonnegative truncated singular value decomposition method [54].
The DLS measurements were made in a temperature range including the LCST point. The
PSD were measured at various time points (1 min—7 days) after mixing of ZnTPP ethanol
solution with water, D-g-PNIPAM and D-g- PNIPAM/AuNPs aqueous solutions.

2.3. Absorption and Fluorescence Spectroscopy

The absorption spectra were measured with a Cary 60 UV-VIS spectrophotometer
(Agilent). The fluorescence (FL) spectra were measured with a Shimadzu RF-6000 spec-
trofluorophotometer (Shimadzu) with an excitation wavelength at 421 nm. The solution
samples were placed in 1 cm X 1 cm X 4 cm quartz cell. The spectra were measured in a
temperature range including the LCST point. The absorption and FL measurements were
carried out 1 day after mixing of ZnTPP ethanol solution with water, D-g-PNIPAM and D-g-
PNIPAM/AuNPs aqueous solutions. The FL anisotropy were measured as r = %,
where [;; is the FL intensity, ij indices denote an orientation of polarizers before and after
the sample respectively (V- vertical, H-horizontal), G = Iy /Iy is the grating factor.

2.4. Biological Experiments

The antibacterial activity of the aqueous solutions of ZnTPP, ZnTPP/D-g-PNIPAM
and ZnTPP/D-g-PNIPAM/AuNPs on wild strains of Staphylococcus aureus (S. aureus) was
investigated. Bacteria were isolated on yolk-salt agar containing: meat—peptone agar—
70%, sodium chloride—10%, yolk emulsion in 0.9% NaCl—20%, pH 7.3. The antibacterial
activity of the nanocomposites was tested in a liquid medium of Mueller—Hinton Ne2 (g/L):
casein hydrolysate—17.5, bull heart hydrolysate—2, water-soluble starch—1.5, pH—7.3.
A suspension of S. aureus was prepared, then divided into 1 mL aliquots and incubated
at 37 °C for 20 min, for the microorganisms to adapt to the changed conditions. The
systems which were used in the investigations were also sensitive to temperature changes.
Therefore, the study was performed at 28, 31, 33, 35, and 37 °C. The antibacterial activity of
the nanocomposites was evaluated against control tubes that were under similar conditions.
The LED-device Lika-LED (Photonics Plus) was used as a visible light source at 420 and
530 nm. The dose of irradiation was in the range of 3-18 J/mL with steps of 3 J/mL, the
irradiation power was 0.1 J/s. The suspension was irradiated by light for 15 min after the
addition of nanocomposites. The maximum duration of nanocomposites incubation in a
suspension of S. aureus was not exceed 20 min.

The colony-forming units (CFU) number were counted in a Goryaev chamber. The
microorganisms were stained for 1 min with acridine orange (concentration—3.5-1073 M).
The statistical analysis of the results was made by Shapiro-Wilk (p > 0.05) and Scheffe
(ANOVA, p < 0.05) tests. The experiments were repeated three times.
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3. Results and Discussion
3.1. Morphology and Size Study

Typical TEM images of D-g-PNIPAM/AuNPs nanohybrids obtained at 20 °C are
shown in Figure 2. Au NPs have spherical shape and a mean radius of 3 nm. Since the
TEM contrast of D-g-PNIPAM polymer is significantly lower compared to Au NPs, the
polymer macromolecules cannot be visualized by TEM. Meanwhile, the mean radius of
the D-g-PNIPAM/AuNPs hybrid macromolecules can be estimated as the radius of Au
NPs clusters on the TEM image. This estimation gives the radius of D-g-PNIPAM/AuNPs
hybrid macromolecule of about 25 nm, which agrees with the DLS data (see below).

b

<
o‘ 8

., L

50 nm

Figure 2. TEM images of D-g-PNIPAM/AuNPs nanohybrids at the temperature of 20 °C acquired at
lower (a) and higher (b) magnification.

DLS measurements were performed to acquire the size of studied hybrid nanocompos-
ites in solution. Figure 3a shows PSD change of D-g-PNIPAM during transition over LCST
region at heating. The PNIPAM hydrodynamic radius (corresponding to PSD maximum) is
Ry, =25 nm at 25 °C. At heating, D-g-PNIPAM macromolecules formed aggregates with
R =160 nm at LCST temperature of 34 °C. At subsequent heating to 40 °C higher than
LCST, the D-g-PNIPAM aggregates decrease in size to 115 nm. Figure 3b demonstrates
the PSD for ZnTPP in aqueous solution. In aqueous solution, the ZnTPP molecules form
aggregates with a mean radius of 32 nm. It is due to hydrophobic nature of ZnTPP.

As we can see on Figure 4a, at room temperature (25 °C) the ZnTPP addition into
aqueous solutions of D-g-PNIPAM and D-g-PNIPAM/AuNPs influences greatly on the
average size of the respective macromolecules. Namely, for double-component ZnTPP/D-
g-PNIPAM nanosystem, the average radius R;,"** shifts to 61 nm which is more than two
times larger than for single-component one (D-g-PNIPAM). Size distribution of ZnTPP/D-
g-PNIPAM/AuNPs has two-peaks. Those are high-intensity peak at 39 nm corresponding
to ZnTPP/D-g-PNIPAM/AulNPs three-component nanosystem and low-intensity but still
important peak at 3 nm corresponding to small AuNPs. Thus, hybrid macromolecules are
expanded comparing to bare D-g-PNIPAM ones.
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Figure 3. (a)—PSD of D-g-PNIPAM aqueous solution at temperatures lower (25 °C), equal (34 °C)
and higher (40 °C) than LCST point. (b)—PSD of ZnTPP in ethanol mixed with water at 25 °C.
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Figure 4. PSD of different solutions at 25 °C for comparison (a); triple system of ZnTPP/D-g-
PNIPAM/AuNPs at 25, 34 and 40 °C (b); ZnTPP/D-g-PNIPAM at 25, 34 and 40 °C (c).
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PSD of the three-component system at different temperatures (Figure 4a) shows
that the main high intensity peak shifts towards smaller radius from 39 to 33 nm as the
temperature rises from room 25 °C to LCST point at 34 °C. With further temperature
increase, this peak shifts back to 39 nm. The observed size variation at temperature induced
LCST transition is due to the shrinking of PNIPAM chains in ZnTPP/D-g-PNIPAM/AuNPs
hybrid nanosystem. Such effect has been investigated for D-g-PNIPAM based multi-
component hybrid nanosystems in our recent works [14,30-33]. It is important that the
presence of additional components in D-g-PNIPAM based hybrid macromolecules prevents
the system from aggregation at LCST transition which was observed for bare D-g-PNIPAM,
see Figure 3a. This effect was explained previously [14]. Indeed, as we can see from
Figure 4c, the same process takes place during heating of ZnTPP/D-g-PNIPAM system
in temperature range of 25-40 °C, when the radius of ZnTPP/D-g-PNIPAM scatterers
decreases gradually from 61 to 38 nm and no aggregation has been observed.

We also studied possible aging effect of the ZnTPP/D-g-PNIPAM/ AuNPs nanosystem.
No PSD changes were found during the period of observation up to 7 days and at the
temperature variation in the temperature range of 25-40 °C, as shown in Figure Sla—c.
Moreover, storage of the sample did not lead to any change of PSD at LCST transition. At
40 °C, we still can see well-defined and reproducible AuNPs peak at 2-3 nm despite low
intensity of this mode, as shown in Figure S1d.

3.2. Absorption and Fluorescence Spectroscopy
3.2.1. Spectral Manifestations of ZnTPP Binding to D-g-PNIPAM and PNIPAM/AuNPs

Light absorption spectroscopy was performed on a solution of the photosensitizer
ZnTPP in ethanol, a mixture of ZnTPP ethanol solution with water, aqueous solutions of
polymer D-g-PNIPAM and hybrid nanosystem D-g-PNIPAM/AuNPs, Figure S2. Here-
inafter, a mixture of ZnTPP ethanol solution with water and aqueous solutions of D-g-
PNIPAM and D-g-PNIPAM/AuNPs will be referred to as aqueous solutions of ZnTPP,
ZnTPP/D-g-PNIPAM and ZnTPP/D-g-PNIPAM/AuNPs, respectively. The absorption
spectrum of ZnTPP in ethanol (Figure S2) has a structure typical for porphyrins in organic
solvents. Namely, the spectrum contains low-intensity low-energy (530-620 nm) Q bands
and intense high-energy (380—440 nm) B (Soret) band [55-58]. The aqueous solution of
ZnTPP/D-g-PNIPAM /AuNPs has a LSPR absorption band of AuNPs with a maximum
at 520 nm, Figure S2. The respective LSPR band is clearly seen in absorption spectrum of
the reference aqueous solution of D-g-PNIPAM/AuNPs (Figure S2) that proves its plas-
monic nature. The D-g-PNIPAM polymer absorption and FL spectra are in UV range at
wavelengths shorter than 250 nm, which is outside the spectral range relevant to this work.

The FL spectra were also measured for ZnTPP ethanol solution, mixtures of ZnTPP
ethanol solution with water, and aqueous solutions of D-g-PNIPAM and D-g-PNIPAM/AuNDPs,
Figure S3. The FL spectrum of ZnTPP ethanol solution (Figure S3) has a structure typical
for porphyrins in organic solvents. There are the high-energy (602 nm) Fyy and low-energy
(655 nm) Fy; bands [56,57] in the FL spectrum.

Mixing ethanol solution of ZnTPP with water causes the significant changes in the
shape and intensity of absorption and FL spectra, Figures S2 and S3. Such changes originate
from the aggregation of hydrophobic ZnTPP molecules in the water. However, the mixing
ZnTPP ethanol solution with D-g-PNIPAM and especially with D-g-PNIPAM/AuNPs
aqueous solutions leads to reverse changes in absorption and FL spectra. Most probably,
this is due to the binding of ZnTPP molecules to D-g-PNIPAM polymer and especially to D-
g-PNIPAM /AuNPs nanohybrids. The binding increases the solubility of ZnTPP in water. It
reduces the size of ZnTPP aggregates that is in full agreement with the DLS data, Figure 4a.
The absorption and FL spectra changes are discussed in detail in Supplementary Materials.

Accordingly, based on the fact of essential transformations of absorption and FL
spectra occurring at mixing, we conclude that ZnTPP molecules bind to D-g-PNIPAM and
D-g-PNIPAM /AuNPs macromolecules, and the binding is different in the presence and
absence of AuNPs. Such conclusion is also proved by the FL anisotropy measurement
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data, which are given and discussed below. We also emphasize that, in the aqueous media,
the aggregation of ZnTPP is the weakest in the solution of ZnTPP/D-g-PNIPAM /AuNPs.
Therefore, it can be expected that the biological activity of the ZnTPP photosensitizer will
be higher in the ZnTPP/D-g-PNIPAM/AuNPs aqueous solution.

3.2.2. Absorption and Fluorescence of ZnTPP/D-g-PNIPAM and
ZnTPP/D-g-PNIPAM/AuNPs Nanosystems: Concentration Effects

The peculiarities of the interaction of ZnTPP molecules with D-g-PNIPAM and Au NPs
in hybrid macromolecules have been revealed by the study of the impact of concentrations
of photosensitizer, polymer and gold on the optical spectra of the nanohybrids. The
relationship of the absorption and FL spectra of ZnTPP in ethanol and water with its
concentration was studied in our recent works [59,60]. The dependence of ZnTPP FL
intensity of ethanol solution on ZnTPP concentration was found to be non-monotonic,
with a maximum FL intensity at ZnTPP concentration 0.005 g/L. Such non-monotonic
dependence is caused by aggregation of ZnTPP molecules at high concentrations. Similar
to ZnTPP in ethanol, the dependence of ZnTPP FL intensity in aqueous solution on ZnTPP
concentration is also non-monotonic, with a maximum FL intensity at ZnTPP concentration
0.0025 g/L. The lower concentration for ZnTPP aqueous solution at the maximum FL
intensity is due to the hydrophobicity of PS molecules, which promotes aggregation.
Proceeding from this data, for further measurements the ZnTPP concentration of 0.001 g/L
was chosen. This concentration corresponds to the middle of the growing linear region of
dependence, i.e., fairly low concentrations at which aggregation is quite slight.

Next, the effect of polymer and Au concentration on magnitude of absorption (total
optical density—integrated over the entire absorption spectrum) and FL (FL total intensity—
integrated over the entire FL spectrum) of ZnTPP in aqueous solutions of ZnTPP/D-g-
PNIPAM and ZnTPP /D-g-PNIPAM/AuNPs nanohybrids was investigated, Figure 5a,b
respectively. The optical density and FL intensity at different concentrations were nor-
malized against ZnTPP in aqueous solution. As shown in Figure 5, the concentration
dependences of the optical density and FL intensity are the similar. Therefore, further we
analyze only the concentration dependence of FL intensity. The dependences of ZnTPP FL
intensity on D-g-PNIPAM concentration for ZnTPP/D-g-PNIPAM, and on Au concentra-
tion for ZnTPP/D-g-PNIPAM / AuNPs nanosystems are monotonically increasing in the
whole studied range of concentrations, Figure 5. Proceeding from mentioned above, such
dependences can be rationalized as a consequence of the fact that both the D-g-PNIPAM
and D-g-PNIPAM/AuNPs inhibit the aggregation of ZnTPP molecules in aqueous medium.
Herewith, this effect is significantly stronger for nanosystems containing Au NPs. In order
to highlight the impact of Au NPs concentration on the ZnTPP FL intensity, the ratio of
concentration dependences for ZnTPP/D-g-PNIPAM/AuNPs and ZnTPP/D-g-PNIPAM
was calculated and plotted against ZnTPP concentration (Figure 5, triangles). It gives the
dependence of the FL plasmon-enhancement factor on the gold concentration. It shows
that the intensity of FL increases in 1.4 times in the concentration range of 0-0.008 g/L,
reaches a maximum, and then decreases to 1.33 with a further increase of concentration to
0.2 g/L. The observed plasmonic enhancement of FL of photosensitizer molecules in the
ZnTPP/D-g-PNIPAM/AuNPs nanosystem indicates that ZnTPP molecules and Au NPs
are quite closely located inside the polymer macromolecule, which is due to binding of
ZnTPP molecules to D-g-PNIPAM/AuNPs hybrid macromolecules.
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Figure 5. The dependence of normalized total optical density (a) and FL total intensity (b) of ZnTPP
in ZnTPP/D-g-PNIPAM (squares) and ZnTPP/D-g-PNIPAM/AuNPs (circles) aqueous solutions
on the concentration of polymer and gold respectively. Triangles—the dependence of ratio of
optical densities and, respectively, FL intensities of ZnTPP/D-g-PNIPAM/AuNPs and ZnTPP/D-g-
PNIPAM on the concentration of gold characterizing an impact of Au NPs on ZnTPP FL in the hybrid
nanosystem. The optical density and FL intensity are normalized to the respective values for ZnTPP
in aqueous solution. ZnTPP concentration is 0.001 g/L.

We analyze the physical mechanisms of the influence of Au NPs on FL of ZnTPP in
hybrid macromolecules. By changing the Au NPs concentration, we thereby change the
mean ZnTPP-AuNP distance inside the D-g-PNIPAM macromolecule. The distance change
affects the strength of coupling of Au NPs and ZnTPP molecules [61-66]. The strength of
coupling depends strongly on the overlap of LSPR in metal NP and the electronic energy
spectrum of the fluorophore molecule. The coupling is stronger at shorter distances and
higher spectral overlap. It is mentioned above that ZnTPP molecules and Au NPs are
closely located inside the hybrid macromolecule network. In addition, there is a significant
overlap of the LSPR absorption band of the Au NPs with the absorption and FL spectra
of ZnTPP molecules, Figures S2 and S3. Thus, a strong coupling of Au NPs with ZnTPP
molecules in ZnTPP/D-g-PNIPAM/AulNPs nanosystem is highly expected.

It is well known that there are two competing physical mechanisms for the donor (dye
molecule-fluorophore)—acceptor (metal NP) pair that affect the FL intensity of the dye.
The first mechanism is the plasmon enhancement. It strengthens with decreasing distance
between the molecule and the metal NP [61-67]. The amplitude of plasmon field depends
on the distance from the metal NP as Es, o R73[66,67]. The second mechanism is the
non-radiative Forster resonant energy transfer (FRET) from the excited donor (fluorophore
molecule) to the acceptor (metal NP) due to dipole-dipole interaction [61-63,67,68]. FRET
leads to quenching of FL. The rate of FL quenching depends on the distance between the
donor and acceptor as Yrrpr R0 [68]. Such dependence limits the FRET to distances
below 10 nm. The competition between plasmon enhancement and FRET quenching leads
to an existence of the optimal NP-molecule distance (about 10 nm) providing the highest FL
intensity [63]. At distances less than 10 nm, a small decrease in distance causes the strong
FL quenching. Meanwhile, at distances larger than 10 nm, a decrease in distance causes the
FL enhancement.

Thus, at lower concentrations of Au NPs in the range of 0-0.008 g/L, the ZnTPP-
AuNP distance is too large for FRET. An increase in the concentration of Au NPs causes the
shortening of ZnTPP-AuNP distance, which leads to the stronger plasmon enhancement
of FL. At concentrations of Au NPs higher than 0.008 g/L, the ZnTPP-AuNP distance
becomes short enough for FRET, which leads to FL quenching at the increase of Au NPs
concentration. Therefore, the conclusion can be made that there is a certain optimal Au
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NPs concentration, which provides the highest plasmon enhancement of optical processes
involving the ZnTPP photosensitizer molecules, in particular light absorption, fluorescence
and singlet oxygen generation.

Assumptions of the binding of ZnTPP molecules to the D-g-PNIPAM and D-g-PNIPAM/AuNPs
can be checked directly by FL anisotropy » measurement. The FL anisotropy indicates how
constrained the molecules is in its motion. For ZnTPP molecules in ethanol solution, r
is 0.007 that indicates the almost free motion of ZnTPP molecules in ethanol. However,
for ZnTPP molecules in water, r is 0.110 that indicates a higher constraint of the motion
of ZnTPP molecules in water. Most probably, that is due to the formation of ZnTPP
aggregates. Mixing ZnTPP with an aqueous solution of D-g-PNIPAM leads to a further
increase of the FL anisotropy, which increases from 0.112 to 0.123 with increasing polymer
concentration in the range of 0.00039-0.198 g/L, Figure 6. Meanwhile, in ZnTPP/D-g-
PNIPAM/AuNPs aqueous solution, the r factor increases from 0.117 to 0.182 with increasing
gold concentration in the range of 0.00039-0.195 g/L, Figure 6. Thus, the obtained results
prove the fact of binding of ZnTPP molecules both with D-g-PNIPAM macromolecules
and D-g-PNIPAM/AuNPs hybrid macromolecules. Thus, the FL anisotropy measurement
data indicate that ZnTPP molecules bind better to hybrid macromolecules containing
Au NPs that is in full agreement with data obtained from absorption and FL spectra of
ZnTPP/D-g-PNIPAM and ZnTPP/D-g-PNIPAM/AuNPs hybrids, Figures S2 and S3 and
above relevant discussions.
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Figure 6. Concentration dependence of FL anisotropy for ZnTPP in aqueous solutions of ZnTPP/D-
g-PNIPAM (squares) and ZnTPP/D-g-PNIPAM/AuNPs (circles). Squares and circles show the
dependence on D-g-PNIPAM and AuNPs concentration respectively. Concentration of ZnTPP is
0.001 g/L. The blue dotted line corresponds to ZnTPP in water.

3.2.3. Thermally Induced Processes in ZnTPP/D-g-PNIPAM and
ZnTPP/D-g-PNIPAM/AuNPs Nanohybrids

Since PNIPAM is a thermoresponsive polymer, it is reasonable to expect that the LCST
phase transition should cause the thermally induced processes in ZnTPP/D-g-PNIPAM
and ZnTPP/D-g-PNIPAM/AuNPs systems. The respective transformations were probed
by light absorption (Figure 7) and FL (Figure 8) spectroscopy of ZnTPP molecules in
aqueous solutions of ZnTPP/D-g-PNIPAM and ZnTPP/D-g-PNIPAM/AuNPs. It was
revealed that, during heating, passing through the LCST point leads to 1.14 times decrease
of light absorption by ZnTPP in ZnTPP/D-g-PNIPAM, while the temperature dependence
of light absorption by ZnTPP in ZnTPP/D-g-PNIPAM/AuNPs is non-monotonic with
slightly expressed maximum at LCST point, Figure 7a. Meanwhile, passing through the
LCST point during heating leads to FL quenching both for ZnTPP/D-g-PNIPAM and
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ZnTPP/D-g-PNIPAM /AuNPs, Figure 8a. Note that quenching is stronger for ZnTPP in
ZnTPP/D-g-PNIPAM than in ZnTPP/D-g-PNIPAM/AuNPs. Indeed, the FL intensity
decreased 2.02 and 1.85 times when the sample was heated from 20 to 48 °C for ZnTPP/D-
g-PNIPAM and ZnTPP/D-g-PNIPAM/AuNPs respectively. The impact of temperature
on the light absorption and FL is especially strong in the region of LCST point, i.e., at a
temperature of about 35 °C.
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Figure 7. (a)—Dependence of total (B and Q bands) optical density on temperature for ZnTPP in
aqueous solutions of ZnTPP/D-g-PNIPAM (squares) and ZnTPP/D-g-PNIPAM/AuNPs (circles)
during heating. (b)—Dependence of the ratio of total optical densities for ZnTPP in ZnTPP/D-g-
PNIPAM/AuNPs and ZnTPP/D-g-PNIPAM on temperature characterizing the impact of Au NPs on
ZnTPP light absorption in ZnTPP/D-g-PNIPAM/AuNPs nanosystem. The optical density is normal-
ized by value at 20 °C. Arrows show the LCST transition range. Concentrations: ZnTPP—0.001 g/L,
D-g-PNIPAM—0.078 g /L, Au—0.077 g /L.
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Figure 8. (a)—Temperature dependence of total FL intensity for aqueous solutions of ZnTPP/D-g-
PNIPAM (squares) and ZnTPP/D-g-PNIPAM/AuNPs (circles) during heating. (b)—Temperature
dependence of the ratio of total FL intensities for ZnTPP/D-g-PNIPAM/AuNPs and ZnTPP/D-g-
PNIPAM characterizing the impact of Au NPs on FL of ZnTPP in ZnTPP/D-g-PNIPAM/AuNPs
nanosystem. The FL intensity is normalized by value at 20 °C. Arrows show the LCST transition
range. Concentrations: ZnTPP—0.001 g/L, D-g-PNIPAM—0.078 g/L, Au—0.077 g/L.

The observed behavior of the temperature dependences of absorption and FL in the
temperature region of LCST transition can be caused by three physical mechanisms. First
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one is the release of the photosensitizer molecules out from the polymer macromolecule
due to its shrinking at the LCST transition. Indeed, the released ZnTPP molecules are
located far from the Au NPs in the spatial areas, where the plasmonic field is slight enough
to enhance the FL. Thus, the release of ZnTPP should lead to a sharp decrease of plasmonic
enhancement and, correspondingly, to a decrease of light absorption and FL quenching.
Second one is the occurrence of FRET occurring due to the sharp decrease of the distance
between ZnTPP molecules and Au NPs remaining bound to polymer macromolecule while
it is shrinking. It leads to FL quenching at LCST transition. Meanwhile, the shortening of
the distance between the ZnTPP molecules and Au NPs bound to D-g-PNIPAM can also
lead to the opposite process (third mechanism), namely the intensification of the plasmonic
enhancement of light absorption and FL of ZnTPP molecules bound to the polymer.

In order to find out which physical mechanisms are dominant, the temperature depen-
dence of the FL anisotropy was measured, Figure 9. It clearly shows that LCST transition
leads to sharp decrease of the FL anisotropy from 0.12 to 0.09 for ZnTPP/D-g-PNIPAM and
from 0.17 to 0.11 for ZnTPP/D-g-PNIPAM/AuNPs. The observed sharp decrease of the FL
anisotropy proves the fact of the release of the ZnTPP molecules when the polymer macro-
molecule is shrinking. It is reasonable to expect that the polymer shrinking also leads to the
release of the Au NPs. Thus, the conclusion can be made that both ZnTPP/D-g-PNIPAM
and ZnTPP/D-g-PNIPAM/AuNPs nanosystems are promising for thermally induced and
controlled drug release.
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Figure 9. Temperature dependence of FL anisotropy factor for ZnTPP in aqueous solutions of
ZnTPP/D-g-PNIPAM (squares) and ZnTPP/D-g-PNIPAM/AuNPs (circles) during heating. Arrows
show the LCST transition range. Concentrations: ZnTPP—0.001 g/L, D-g-PNIPAM—0.078 g/L,
Au—0.077 g/L.

In order to compare the impact of FRET and plasmonic enhancement on the light ab-
sorption, the temperature dependence of the ratio of total (integrated spectrally over B and
Q bands) optical density for ZnTPP in ZnTPP/D-g-PNIPAM/AuNPs and one in ZnTPP/D-
g-PNIPAM is calculated and presented in Figure 7b. Respectively, in order to compare the
impact of the FRET and plasmonic enhancement on the FL intensity, the temperature de-
pendence of the ratio of total FL intensities for ZnTPP in ZnTPP/D-g-PNIPAM/AuNPs and
ZnTPP/D-g-PNIPAM is calculated and presented in Figure 8b. These ratio dependences
characterize the influence of processes involved the Au NPs on light absorption and FL of
the ZnTPP molecules which are bound to the polymer. The free ejected ZnTPP molecules do
not contribute to this dependence. Figures 7b and 8b show that the polymer macromolecule
shrinking at phase transition causes the sharp increase in light absorption and FL intensity
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for ZnTPP molecules bound with D-g-PNIPAM/AuNPs hybrid macromolecule, comparing
to ZnTPP molecules bound with bare D-g-PNIPAM macromolecule. The observed increase
in relative optical density and FL intensity is due to the strengthening of plasmonic en-
hancement, which was caused by the shortening of the mean distance between Au NPs
and ZnTPP molecules bound to polymer macromolecule. Thus, one can conclude that the
plasmonic enhancement prevails the FRET at the temperature induced phase transition at
the determined optimal concentrations of ZnTPP and Au NPs. Most probably, the revealed
temperature induced strengthening of plasmonic enhancement should also lead to the
increase in efficiency of singlet oxygen generation in ZnTPP/D-g-PNIPAM/AuNPs at
phase transition. Thus, summarizing the obtained data, we conclude that the temperature
induced LCST transition in ZnTPP/D-g-PNIPAM /AuNPs nanosystem leads to the release
of ZnTPP molecules and Au NPs from the macromolecule, as well as to the strengthening
of plasmonic enhancement of the optical processes in ZnTPP molecules bound with the
polymer macromolecules. Both these processes make the ZnTPP/D-g-PNIPAM/AuNPs
nanosystem quite efficient for thermally driven and controlled PDT applications that is
discussed in next Section 3.4.

3.3. Singlet Oxygen Photogeneration Enhancement in ZnTPP/D-g-PNIPAM/AuNPs System

An important characteristic of the efficiency of some molecular systems for use in
PDT is the efficiency of photogeneration of singlet oxygen. Figure 10 shows the measured
spectra of singlet oxygen emission from aqueous solutions of ZnTPP/D-g-PNIPAM and
ZnTPP/D-g-PNIPAM /AuNPs systems, as well as the reference spectra of ZnTPP, D-g-
PNIPAM and D-g-PNIPAM/Au NPs aqueous solutions. One can see that the aqueous
solutions of D-g-PNIPAM and D-g-PNIPAM/AuNPs without ZnTPP demonstrate no sin-
glet oxygen emission. Meanwhile, the spectra of ZnTPP containing systems show the
emission peak at 1270 nm, a characteristic for singlet oxygen. Singlet oxygen emission
spectra were detected for ZnTPP, ZnTPP/D-g-PNIPAM and ZnTPP/D-g-PNIPAM/AuNPs
samples under excitation at 421 nm (Sore band), 553 nm and 595 nm (range of Q bands).
Under excitations at 421 nm and 595 nm, the peak intensities are approximately the same for
all ZnTPP containing systems. Additionally, under 553 nm excitation of aqueous solutions
of ZnTPP and ZnTPP/D-g-PNIPAM, the peak intensities are close to the corresponding
values obtained under 421 nm and 595 nm excitation. However, under 553 nm excitation of
the ZnTPP/D-g-PNIPAM / AuNPs solution, a considerable 2.7-fold rise in intensity of the
singlet oxygen peak is observed. Considering that the wavelength of 553 nm is resonant
with LSPR in Au NPs (520 nm), it is reasonable to conclude that such enhancement of
photogeneration of singlet oxygen has a plasmonic nature. Thus, the observed plasmonic
enhancement of singlet oxygen photogeneration by ZnTPP /D-g-PNIPAM/AuNPs nanohy-
brid indicates its potential for PDT purposes that has proved by our biological studies
discussed in Section 3.4.

3.4. Photodynamic Antibacterial Activity In Vitro

Thermoresponsive hydrogel systems are used as injectable gel-forming matrices. In the
sol phase, therapeutic agents can be included in the system, and after injection to the target
tissues, the solution is transformed into a gel and serves as a source of a drug. PNIPAM is
one of the most common polymers of this type. Weak cytotoxicity of D-g-PNIPAM carrier
against S. aureus at 37 °C was detected, Figure S4. The results are consistent with the
literature data [69,70]. In Figures S4-S8, 11 and 12, we chose the same scale on the Y axis
for the convenience of quantitative comparison of the bactericidal effect under different
conditions of biological experiments.
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Figure 10. Emission spectra of singlet oxygen for ZnTPP, ZnTPP/D-g-PNIPAM and ZnTPP/D-g-
PNIPAM/AuNPs aqueous solutions. The D-g-PNIPAM and D-g-PNIPAM/AuNPs aqueous solutions
without ZnTPP demonstrate no emission from singlet oxygen. Excitation: 553 nm; concentrations:
ZnTPP—0.001 g/L, D-g-PNIPAM—0.078 g/L, Au—0.077 g/L.

At 0.008 g/L concentration of D-g-PNIPAM polymer, there was no toxicity against
S. aureus. Therefore, for further studies of the antibacterial activity of hybrid nanosystems,
we chose a concentration of D-g-PNIPAM at 0.008 g/L to offset the toxic effects of the
polymer and assess its response to temperature changes. LCST phase transition in D-g-
PNIPAM occurs at 33-34 °C. Therefore, the copolymer is in the hydrophilic sol phase
at 28 °C, and at human body temperature—in the hydrophobic gel phase. Comparison
of antibacterial activity under such conditions indicates the retention of Au NPs in D-g-
PNIPAM at temperatures below the LCST point, Figure S5. There was a 45-50% decrease
of CFU amount at 37 °C for 0.08 and 0.008 g/L Au NPs concentrations after 25 min. Thus,
one can assume that the polymer macromolecule shrinking at phase transition causes the
release of Au NPs out to the solution.

Incubation of S. aureus suspension with 0.08 g/L D-g-PNIPAM/AuNPs and irradiation
by 530 nm had a little effect on the antibacterial activity of nanocomposite at 37 °C, Figure
S6. However, after reducing the concentration of D-g-PNIPAM/AuNPs to 0.008 g/L under
similar conditions, the initial antibacterial activity of the nanocomposite increased by 40%.

The identified effects can be related to several factors. Probably, during shrinking of the
Au NPs carrier, i.e., D-g-PNIPAM macromolecule, Au NPs are rapidly released into solution.
The copolymer stabilizes AuNPs and prevents their aggregation. The high concentration
of Au NPs increases the probability of their encounter and the formation of biologically
inactive aggregates. Irradiation by light at 530 nm can accelerate the aggregation in the
absence of a stabilizer. Some studies confirm the possibility of the aggregation under the
light irradiation [31,33,71-73]. Reducing the D-g-PNIPAM/AuNPs concentration retains
the necessary antibacterial properties when irradiated by light at 530 nm, Figure S6.
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Figure 11. S. aureus inactivation at 28, 31, 33, 35, 37 °C after adding of ZnTPP/D-g-PNIPAM
(a), ZnTPP/D-g-PNIPAM/AuNPs (b), and irradiation by light at 420 nm depending on the ir-
radiation dose. Concentrations: AuNPs and D-g-PNIPAM—0.08 g/L, 0.008 g/L, 0.0008 g/L,
ZnTPP—0.001 g/L. Power of light—0.1 J/s, dose of irradiation was in the range of 3-18 J/mL
with 3 J/mL increment.
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Figure 12. S. aureus inactivation at 28, 31, 33, 35, 37 °C after adding of D-g-PNIPAM/AuNPs
(a), ZnTPP/D-g-PNIPAM/AuNPs (b), and irradiation by light at 530 nm depending on the ir-
radiation dose. Concentrations: AuNPs and D-g-PNIPAM—0.08 g/L, 0.008 g/L, 0.0008 g/L,
ZnTPP—0.001 g/L. Power of light—0.1 J/s, dose of irradiation was in the range of 3-18 J/mL
with 3 J/mL increment.

Low sensitivity of the triple ZnTPP/D-g-PNIPAM/AuNPs system to the action of
420 nm light at 37 °C was revealed, Figure S7. Only irradiation of a bacterial suspension
with 0.08 g/L nanocomposite concentration contributes to a linear increase in bactericidal
activity from 33% to 75% depending on dose used. Additionally, for a 0.008 g/L Au NPs
concentration and 3 J/mL irradiation dose, CFU amount further decrease by 25-30%. We
assume that this is due to the features of the carrier. After the phase transition, it does not
facilitate the delivery of active components to bacterial cells. In addition, to inactivate the
bacterial cell, it is necessary to disrupt vital structures such as DNA, plasma membrane,
enzymes etc. If the nanosystems do not penetrate the cells but are adsorbed on the cell wall
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or capsule instead, the damage of the cells is not critical. If such interactions are indeed
present, nanocomposites can be used as the sensors for micro-organisms detection [74]. Ir-
radiation by light at 530 nm of nanocomposite ZnTPP/D-g-PNIPAM/ AuNPs contributes to
the change of the number of CFU similar to the results for the system D-g-PNIPAM/AuNPs,
Figure S8.

The results indicate that under such conditions, the Au NPs play a decisive role in
the antibacterial activity, and a photosensitizer plays the secondary role at least at used
concentrations. When irradiated by light, the antibacterial activity of nanocomposites
depends on temperature. The change is clear at low dose (3—6 ]/mL) of light irradiation
(Figure 11). There are no detectable changes in the antibacterial properties under blue
light irradiation at doses higher than 6 J]/mL. The presence of Au NPs helps to increase
the sensitivity of the nanosystems to 420 nm light (Figure 11b). The more pronounced
temperature dependence was also found for ZnTPP/D-g-PNIPAM/AuNPs. This once
again proves the decisive role of Au NPs in antibacterial activity. The results obtained at
the irradiation of D-g-PNIPAM/AuNPs and ZnTPP/D-g-PNIPAM/AuNPs nanosystems
by light at 530 nm resonant with LSPR in Au NPs prove this assumption (Figure 12). The
rise of temperature closer to the point of LCST phase transition leads to a gradual increase
in antibacterial activity. The antibacterial properties were the same at 35 and 37 °C.

The obtained temperature dependencies for irradiation of nanosystems at 420 and
530 nm indicate the determining role of Au NPs in the inactivation of microorganisms. The
photosensitizer plays a secondary role in this process. However, it is noticeable that under
the irradiation by 420 nm light resonant with ZnTPP Soret absorption band and irradia-
tion doses lower than 10 J/mL, the antibacterial activity of ZnTPP/D-g-PNIPAM/AuNPs
is essentially higher than one of D-g-PNIPAM/AuNPs, Figure 11. Most probably, this
effect is caused by the plasmonic enhancement of the singlet oxygen generation by the
ZnTPP molecules located in plasmonic field of Au NPs. As we discussed above, the local
plasmon field enhances the optical processes in the photosensitizer molecules located in
this field. Indeed, we revealed an enhancement of ZnTPP fluorescence in ZnTPP/D-g-
PNIPAM/AuNPs nanosystem with the maximal FL enhancement at Au NPs concentration
of 0.008 g/L (Figure 5). Another electronic process in ZnTPP molecules, that is probably
plasmon enhanced, is the singlet oxygen generation. Such suggestion is proved by fol-
lowing observations. Figure 11 shows that at temperatures higher than LCST point, the
antibacterial activity of ZnTPP/D-g-PNIPAM/AuNPs is elevated compared to ZnTPP/D-g-
PNIPAM. Indeed, the macromolecule shrinking at the LCST transition leads to a decrease in
ZnTPP-AuNP distance. As a result, the ZnTPP molecules are located in stronger plasmon
field that should cause the enhancement of both singlet oxygen generation and FL by ZnTPP
molecules. The singlet oxygen photogeneration enhancement causes an increase of antibac-
terial activity. In turn, as we discussed above, the LCST transition leads to enhancement of
ZnTPP FL in ZnTPP/D-g-PNIPAM / AuNPs system comparing to ZnTPP/D-g-PNIPAM,
Figure 11b.

Double and triple thermoresponsive nanosystems based on D-g-PNIPAM copolymer
with Au NPs and ZnTPP photosensitizer, were irradiated by small doses of light of 420
and 530 nm. As the result, the number of CFU was decreased by 50% within 20 min. This
bactericidal effect is not so strong when compared with antibiotics or other antibacterial
chemicals [75,76]. Despite this, the investigated nanosystems have the significant potential
to be used as broad-spectrum bactericidal agents with a reduced risk of developing resis-
tance in bacteria. The LCST phase transition in D-g-PNIPAM provides a rapid increase in
biological activity of D-g-PNIPAM based nanohybrids at temperatures lower than phys-
iological. Given the results obtained on the properties of ZnTPP/D-g-PNIPAM/AuNPs
nanohybrid, it can be applied on the body surface, wounds, or ulcers for rapid inactivation
of microorganisms.
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4. Conclusions

In conclusion, we have presented the results of the synthesis, the size and morphol-
ogy characteristics, spectral properties and APDT activity of the aqueous solution of
ZnTPP/D-g-PNIPAM/AuNPs triple hybrid nanosystem containing zinc tetraphenylpor-
phyrin (ZnTPP) photosensitizer, thermoresponsive dextran poly (N-isopropylacrylamide)
polymer (D-g-PNIPAM) and Au nanoparticles. Spectroscopic manifestations of binding
of ZnTPP molecules to D-g-PNIPAM / AuNPs macromolecules have been obtained. The
ZnTPP/D-g-PNIPAM/AuNPs nanohybrid has demonstrated high morphological stabil-
ity (absence of the aggregation) up to 7 days after preparation. Optimal concentrations
of the components of hybrid nanosystem providing the weak aggregation and the high
plasmonic enhancement of electronic processes in photosensitizer molecules have been de-
termined as following: ZnTPP—0.001 g/L, D-g-PNIPAM—0.078 g/L, Au—0.077 g/L. The
shrinking of D-g-PNIPAM macromolecule at a thermally induced LCST phase transition
has been revealed to lead to Au NPs and ZnTPP molecules release from the ZnTPP/D-g-
PNIPAM/AuNPs macromolecule, as well as to strengthening of plasmon enhancement of
the optical processes in ZnTPP molecules bound with the polymer macromolecule. The
2.7-fold plasmon enhancement of the photogeneration of singlet oxygen under excitation
resonant with LSPR in Au NPs has been demonstrated for ZnTPP/D-g-PNIPAM/AuNPs
system, which indicates its potential for PDT applications. The data obtained in vitro
on Staphylococcus aureus wild strains have proved the potential of such nanosystem for
rapid inactivation of microorganisms. In particular, the significant increase of PDT based
bactericidal efficiency of ZnTPP/D-g-PNIPAM/AuNPs nanohybrid at the temperatures
higher than LCST transition point has been observed at irradiation doses lower than 8
J/mL. This indicates that aqueous solution of ZnTPP/D-g-PNIPAM/AuNPs nanohybrid
has a potential for thermally driven and controlled PDT applications at low light irradiation
doses, in particular for rapid antibacterial PDT.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nano12152655/s1, Aging effect on ZnTPP/D-g-PNIPAM/AuNPs
nanosystem in aqueous solution from DLS measurements (Figure S1), Transformation of absorption
spectrum of ZnTPP in water and aqueous solutions of hybrid nanosystems (Figure S2 and analysis),
Transformation of FL spectrum of ZnTPP in water and aqueous solutions of hybrid nanosystems
(Figure S3 and analysis), Remarks on the reabsorption effect on concentration dependence of FL, Ad-
ditional information on photodynamic antibacterial activity of nanosystems in vitro (Figures 54-S8).
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Abstract: Bovine serum albumin-embedded Au nanoclusters (BSA-AuNCs) are thoroughly probed
by continuous wave electron paramagnetic resonance (CW-EPR), light-induced EPR (LEPR), and
sequences of microscopic investigations performed via high-resolution transmission electron mi-
croscopy (HR-TEM), scanning transmission electron microscopy (STEM), and energy dispersive X-ray
analysis (EDS). To the best of our knowledge, this is the first report analyzing the BSA-AuNCs by
CW-EPR/LEPR technique. Besides the presence of Au(0) and Au(I) oxidation states in BSA-AuNCs,
the authors observe a significant amount of Au(ll), which may result from a disproportionation
event occurring within NCs: 2Au(I) — Au(ll) + Au(0). Based on the LEPR experiments, and by
comparing the behavior of BSA versus BSA-AuNCs under UV light irradiation (at 325 nm) during
light off-on-off cycles, any energy and/or charge transfer event occurring between BSA and AuNCs
during photoexcitation can be excluded. According to CW-EPR results, the Au nano assemblies
within BSA-AuNCs are estimated to contain 6-8 Au units per fluorescent cluster. Direct observation
of BSA-AuNCs by STEM and HR-TEM techniques confirms the presence of such diameters of gold
nanoclusters in BSA-AuNCs. Moreover, in situ formation and migration of Au nanostructures are
observed and evidenced after application of either a focused electron beam from HR-TEM, or an
X-ray from EDS experiments.

Keywords: gold nanostructures; fluorescent nanoprobe; noble metal nanocrystal; protein nanocomposite

1. Introduction

Fluorescent gold nanoclusters (AuNCs) embedded in bovine serum albumin (BSA)
have been extensively studied in the literature since 2009, following the publication of Xie
et al. [1] However, many open questions remain unsolved, especially for the witnessed
dependence of the fluorescent properties with the sizes of Au nanostructures. [2—42]. The
discussion remains controversial because many reports describe fluorescent AuNCs where
the origin of such phenomenon is linked to the small size of the nanoparticles (NPs) (e.g.,
Burt et al. [37], Zhang and Wang [38], Zheng et al. [39]), while other reports suggest that
the key to the fluorescence properties is intimately associated to the oxidation state of the
gold cluster, Au(Ill)- [3] and/or Au(I)-complexes [40]. In Table 1, examples of selected
BSA-AuNCs preparations are given, including their synthetic parameters, as reported in
literature, in conjunction with the AuNCs size, oxidation state of Au when known, and
maximum (maxima) of their fluorescence emissions.
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Table 1. Details of selected BSA-AuNCs preparations and properties as reported in literature.

Size of Emission
Reference Oxidation State Wavelength Quantum Yield Synthesis Conditions
BSA-AuNCs
Number of Au [nm] Maximum [%] (X = BSA + HAuCl4)
[nm]
1 AW, Au* ~0.8 640 6 X ~(2 min)> NaOH —
XPS TEM incubation at 37 °C for 12 h
2] na ~1 na na X — NaBH4 — incubation at
- TEM - - RT for1h
63+29(pH12)* 640 (pH 12) .
3] na. 33+ 1.4 (pH 10) * na. (pH 10) na. same as E]te Nty used in
1.6 £ 0.7 (pH9) * 440 (pH9) P
) AW, Au* 42405 X — NaOH — MW
4 XPS TEM 676 414 (incubation at 80 °C for 4 min)
X — NaOH — MW
) AW’ 31404 . ) v
[4] XPS + FQ TEM 436 1.94 (incubation gt 135 °C for
4 min)
[71 n.a na. 640, 710 na. X= 1ncubat1pn at37°C
overnight
AU, Aut 21+03 X — NaOH — MW (120 W,
(1] XPS TEM 650 19 2 min)
Au’, Au*
[16] XPS na. 656 na. same as [1]
X —=(1h)>NaOH —
[27] n-a. na. 705 na. incubation at 45 °C for 4 h
Aul, Au*
[30] XPS n.a. 635 n.a. same as [1]
[32] Au’, Au* 4-6 650 ~8 X =(30 min)> NaOH —
g XPS TEM - incubation at 50 °C for 34 h
AU, Au* X — ascorbic acid —+ NaOH
[34] XPS n-a. 685 ~55 — incubation at 37 °C for 5 h
X =(2 min)> NaOH — MW
A, Aut 16 and then incubation at 37 °C
[35] XPS HR-TEM 604 na. for12h
X =(10 min)> NaOH —
incubation at 37 °C for 24 h
AW, At X — NaOH — incubation at
[36] U, au n.a 620 n.a 37 °C for 12 h + dialysis for
XPS
48h
average < 2
[37] na TEM na na X — NaBH4 — incubation for
- - 1.5-1.8 o o 3h
HAADF-STEM
) 3.6 X —=(90 s)> NaOH — MW
[41] n.a. DLS 650 6.2 (150 W, 10 5)
) ~5 X — NaOH — MW (300 W,
[42] n.a. TEM, HR-TEM 645 n.a. 6 min)

Notes: n.a. = not available, * = sizes obtained after the reduction performed by addition of NaBHy to Au(III)-BSA
systems which were generated at given pH values, MW = microwave radiation heating, XPS = X-ray photoelectron
spectroscopy, FQ = fluorescence quenching, TEM = transmission electron microscopy, HAADF-STEM = high-angle
annular dark-field scanning transmission electron microscopy, HR-TEM = high resolution transmission electron
microscopy.

From the size perspectives, AuNCs are considered intermediate systems, falling
between dimensions of isolated Au atoms (0D, zero dimensional) and Au nanoparticles
(3D dimensional). The fluorescent properties emerge and are tuned by the presence of
discrete energy levels that mirror the nanoparticle size variance, which approach the Fermi
wavelength of free electrons (e.g., [38,43]). More detailed descriptions of different types of
luminescent Au nanostructures and the related emission mechanisms, including not only
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the free-electron model, but also surface ligand effects, are thoroughly discussed in recent
reviews (e.g., [39,44-46]).

The oxidation state of Au is undoubtedly an important parameter to unveil for under-
standing the physical basis of the fluorescence phenomenon. [44] In this context, analysis of
the fluorescent properties of Au clusters entrapped by proteins, such as bovine serum albumin
(BSA), is particularly debated. Mostly, Au(0) and Au(l) oxidation states are observed and
screened by XPS (X-ray photoelectron spectroscopy) in BSA-AuNCs [1,2,4,15,16,30,32,34-36].
The pseudo-polymeric structure, such as SR-(Au-SR)x- (x = 1 or 2) motif, is envisioned
to be present, and from XPS results the authors [2] demonstrated that Au-Au and Au-S
bonds form in the BSA-AuNCs system. It should be noted that the occurrence of the staple
motif arrangement (-S-Au(I)-S-Au(I)-S-) determined in BSA-AuNCs (as in e.g., [7]) shares
similarities with the arrangement observed in thiol-protected Au,5(SR);g clusters prepared
by Zhu M. et al. [47,48]. Based on XRD analysis, a core-shell structure of the thiol-protected
Aups cluster was determined in [47]. The same group of researchers revealed the intrinsic
magnetism of these thiolate-protected Aups super atoms in 2009 [49]. On the contrary, the
magnetic properties of BSA-AuNCs have not been investigated so far, to the best of our
knowledge. Therefore, the presence of such a property represents one of the aims tackled
in this study.

Importantly, the oxidation state of Au in the final AuNCs is closely related to the
experimental conditions. There are obvious differences in the presence and/or absence of a
strong reduction agent in the course of AuNCs formation as shown in Table 1. In synthetic
procedures where NaBHy is used, BSA represents solely a template (matrix) that prevents
the occurrence of coalescence processes in AuNCs at room temperature. On the contrary,
when the use of NaBH, is avoided (as in our previous work [41]), BSA acts as a reducing
agent (probably due to tyrosine residues [1] at increased pH above its pK, value) and,
simultaneously, as a capping agent for AuNCs. Interestingly, even syntheses exploiting
solely BSA as the reducing agent can lead to different fluorescent properties of resulting
AuNC s, as shown in Table 1. The reason for such differences in fluorescent characteristics
may be either the type of heating (incubator at 37 °C vs. MW heating), or the initial
concentration of BSA—see Table 1.

Several literature reports that describe organometallic complexes containing Au(I)
sites show the existence of strong Au-Au bonds and the term “aurophilicity” was therefore
introduced in 1989 to describe the unusual bond properties [50]. Aurophilic interaction
is thought to be as strong as a hydrogen bond and shows the presence of bond length as
shorter than the sum of two van der Waals radii of gold (3.80 A). This bond characteristic
is suggested to be one of the relevant factors promoting the fluorescence effect of Au(I)
complexes in the UV-vis region, when investigated in the solid state [50]. The fluorescent
property may then vanish in the solution, but there are scenarios where the luminescence is
restored, at least for high concentrations, when a suitable solvent is used [51,52] and/or in-
creases in the solution when AuNCs undergo self-assembly into nanoribbon structures [53].
Importantly, many Au(l) ions, being complexed with thiols and /or compounds containing
other functional groups, such as carboxylates and amides, show fluorescent effects when
they are partially ordered (from aurophillic interactions) [51,52]. This might also be the
case of Au(I) in BSA-AuNCs.

Concerning another oxidation state of Au (besides Au(I) and Au(0)) being evidenced in
BSA-AuNCs, however implicitly (i.e., based on additional chemical reduction using NaBHy
and not directly by XPS), Dixon and Egusa [3] reported the presence of a significant amount
of Au(III) in 2018. Terminologically, they label the systems as BSA-Au(III) complexes, but,
simultaneously, they admit that there is no disproval of the existence of neutral Au(0) NCs
in BSA-Au samples [3]. They [3] summarized that the red fluorescence that emerged due
to Au(lll) cations complexed with BSA at or above the pH value (9.7 +/— 0.2), which
was responsible for the conformational change of BSA structure from normal (N) to aged
(A) conformation. Therefore, they [3] concluded that upon BSA conformational change,
some Cys—Cys bonds were expected to be sufficiently exposed and solvent-accessible and
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might interact with Au(Ill). They also experimentally proved multiple specific Au(III)
binding sites in BSA and postulated that the UV-excitable red fluorescence of the BSA-
Au(III) complex is due to the internal and potentially cascaded energy transfers among
chromophores [3]. Alternatively, they admit strong electron delocalization as a source of
the red fluorescence [3].

Furthermore, based on Table 1, it is obvious that sizes of AuNCs, the oxidation state of
Au, and consequently their luminescent properties are strongly dependent, among others,
on the exact conditions of their synthesis. Moreover, purification (if applied), storage condi-
tions, and time elapsed before the characterization of AuNCs is completed, may represent
other factors influencing the fluorescence of the final NCs as demonstrated in our previous
work [41]. Obviously (Table 1), visualization of tiny AuNCs is usually performed by TEM
and HR-TEM (high-resolution transmission electron microscopy). Particularly, STEM (scan-
ning transmission electron microscopy) using High-Angle Annular Dark Field (HAADF)
mode is necessary to be employed in the case of BSA-AuNCs [37]; otherwise, the TEM
resolution is obscured by the enveloping protein (BSA) and the accurate size distribution
cannot be obtained as stated in [2]. Interestingly, in many research papers (e.g., [3,4,42,54]),
the TEM images of AuNCs exceed the size characteristic for their fluorescent properties
(maximum of 2 nm in diameter). Besides HR-TEM/STEM, the determination of BSA-
AuNCs sizes is often based on mass spectrometry measurements (MS) [55,56]. This is
an indirect method where the MS size of BSA is subtracted from the MS size of the BSA-
AuNCs system. However, this leads to the determination of the number of Au atoms
per BSA. Such estimation does not provide any information about the real size of AuNCs
because Au atoms are not localized on a single place in BSA; indeed, they can be spread on
different cysteine and other residues of the protein [3,41]. Therefore, it seems that direct
visualization of AuNCs as well as determination of individual AuNCs sizes within BSA
represent challenging tasks.

As above mentioned, the magnetic properties of BSA-AuNCs have not been investi-
gated so far and, therefore, it is one of the aims of the present study. From the analysis of
literature results [57-66], many NPs (mostly prepared using thiolate residues) comprising
engineered Au(0) metal clusters give a wide range of magnetic behaviors (diamagnetic,
Pauli paramagnetism, antiferro-, and ferromagnetic responses) that depend on the sys-
tem size (1.8—4.4 nm), the metal’s local symmetry, metal coordination environments, and
unbalanced/charged states (neutral, positive, and negative metal-organic clusters). For
example, the 25 gold (Au(0)) atoms NC stabilized by 18 thiolate ligands prepared by Zhu
and co-authors (Auys(SR);g, with R = phenylethyl) shows, in frozen CH,Cl, / toluene solu-
tion at T = 8 K an EPR (Electron Paramagnetic Resonance) signal characteristic for S = %
systems with g-values consistent with an orthorhombic symmetry at 2.56(x), 2.36(y), and
1.82(z) [49]. Similarly, Agrachev and co-authors reported the phenylethanethiolate Au
complex (neutral), Auys5(SCyPh)sg, encoding a radius of 13.2 A, which also exhibits EPR
signatures associated to spin S = % The EPR spectrum of the complex at T = 5 K is rather
broad (~200 mT) for Aups(SR)1g and anisotropic, with g-tensor components at 2.53 (x),
2.36 (y), and 1.82 (z) [67].

In this report, the authors used CW-EPR (Continuous Wave EPR), light-induced EPR
(LEPR), HR-TEM, and STEM to thoroughly investigate the formation of BSA-AuNCs in
a solution, which were intentionally prepared by Xie’s type of synthesis [1]. So far, EPR
has been employed for the investigation of the emerging magnetism of atomically precise
AuNCs of different sizes (e.g., Aups5(SR)15, Auyz3(TBBT)52), which were prepared by a
multistep synthesis involving NaBH, as a reduction agent [5,6,49]. The EPR/LEPR study
of BSA-AuNCs (further labelled as AuBSA in the present study to be directly distinguished
from the other published results for BSA-AuNCs) is more complicated than the previous
EPR studies of atomically precise AuNCs [5,6,49] because BSA alone reveals photochem-
ically induced radicals’ generation, which results in damages of the BSA structure and
oxidation of cysteine and tryptophan residues [68,69]. Several years ago, Lassmann and
coworkers [68] analyzed, using the LEPR technique, the formation of C and S radical centers
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in BSA by UV-photolysis, especially thiyl (R-CH2-Se) and perthiyl radicals (R-CH2-5-Se),
revealing that radiation damages are produced in the amino acid chain in a dose-dependent
mannet, i.e., the number of radicals increases by increasing the UV light irradiation time.
The authors found that in bovine serum albumin (BSA) the thiyl radical (R-CH2-Se) exhibits
axial anisotropy, with g,, =2.17, ¢ =2.008, ABpp, = 1.8 mT, pH =7, T = 80 K) and the
cysteine x HCl radical (phosphate buffer, pH = 3) shows similar features, with g,, =2.11,
g1 =2.011, ABpp =3.2mT, T =80 K). The g, component was always found to be very broad
and weak, to the point that it becomes barely detectable, while the g, component gives the
dominating, most intense signal. Together with the thiyl radicals, other types of radical
species were demonstrated to form as well, which include perthiyl centres (R-CH2-5-Se)
that exhibits rhombic character, and likewise, C-radical centers. In BSA (pH =7, T = 80 K),
EPR signals for the perthiyl specie show resonances at g1 = 2.057, g, = 2.027, and g3 = 2.002,
while the C-radical species have gavg ~ 2.000 [68].

Therefore, the main aim of this study is to thoroughly investigate the properties of
the AuBSA system with the aid of selected techniques (EPR/LEPR, HR-TEM/STEM). The
following key findings are presented: (i) redox processes take place upon entrapment of
Au(III) in BSA, in which the protein backbone, in absence of other reducing equivalents,
provide the electrons needed for Au(Ill) reduction; (ii) the Au uptake process by BSA in the
solution occurs on two types of sites, i.e., cysteine (Cys) and oxygen/carboxylate donor
residues (e.g., tyrosine, Tyr); (iii) the magnetic interaction among cationic forms of Au
arises from an admixture of Au(0), Au(I), and Au(ll); and (iv) UV irradiation of the AuBSA
system induces irreversible damages, and radicals are generated in BSA upon UV light
irradiation. It is disclosed that no energy transfer between entrapped Au clusters and the
BSA protein occurs under photoexcitation, thus the photoluminescence phenomenon is
governed by the intrinsic properties of the Au system (its size and the presence of various
spin active redox states) and both variables equally matter. On the other hand, in view of
the extended application of these materials in biomedical scenarios, correlation between
their experimental parameters (e.g., concentration in solution) and cell’s toxicity (with
and upon photoexcitation) should be analyzed with great caution, because observation
of an enhancement of toxic effects on cells by light irradiation might be hampered by
light-induced radical’s formation on the protein itself and not solely to the photoexcited
states of the gold nanoassembly.

2. Materials and Methods
2.1. Chemicals

Bovine serum albumin (>98%, BSA), gold(III) chloride trihydrate (HAuCly.3H,0), and
sodium hydroxide (NaOH) were purchased from Sigma-Aldrich (Saint Louis, MO, USA)
and used as received (without any further purification) for all experiments. Deionized (DI)
water prepared by purging Milli-Q purified water (Millipore Corp., Bedford, MA, USA)
was used in all experiments.

2.2. Synthesis of AuBSA System

The procedure of our AuBSA system preparation was a slightly modified version of
a method published by Xie et al. [1]. In a typical experiment, BSA solution (1 mL, 1 mM)
was mixed with aqueous HAuCly solution (1 mL, 10 mM) under vigorous stirring (600
rpm). After 90 s, NaOH solution (1 M) was added to obtain a basic environment (pH ~ 12),
which induced the reduction capability of BSA. Ninety seconds later, the mixed solution
was heated up in a microwave oven for 10 s (power was set to 150 W). After 2 h of ageing
at room temperature, the samples were dialyzed with a 12 kDa cut-off dialysis membrane
against DI water. Dialysis was performed at room temperature for 24 h, with DI water
being changed twice: once after one hour and then again after the second hour. Dialyzed
samples were stored in the dark at room temperature.
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2.3. Characterization of AuBSA System

Fluorescence measurements of AuNCs were performed on a JASCO F8500 (Jasco,
Tokyo, Japan) spectrofluorometer using a 1 cm quartz cuvette and 2.5 nm slits. Emission
spectra were measured in the range of 500-850 nm with the data interval of 1 nm and a scan
speed of 100 nm/min. The excitation wavelength was set to 480 nm. Excitation-emission 3D
maps were measured in the excitation range of 250-500 nm with the data interval of 2 nm
and in the emission range of 250-850 nm with the data interval of 1 nm and a scan speed of
5000 nm/min (Figure 1). All spectra were corrected to avoid any deviations of instrumental
components. Samples were diluted with DI water so that the protein concentration was
2 mg/mL for emission spectra and 0.25 mg/mL for excitation-emission 3D maps.
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Figure 1. Fluorescence 3D excitation-emission map of AuBSA. Note: Strong Rayleigh (red line) and

weak Raman (blue line) scattering first-order maxima are visible as straight lines in the map and
represent artifacts that do not belong to AuBSA.

The quantum yield of fluorescence (QY, ®) was calculated by the following equation:

F-(1—10"4)-n?

b b=.— 7
* F-(1—-10-4)-n2

@
where F is the integrated fluorescence intensity, A is the absorbance, # is the index of
refraction, and subscript s indicates the standard. DCM, 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran, dissolved in ethanol (99,8%, Lach-Ner, Neratovice,
Czech Republic) was used as a standard (®; = 0.437 £ 0.024) [70].

Absorbance was measured on a Specord 250 Plus—223G1032 (Analytik Jena, Jena,
Germany) using a 1 cm quartz cuvette and double beam arrangement. As a reference, a
1 cm quartz cuvette filled with DI water was used.

CW-EPR spectra were recorded on a JEOL JES-X-320 spectrometer (JEOL, Tokyo, Japan)
operating at the X-band frequency (~9.0-9.1 GHz) equipped with a variable-temperature
controller (He, N2) ES-CT470 apparatus. The cavity quality factor (Q) was kept above
6000 in all measurements. Highly pure quartz tubes were employed (Suprasil, Wilmad,
<0.5 OD), and accuracy on g-values was obtained against the Mn(II) /MgO standard (JEOL
standard). The spectra were acquired by carefully monitoring that signal saturation from
the applied microwave power did not occur during signal’s acquisition. In situ light
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excitation EPR experiments (LEPR) were performed using a HeCd laser source operating
@325 nm (max cw power of 200 mW) from Kimmon Koha Co. Ltd. (Tokyo, Japan). The
UV-light was shined directly onto the sample, kept frozen inside the cavity EPR resonator,
through its dedicated optical window. The light-off to light-on process was operated
by an on-off light-shutter mechanism. Filling factors were kept the same (200 uL) in all
experiments. Experimental parameters used for all the EPR traces shown in Figure 2A:
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Figure 2. Panel (A) CW X-band Electron Paramagnetic Resonance (EPR) spectra recorded in water at
T =90 K under dark conditions of (a) HAuCly, (b) BSA, and (d) AuBSA. The LEPR spectra obtained
under in situ UV irradiation (@325 nm, for 10 min) of the frozen matrix solutions for the various
samples (T = 90 K) are given as trace (c) for BSA and trace (e) for AuBSA. Note that in trace (c),
the symbol (#) indicates the region in which the gy component of the thyil radical (Cyse) in BSA is
expected to be observed. The in situ 3D/2D LEPR experiment (T = 90 K, water) for BSA is shown
in panel (B) and panel (C); panel (D) and panel (E) show the 3D/2D LEPR experiment for AuBSA.
Panel (F) gives the experimental EPR spectrum (T = 90 K) together with computer simulations of the
individual spin components obtained for neat BSA in water after 20 min of continuous UV irradiation.
Panel (G) shows the structural organization of gold nanoclusters (Aug and Aug) derived from DFT
theory (neutral forms, coordinate files taken from ref. [67]) encoding the minimum dimensions for
the Au nano-assemblies in BSA that are compatible with the distances calculated by EPR for a pair of
spin-spin interacting Au(II)/ Au(0) centers (labelled as 1,3).

9.0821-9.0878 GHz frequency, 100 kHz modulation frequency, 0.03 s time constant,
2.00 mW applied power, 1.0 mT modulation width, 4 min sweep time, and 3 scans ac-
cumulated and averaged. Cavity background was subtracted. Experimental parameters
for the dark to light sequential EPR spectra shown in Figure 2B,C: T = 90 K, 9.0802 GHz
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frequency, 100 kHz modulation frequency, 0.03 s time constant, 1.60 mW applied power,
0.5 mT modulation width, 30 s sweep time, and 5 min under dark followed by 20 min under
light irradiation. Experimental parameters for the dark to light sequential EPR spectra
shown in Figure 2D,E: T = 90 K, 9.0808 GHz frequency, 100 kHz modulation frequency,
0.03 s time constant, 1.60 mW applied power, 0.5 mT modulation width, 30 s sweep time,
5 min under dark conditions followed by 20 min under light irradiation, and then another
25 min under dark conditions. Experimental parameters for the EPR spectrum shown in
Figure 2F: T = 90 K, 9.0802 GHz frequency, 100 kHz modulation frequency, 0.03 s time
constant, 1.60 mW applied power, 0.5 mT modulation width, 1 min sweep time, and 5 scans
accumulated and averaged. Cavity background subtracted.

HR-TEM measurements were independently performed by two different operators on
two working places: (i) in the Regional Centre of Advanced Technologies and Materials
(RCPTM) in Olomouc (Czech Republic) and (ii) in the Institute of Molecular Genetics
(IMG) in Prague (Czech Republic). In both cases, AuBSA (the final protein concentration
of 1 mg/mL) was drop-casted (2—4 uL) on glow discharged TEM copper grids covered
with either a continuous 4-nm-thick carbon foil or lacey carbon and allowed them to dry
spontaneously at room temperature. It is worth noting that for successful measurements,
lacey carbon-copper grids (300 mesh) were used similarly as in ref. [37], and an electron
beam was focused within the holes of the carbon film to obtain images of the protein-
conjugated Au nanostructures without the interference of the carbon support (i.e., the
measurements of samples deposited on 4-nm-thick carbon films were not successful). Then,
the samples were measured by HR-TEM Titan G2 60-300 (FEI, Hillsboro, OR, USA) with an
image corrector with an accelerating voltage of 300 kV in RCPTM. Images were taken with a
BM UltraScan CCD camera (Gatan, Pleasanton, CA, USA). Energy Dispersive Spectrometry
(EDS) was performed in STEM mode by a Super-X system with four silicon drift detectors
(Bruker, Billerica, MA, USA). STEM images were taken with an HAADF detector 3000
(Fishione, Export, PA, USA). HAADF mode of STEM is intentionally used to better visualize
NCs because heavier elements appear bright, while lighter elements appear dark. Imaging
and data acquisition in IMG were performed with JEM-F200 TEM (JEOL, Tokyo, Japan)
operated at 200 kV. TEM Images were acquired using an XF 416 CMOS camera (TVIPS,
Gauting, Germany) and STEM images were acquired using the HAADF detector with a
detecting angle of 24.4-89.4 mrad at a camera length set to 250 mm. EDS data were acquired
using a JED 2300 X-ray spectrometer (JEOL, Tokyo, Japan) with a single 100 mm? (0.98 sr)
windowless SDD detector. Presented elemental maps are calculated from the raw spectra
using a standardless Zeta factor method embedded in the Jeol Analysis Station software.

3. Results and Discussion
3.1. Fluorescent Properties of AuBSA

Figure 1 displays characteristic fluorescent properties of AuBSA samples. According to
the 3D excitation-emission fluorescence map (Figure 1), two distinct asymmetric excitation-
emission maxima (EX/EM) with bathochromic tails appeared in the ultraviolet-visible
(UV-vis) spectral region: 275/345 nm (EX/EM) and 275/655 nm (EX/EM). This is in
accordance with our previous work [41] as well as with the fluorescent features of NCs
prepared in a similar manner (see Table 1), i.e., using BSA simultaneously as a reductant
of Au(Ill) precursors and a template for AuNCs formation. While the former EX/EM
maximum and its bathochromic tail of a low intensity (being located at around 325/400 nm
EX/EM) could be attributed to Trp and oxidized Tyr residues of BSA and/or blue-emissive
small AuNCs, respectively; the latter intensive EX/EM maximum can stem from Au(x)-
BSA, where x represents the oxidation state of gold reaching the values of 0, I, II, (proved
in this study for the first time), and III. Obviously, AuBSA can be excited by employing any
wavelength in the range of 250-500 nm, as clearly demonstrated in Figure 1.

The characteristic fluorescent spectrum of AuBSA (EX 480 nm) where the center
of emission (positioned at 655 nm) is marked off is shown in Figure S1 in Supporting
Information for the sake of a direct comparison with fluorescence spectra of AuNCs being
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prepared by other authors using similar synthetic procedures (see Table 1). Namely, the
visible excitations of fluorescent species serving as bio-imaging probes are preferred in
practical applications because of the tissue optical window [71]. Fluorescence quantum
yield (QY) of AuBSA was determined according to equation (1) and revealed the mean
value of 6.7 £ 0.1% (details presented in Table S1 in Supporting Information) with respect
to DCM dissolved in ethanol.

3.2. CW-EPR and LEPR Experiments and Analysis

To address in more details the electronic/magnetic characteristics of AuBSA, with-
out and under in situ UV-light irradiation (@325 nm), CW-EPR and LEPR spectroscopic
techniques were employed. In addition, as reference systems, the resonance fingerprints of
HAuCly (Au(Il) precursor) dissolved in DI water, as well as the neat BSA protein (in DI wa-
ter), were recorded under identical experimental conditions to unveil the electronic changes
that might occur in the BSA protein after decoration/entrapment of Au; see Figure 2.

3.2.1. CW-EPR and LEPR Analysis of Precursors (HAuCly and BSA)

Figure 2A (trace a) shows the X-band resonance signal acquired at T = 90 K in dark
conditions of the aqueous solution of HAuCly (8.1 mg/0.2 mL). As expected, the Au* cation
does not show any strong EPR resonance signals, which agrees with the diamagnetic nature
of its ground state electronic configuration ([Xe]4f'*5d®). Only a very weak derivative
signal emerges at g;;, = 2.13, which is superimposed to a broad dispersion signal extending
over 100 mT that becomes visible above the background noise at a magnetic field higher
than 300 mT. These weak resonances suggest that a small fraction of Au is present in the
reduced forms, Au® ([Xe]4f'#5d'%6s!) and /or Au®* ([Xe]4f'*5d°%), in the hydrated Au®*
cations [72]. The additional resonance signal that appears in the low field region (Figure 24,
trace a), at g = 4.26, indicates that the reduced Au centers, AW or Au?*, are magnetically
interacting, either via a direct or super-exchange pathway (e.g., O or OH- bridged Au®/?*
dimers), forming aggregates with dimensions <1 nm, and giving an effective integer spin
system in which the resonance signal at g = 4.26 represents the half-field transition (Am; = 2).
Upon in situ irradiation by UV-light of the frozen HAuCly aqueous solution at T = 90 K, no
changes in the overall resonance envelope were observed (spectrum not shown).

Different behavior is recorded for BSA in water. The EPR resonance signal observed
under dark conditions is shown in Figure 2A (trace b) (T = 90 K, neat BSA, 7.0 mg/0.2 mL
in DI water). A cluster of very weak resonances develop just above the background noise
at gavg = 2.13. No other detectable high or low field resonance components are observed.
These resonance signal originate from either not fully compensated cavity background
noise, even after its subtraction from the sample resonance signal, or from the presence of
the very minute inclusion of metal impurities in BSA, such as Cu?* or low spin Fe** During
UV-light irradiation (Figure 2A, trace c) a strong signal immediately appears at g;s, = 2.00,
which arises from radiation damages induced in the BSA protein. These spin containing
sites are based on cysteine (Cyse), tryptophan (Trpe) moieties and other C-centred radicals
(Ce) [68,69].

In full agreement with previous literature reports [68], the authors observed the
dynamic formation of the radical species in BSA during an UV light-off (5 min) to UV
light-on (20 min) EPR signal acquisition sequence, as shown in the 3D reconstructed
CW-EPR/LEPR resonance plot given in Figure 2B and in the 2D CW-EPR/LEPR plot in
Figure 2C. Individual CW-EPR spectra were acquired under fast-scan detection mode
(30 s acquisition time for each sequential resonance spectrum). The authors noticed that
formation of thiyl, tryptophan and C-centered radicals represent the early oxidation events
in BSA and start to form as soon as the UV light is applied to the frozen sample kept
inside the cavity resonator. The perthiyl radicals (RSSe), on the other hand, develop much
later in a slower process, after application of a much longer UV irradiation time (e.g.,
detected after 8 min of UV irradiation in the frozen water matrix at T = 90 K). Figure 2F
shows a well-resolved EPR resonance signal recorded for BSA in water irradiated in situ
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at 325 nm for 20 min at 90 K, which unveils the resonance features of the perthiyl radical
(RSSe, g = 2.052, gy = 2.018 g = 2.002) overlapped to tryptophan-based radicals (Trpe,
8y =2.003, gx = 2.002, An(xx,yy,2z) =2.0G, 2.0 G, 10.0 G; AH/gl(xx,yy,zz) =28.3G, 283G,
28.3 G; Appa(xxyy,zz) = 13.0 G, 13.0 G, 13.0 G). Note that the region around g = 2.000 clearly
contains the overlapped resonance contributions of various spin species, but it is dominated
by the gy, components of the thiyl radical (Cyse, gy = 2.003, g- = 2.002) [68]. Unfortunately,
the gx component of this radical specie is expected to fall around 2.16-2.17 and it is known
to be rather weak and broad; thus, its resonance feature remains obscured by the presence
of clustered signals seen already in EPR spectrums recorded under dark conditions (see
Figure 2A, trace b). Additional resonances are observed in the spectrum and originate
from the hyperfine interactions of the electron spin moments of the radical species with
the nuclear spin moments of hydrogen ('H, I = 1/2, natural abundance 99.98%), nitrogen
(N, I = 1, natural abundance 99.60%) and sulfur nuclei (°*S, I = 3/2, natural abundance
0.76%) present in cysteine (Cys) and tryptophan (Trp) amino acid residues. For simplicity,
the detailed EPR simulation parameters used for plotting the various resonance envelopes
of these spin species in BSA, shown in Figure 2F, are given in the Supporting Information
(Figure S2). Therefore, a threshold of 10 min under UV-light irradiation time was used in
the following analysis of AuBSA during photoexcitation, in agreement with the suggested
irradiation time employed by Lassman and co-authors [68].

3.2.2. CW-EPR and LEPR Analysis of AuBSA

The resonance features of the AuBSA system are much different from those observed
in neat BSA. Figure 2A (trace d) shows the EPR spectrum of the AuBSA recorded under
dark conditions in DI water at T = 90 K (7.2 mg/0.2 mL). Unlike the EPR signatures shown
earlier by neat BSA recorded under dark conditions (Figure 2A, trace b), AuBSA exhibits a
strong derivative signal at gayg = 2.13 (ABpp = 13 mT) with clear shoulders developing rather
symmetrically at low and high magnetic fields: one absorption component at a g-value of
2.47 and a derivative component at low field, with a g-value of 4.26. All these resonance
signals arise from spin containing Au centers. The intensity of the EPR resonances coming
from Au centers in AuBSA (Figure 2A, trace d) significantly increased in comparison to
those seen in the EPR spectrum of HAuCly (Figure 2A, trace a); thus, a reduction process of
Au(III) promoted by BSA takes place during protein incubation with the gold precursor,
either to Au(I), Au(Il), or to Au(0), in agreement with literature reports [1,10,16,41,73,74].
However, Au(l) is a diamagnetic cation and cannot produce the resonance features seen
in the EPR spectrum. Moreover, the EPR spectrum shown in Figure 2A, trace (d), differs
substantially from those reported for thiolate Au® nanoclusters [5,6,49,57—66].

According to literature data, the reduction process of Au(Ill) by BSA leads to the
formation of gold nanoparticles (AuNCs) in which the BSA protein is directly interacting
with metal centers through cysteine (Cys) and methionine (Met) residues. [3,74]. Further-
more, it is also expected that Tyr residues of BSA are the moieties that provide the electron
equivalents needed for driving the Au(Ill) reduction process [1,41], and thus, these are
the amino acids that undergo oxidation. Although very weak, at ¢ ~ 2.00, the presence of
organic radical signals in AuBSA emerges in the EPR spectrum, but its resolution could
not be improved (Figure 2A, trace d, inset). In this framework, the authors performed
a set of test-experiments where either Tyr and/or Cys molecules were incubated with
Au(Ill) salt under the same experimental conditions used in AuBSA synthesis and the
resulting systems (denoted as Au-Tyr, Au-Cys) were characterized by UV-vis extinction
measurements and TEM imaging. The appearance of surface plasmon resonance (SPR)
peak (around 525 nm), which is characteristic for AuNPs—see Figure S3A in Supporting
Information—in the Au-Tyr system confirms the following results: (i) direct reduction of
Au(III) to Au(0) by Tyr and (ii) key function of the BSA protein as a matrix/template in
limiting the growth of the gold nanocluster during AuBSA synthesis. No SPR was detected
in the UV-vis spectrum of Au-Cys. TEM images (Figure S3B,C in Supporting Information)
give further evidence that AuNPs, of various sizes, are formed in the Au-Tyr system.

190



Nanomaterials 2022, 12, 1425

Based on the EPR results, it is suggested that while small, nanosized Au aggregates
are indeed formed during the incubation and redox process between Au and BSA (size
of Au nano-assembly estimated ~ 1 nm), an admixture of oxidation states of entrapped
and clustered Au cations is indeed present. The authors speculate that the presence of
both Au?* and Au’, together with the dominant Au* specie, is generated during the
entrapment process of Au in BSA, in which a disproportionation event might occur in
the nanocluster (NC), 2Au* — Au?* + Au’, following the initial electron delivery by BSA
to Au®* and reorganization of the electron distribution within the Au cluster in response
to its anisotropic interactions with the BSA protein backbone. Thus, the weak signal at
g =2.47 and the more intense signal at g = 2.13 can be associated with the co-existence of
two gold-based spin active species, Au** and Au’. Moreover, the observed EPR features
cannot simply be described, in our opinion, in terms of isolated S = 1/2 states, but rather
to an admixture of doublets and triplet states. Simulated CW-EPR spectra of AuBSA in
dark conditions are shown in Figure S4 in the Supporting Information. The transition
observed at ¢ = 4.26 may thus represent the half-field component (Am;s = 2) of the S = 1
Au®/?* interacting species, having for the Ams = 1 transition a g.¢ value of 2.13, as observed
here. Assuming an axial zero-field-splitting for the high spin component of ~20.5 mT (see
Figure 2A, trace d, the orange arrows indicate the estimated 2D), from a simple point
dipole approximation [75], | D1 (MHz) = 77,924 (gps/ge)/ 7>, the through-space distance
(r) between interacting S = 1/2 centers should fall at ~5.1 A. The through-space distance
derived from EPR analysis translates into the smallest dimension for the entrapped Au
cluster in BSA of Aug-Aug gold units. Figure 2G shows the density functional theory
(DFT) calculated structures (neutral forms) [67] for an Aug (triangular) and Aug (4-fold
edge-capped square) assemblies. From the EPR results, it is suggested that the Au(II)/ Au(0)
centers that are magnetically interacting to form the S = 1 system adopt the spin exchange
coupling pathway Au(Il)-Au(I)-Au(0), thus the spin containing sites Au(II)/Au(0) are
located at the corners of the Aug or Aug nano assemblies. Such an assumption corresponds
well with the early observations of Dixon and Egusa [3] who discovered that the maximum
number of Au being incorporated into BSA is less than approximately 30 per BSA, but the
minimum number of Au per BSA to yield red fluorescence is less than 7.

Upon in situ irradiation of AuBSA (10 min of UV-light irradiation) at T = 90 K, the
overall EPR signatures addressable to the Au system did not change, both in intensity
and overall signal-shape. However, the clear appearance of a resonance signal around
g =2.00 (Figure 2A, trace e) points towards the formation of radical species, as described
above, in BSA. Most importantly, these spin containing centers that formed during UV
irradiation do not appear to magnetically interact with the Au NCs; in fact, the intensity
of the half-field component did not increase at all, and no other additional signals arising
from a new admixture of high spin species become evident in the EPR spectrum. Therefore,
these BSA radical centers (Cyse, Trpe, Ce) formed during photoexcitation must involve
sites that are far from the amino acid (Cys) residues that directly interact with the Au nano
assemblies.

Further validation of the present findings was obtained upon following (via LEPR mea-
surements) the in situ variation of the entire resonance line of AuBSA using an irradiation
cycle of light-off to light-on and back to light-off cycle, as shown in the 3D reconstructed
CW-EPR/LEPR resonance plot given in Figure 2D and in the 2D CW-EPR/LEPR plot
in Figure 2E. Individual CW-EPR spectra were acquired similarly to those employed for
neat BSA under fast-field scan detection mode (30 s acquisition time for each sequential
resonance spectrum). The authors observed that after application of UV light, the radiation
damages induced in the protein backbone in AuBSA are quickly triggered, likewise in
the neat BSA system, but there is no clear impact on the EPR signals associated with the
EPR signal associated to the gold species. Then, when UV light is turned off, no signifi-
cant changes are observed in the radical canters of BSA (hence the protein damages are
not reversible), nor changes in the EPR resonance features of the gold centers are seen.
Therefore, there is no charge or energy transfer processes involved between AuNCs and
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the BSA protein (at 90 K), although it is a process that, sometimes, becomes observable
in BSA-AuNCs, as stated in literature reports [3,9,10]. Our finding supports the results of
Yamamoto et al. [40], who discussed a high photo-stability of their BSA-Au,5NCs, albeit
the authors are dealing with much smaller AuNCs (Aug_g) in AuBSA as derived from EPR
spectra analysis.

3.3. HR-TEM, STEM, and EDS Analysis of AuBSA

To directly visualize our NCs in AuBSA samples, HR-TEM and STEM analysis were
performed. These techniques exploit electrons that represent reduction species par ex-
cellence. Therefore, by using electrons in studies of cationic metal-organic compounds
(obviously our case), irreversible transformation (i.e., reduction) may occur. Consequently,
the results of visualization cannot report on the initial nanomaterial, but on the transformed
one, as already known from the literature [76].

EDS was performed on the places of holes in the lacey-carbon Cu grid covered by
an AuBSA sample, similarly as in ref. [37]. It turned out that Au is well distributed along
with S elements being attributed to the protein (Figure 3a). Figure 3b,c demonstrates
STEM images of the same area on the AuBSA sample prior and after the scanning of EDS
for several occasions, respectively. Red circles pinpoint the areas where the changes are
the most apparent. Similarly, Figure 3d,e shows the same area of AuBSA prior and after
the HR-TEM measurement being performed by using a higher magnification (i.e., higher
density of electron beam). White ellipses emphasize different spots on the AuBSA sample
in these two images—see Figure 3d,e. The authors can sum up that Au nanoparticles
(NPs, sizes exceeding 2 nm) are formed by the focused electron beam if working with
a higher magnification of HR-TEM and/or if using EDS mapping. Our observation can
be a clue and indirectly confirms why there are discrepancies in sizes of fluorescent NCs
presented in the literature (e.g., [3,4,42,54]) and summarized in Table 1. Another set of
STEM images taken on the same AuBSA sample using a different HR-TEM/STEM machine
(located at IMG in Prague) is shown in Figure S5 in Supporting Information. Independently,
these additional measurements confirmed that it is possible to visualize NCs of sizes well
below 2 nm without inducing their size modification. Moreover, based on TEM, HR-TEM,
and STEM images, particle size distributions (PSD) were determined, and appropriate
histograms are shown in Figure S6 in Supporting Information. The average AuNC sizes of
1.01 £ 0.24 nm and 1.18 £ 0.21 nm were derived from TEM and STEM images of AuBSA
samples, respectively. On the other hand, the average AuNC size in the same AuBSA
sample increased to 2.28 £ 0.63 nm after HR-TEM and/or EDS measurements. This
corroborates the above-discussed observation about NPs in situ formation. Lattice planes
of Au(111) and Au(200) were detected in NCs of AuBSA sample in a particular HR-TEM
image as provided in Figure S7 in Supporting Information.

Furthermore, HR-TEM and STEM images of the same spot on the AuBSA sample are
compared in Figure 3f,g. Indeed, the HR-TEM image (Figure 3f) was taken first, followed
by STEM imaging (being recorded for a better contrast, Figure 3g). Red circles demonstrate
the shifts of Au nanostructures, which migrated right after HR-TEM imaging. The observed
Au NPs formation and their further migration upon HR-TEM imaging can be explained
by considering the cationic state of Auin AuBSA (as determined by EPR measurements
here) and reduction ability of electrons employed during TEM imaging. Indeed, Au(l) as
well as Au(Il) being attached to BSA, most probably through sulfur atoms (as evidenced by
EPR and EDS in this study), can be reduced to Au(0). Since this Au(0) may be less strongly
connected with the protein backbone than cationic Au in AuBSA, it can migrate on the
carbon support of the TEM grid (which is more pronounced in cases of lacey-carbon rather
than on 4-nm carbon coating of the Cu grid). By meeting other Au(0) atoms, they can
coalesce and form larger Au nanostructures than NCs, i.e., NPs as evidenced in Figure 3c,e,g,
and confirmed also by an increased value of average AuNC size (2.28 + 0.63 nm). The
above-mentioned observation of Au NPs formation and their migration during HR-TEM
imaging could also explain why the difference in size of red and blue emitting systems in
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ref. [4] was not as clear as expected. Logically, this supports the idea that AuNCs samples
might be influenced by the interaction with the focused electron beam and the resulting
images do not show the real structure of AuNCs. In other words, the presence of any
cationic Au center (Au* and/or Au?* and/or Au3+) in BSA-AuNCs render such systems
as being much more sensitive to techniques that use high energy electrons and/or X-ray
irradiation and can explain the size and oxidation state discrepancies of Au nanoassembly
in BSA-AuNCs found within the scientific literature (compared in Table 1).

Figure 3. (a) Elemental map of Au and S distributions in AuBSA determined by EDS. STEM images
of AuBSA prior (b) and after (c) the performed EDS analysis. HR-TEM images of the same area of
AuBSA prior (d) and after (e) the exploitation of a higher magnification. HR-TEM (f) and STEM
(g) images of the same spot on AuBSA. Colored and/or white circles indicate appearance of new NPs
in (b—e) and/or migration of NPs in (f,g).

Based on our results, the authors would like to emphasize that results strongly de-
pend on the type of experimental techniques employed for AuNCs characterization and
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subsequent data interpretation. Many powerful experimental techniques frequently used
for nanomaterials’ characterization exploit electrons and/or are working with strong irradi-
ation (X ray), thus affecting the electronic structure of the studied material, e.g., TEM, XAS,
EDS, etc., respectively. On the contrary, EPR represents a mild technique which uses the
magnetic field and microwave irradiation and, thus, can be envisaged as a very powerful
technique suitable for probing AuBSA systems in particular, as well as BSA-AuNCs in
general, because it does not physically alter the oxidation state of the nanomaterial in
the course of data acquisition. Moreover, by using LEPR, any changes in the electronic
structure of a particular nanomaterial exposed to electromagnetic irradiation (UV in our
case here) can be investigated and evidenced in situ.

4. Conclusions

The present work demonstrates that a redox process that leads to an admixture of
Au(0), Au(I), and Au(ll) is taking place upon entrapment of Au(IIl) in BSA and several
Au atoms of AuNCs are directly interacting through Cys and Tyr residues with BSA. The
authors observed that Tyr molecules are able to reduce Au(Ill) to Au(0) in the form of
AuNPs, while Cys did not provide the electron equivalents needed for the Au(IIl) reduction.
It is also demonstrated that UV irradiation induces irreversible damages in AuBSA and
radical species are generated during photoexcitation in the protein backbone. Since there
is no evidence of electronic communication between AuNCs and BSA according to the
LEPR experiments (in situ off-on-off cycles under UV light, at 90 K), any energy and/or
charge transfer can be excluded as a key mechanism for expressing the bright fluorescence
phenomenon observed, with maximum emission at 655 nm, in AuBSA. Furthermore,
evidence was given for the in situ growth of AuNCs to AuNPs and migration of Au
nanostructures during HR-TEM and EDS data acquisition. This work further reinforces
the knowledge that results obtained by using sophisticated techniques exploiting electrons
and/or X-ray irradiation in the investigation of gold nanostructures embedded in protein
matrixes must be considered carefully, because the experimental evidence might be severely
hampered by induced radiation damages on the protein structure.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nano12091425/s1, Figure S1: Corrected emission spectrum
of AuBSA in deionized water; Table S1: Quantum yield and wavelength of maximum fluorescence
of AuBSA; Figure S2. CW-EPR spectrum obtained after 20 min of UV irradiation of BSA in water.
Experimental parameters: T = 90 K, 9.0802 GHz frequency, 100 kHz modulation frequency, 0.03 s time
constant, 1.60 mW applied power, 0.5 mT modulation width, 6 x 100 Gain, 1 min sweep time, and
5 scans accumulated and averaged. The simulation of the various spin components is shown together
with their sum (red-line); Figure S3. Extinction spectra of Au-Tyr in deionized water 1 min and 45 s
after synthesis (grey line) and 61 min and 45 s after synthesis (wine line). (B) and (C) TEM images
of Au-Tyr recorded at different magnifications; Figure S4. CW-EPR spectrum of AuBSA in water
recorded at T = 90 K in dark conditions with the EPR simulation of the diverse spin-components
associated to the Au nanoclusters; Figure S5: Further STEM images of AuBSA; Figure S6: Particle size
distributions derived from TEM, STEM and HR-TEM images; Figure S7: Lattice spaces determined
for several AuNCs of AuBSA in a particular HR-TEM image.
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high-angle annular dark field; HR-TEM: high resolution transmission electron microscopy; I-DOS:
local density of states; LEPR: light-induced electron paramagnetic resonance; MS: mass spectrometry;
MW: microwaves; NCs: nanoclusters; SPR: surface plasmon resonance; STEM: scanning transmission
electron microscopy; UV: ultraviolet; vis: visible; XANES: X-ray absorption near-edge structure; XAS:
X-ray absorption spectroscopy; XPS: X-ray photoelectron spectroscopy; XRD: X-ray diffraction.

References

1.  Xie, J.; Zheng, Y.; Ying, J.Y. Protein-Directed Synthesis of Highly Fluorescent Gold Nanoclusters. J. Am. Chem. Soc. 2009, 131,
888-889. [CrossRef] [PubMed]

2. Simms, G.A.; Padmos, ].D.; Zhang, P. Structural and Electronic Properties of Protein/Thiolate-Protected Gold Nanocluster with
“Staple” Motif: A XAS, L-DOS, and XPS Study. J. Chem. Phys. 2009, 131, 214703. [CrossRef]

3. Dixon, ].M.; Egusa, S. Conformational Change-Induced Fluorescence of Bovine Serum Albumin-Gold Complexes. ]. Am. Chem.
Soc. 2018, 140, 2265-2271. [CrossRef] [PubMed]

4. Chuang, K.T; Lin, YYW. Microwave-Assisted Formation of Gold Nanoclusters Capped in Bovine Serum Albumin and Exhibiting
Red or Blue Emission. J. Phys. Chem. C 2017, 121, 26997-27003. [CrossRef]

5. Antonello, S.; Perera, N.V,; Ruzzi, M.; Gascén, J.A.; Maran, E. Interplay of Charge State, Lability, and Magnetism in the Molecule-
like Aups(SR)1g Cluster. J. Am. Chem. Soc. 2013, 135, 15585-15594. [CrossRef] [PubMed]

6. Zeng, C.; Weitz, A.; Withers, G.; Higaki, T.; Zhao, S.; Chen, Y.; Gil, R.R.; Hendrich, M.; Jin, R. Controlling Magnetism of
Aul33(TBBT)52 Nanoclusters at Single Electron Level and Implication for Nonmetal to Metal Transition. Chem. Sci. 2019, 10,
9684-9691. [CrossRef] [PubMed]

7. Wen, X;; Yu, P; Toh, Y.R.; Tang, J. Structure-Correlated Dual Fluorescent Bands in BSA-Protected Aups Nanoclusters. J. Phys.
Chem. C 2012, 116, 11830-11836. [CrossRef]

8. Wen, X;; Yu, P; Toh, Y.R.; Hsu, A.C.; Lee, Y.C.; Tang, J. Fluorescence Dynamics in BSA-Protected Auys Nanoclusters. J. Phys. Chem.
C 2012, 116, 19032-19038. [CrossRef]

9. Raut, S.; Chib, R.; Butler, S.; Borejdo, J.; Gryczynski, Z.; Gryczynski, I. Evidence of Energy Transfer from Tryptophan to BSA/HSA
Protected Gold Nanoclusters. Methods Appl. Fluoresc. 2014, 2, 035004. [CrossRef]

10. Russell, B.A.; Kubiak-Ossowska, K.; Mulheran, P.A.; Birch, D.J.S.; Chen, Y. Locating the Nucleation Sites for Protein Encapsulated
Gold Nanoclusters: A Molecular Dynamics and Fluorescence Study. Phys. Chem. Chem. Phys. 2015, 17, 21935-21941. [CrossRef]

11.  Chang, H.; Karan, N.S.; Shin, K.; Bootharaju, M.S.; Nah, S.; Chae, S.I.; Baek, W.; Lee, S.; Kim, J.; Son, Y.J.; et al. Highly Fluorescent
Gold Cluster Assembly. J. Am. Chem. Soc. 2021, 143, 326-334. [CrossRef] [PubMed]

12.  Cao, X.L,; Li, HW.; Yue, Y.; Wu, Y. PH-Induced Conformational Changes of BSA in Fluorescent AuNCs@BSA and Its Effects on
NCs Emission. Vib. Spectrosc. 2013, 65, 186-192. [CrossRef]

13. Cui, M.; Zhao, Y.; Song, Q. Synthesis, Optical Properties and Applications of Ultra-Small Luminescent Gold Nanoclusters.
TrAC—Trends Anal. Chem. 2014, 57, 73-82. [CrossRef]

14. Bhowal, A.C.; Pandit, S.; Kundu, S. Fluorescence Emission and Interaction Mechanism of Protein-Coated Gold and Copper
Nanoclusters as Ion Sensors in Different lonic Environments. J. Phys. D. Appl. Phys. 2019, 52, 015302. [CrossRef]

15. Hsu, N.Y,; Lin, Y.W. Microwave-Assisted Synthesis of Bovine Serum Albumin-Gold Nanoclusters and Their Fluorescence-

Quenched Sensing of Hg2+ Ions. New ]. Chem. 2016, 40, 1155-1161. [CrossRef]

195



Nanomaterials 2022, 12, 1425

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

Lin, H.; Imakita, K.; Fujii, M.; Sun, C.; Chen, B.; Kanno, T.; Sugimoto, H. New Insights into the Red Luminescent Bovine Serum
Albumin Conjugated Gold Nanospecies. |. Alloys Compd. 2017, 691, 860-865. [CrossRef]

Chib, R.; Butler, S.; Raut, S.; Shah, S.; Borejdo, J.; Gryczynski, Z.; Gryczynski, L. Effect of Quencher, Denaturants, Temperature and
PH on the Fluorescent Properties of BSA Protected Gold Nanoclusters. J. Lumin. 2015, 168, 62—-68. [CrossRef]

Kawasaki, H.; Hamaguchi, K.; Osaka, I.; Arakawa, R. Ph-Dependent Synthesis of Pepsin-Mediated Gold Nanoclusters with Blue
Green and Red Fluorescent Emission. Adv. Funct. Mater. 2011, 21, 3508-3515. [CrossRef]

Liu, J; Duchesne, PN.; Yu, M.; Jiang, X.; Ning, X.; Vinluan, R.D., III; Zhang, P.; Zheng, ]. Luminescent Gold Nanoparticles with
Size-Independent Emission. Angew. Chem. 2016, 128, 9040-9044. [CrossRef]

Liu, C.; Zhang, X,; Han, X; Fang, Y.; Liu, X.; Wang, X.; Waterhouse, G.LN.; Xu, C.; Yin, H.; Gao, X. Polypeptide-Templated Au
Nanoclusters with Red and Blue Fluorescence Emissions for Multimodal Imaging of Cell Nuclei. ACS Appl. Bio Mater. 2020, 3,
1934-1943. [CrossRef]

Shang, L.; Stockmar, F.; Azadfar, N.; Nienhaus, G.U. Intracellular Thermometry by Using Fluorescent Gold Nanoclusters. Angew.
Chem. Int. Ed. 2013, 52, 11154-11157. [CrossRef] [PubMed]

Wei, Z.; Pan, Y.; Hou, G.; Ran, X.; Chi, Z.; He, Y,; Kuang, Y.; Wang, X.; Liu, R.; Guo, L. Excellent Multiphoton Excitation
Fluorescence with Large Multiphoton Absorption Cross Sections of Arginine-Modified Gold Nanoclusters for Bioimaging. ACS
Appl. Mater. Interfaces 2022, 14, 2452-2463. [CrossRef] [PubMed]

Wen, E; Dong, Y.; Feng, L.; Wang, S.; Zhang, S.; Zhang, X. Horseradish Peroxidase Functionalized Fluorescent Gold Nanoclusters
for Hydrogen Peroxide Sensing. Anal. Chem. 2011, 83, 1193-1196. [CrossRef] [PubMed]

Wu, Z. Anti-Galvanic Reduction of Thiolate-Protected Gold and Silver Nanoparticles. Angew. Chem. 2012, 51, 2934-2938.
[CrossRef] [PubMed]

Wu, Z,; Jin, R. On the Ligand’s Role in the Fluorescence of Gold Nanoclusters. Nano Lett. 2010, 10, 2568-2573. [CrossRef]

Wu, Y.T.; Shanmugam, C.; Tseng, W.B.; Hiseh, M.M.; Tseng, W.L. A Gold Nanocluster-Based Fluorescent Probe for Simultaneous
PH and Temperature Sensing and Its Application to Cellular Imaging and Logic Gates. Nanoscale 2016, 8, 11210-11216. [CrossRef]
Xu, Y.; Sherwood, J.; Qin, Y.; Crowley, D.; Bonizzoni, M.; Bao, Y. The Role of Protein Characteristics in the Formation and
Fluorescence of Au Nanoclusters. Nanoscale 2014, 6, 1515-1524. [CrossRef]

Yue, Y.; Liu, T.Y.; Li, HW.,; Liu, Z.; Wu, Y. Microwave-Assisted Synthesis of BSA-Protected Small Gold Nanoclusters and Their
Fluorescence-Enhanced Sensing of Silver(i) Ions. Nanoscale 2012, 4, 2251-2254. [CrossRef]

Yue, Y,; Li, HW.; Liu, T.Y.; Wu, Y. Exploring the Role of Ligand-BSA in the Response of BSA-Protected Gold-Nanoclusters to
Silver (I) Ions by FT-IR and Circular Dichroism Spectra. Vib. Spectrosc. 2014, 74, 137-141. [CrossRef]

Zhang, M.; Dang, Y.Q.; Liu, T.Y; Li, HW.; Wu, Y.; Li, Q.; Wang, K.; Zou, B. Pressure-Induced Fluorescence Enhancement of
the BSA-Protected Gold Nanoclusters and the Corresponding Conformational Changes of Protein. J. Phys. Chem. C 2013, 117,
639-647. [CrossRef]

Zhou, M.; Du, X.; Wang, H.; Jin, R. The Critical Number of Gold Atoms for a Metallic State Nanocluster: Resolving a Decades-Long
Question. ACS Nano 2021, 15, 13980-13992. [CrossRef] [PubMed]

Govindaraju, S.; Ankireddy, S.R.; Viswanath, B.; Kim, J.; Yun, K. Fluorescent Gold Nanoclusters for Selective Detection of
Dopamine in Cerebrospinal Fluid. Sci. Rep. 2017, 7, 1-12. [CrossRef] [PubMed]

Chang, TK,; Cheng, TM.; Chu, H.L.; Tan, S.H.; Kuo, J.C.; Hsu, PH.; Su, C.Y.; Chen, HM.; Lee, C.M.; Kuo, T.R. Metabolic
Mechanism Investigation of Antibacterial Active Cysteine-Conjugated Gold Nanoclusters in Escherichia Coli. ACS Sustain. Chem.
Eng. 2019, 7, 15479-15486. [CrossRef]

Le Guével, X.; Hotzer, B.; Jung, G.; Hollemeyer, K.; Trouillet, V.; Schneider, M. Formation of Fluorescent Metal (Au, Ag)
Nanoclusters Capped in Bovine Serum Albumin Followed by Fluorescence and Spectroscopy. |. Phys. Chem. C 2011, 115,
10955-10963. [CrossRef]

Li, HW,; Yue, Y.; Liu, T.Y;; Li, D.; Wu, Y. Fluorescence-Enhanced Sensing Mechanism of BSA-Protected Small Gold-Nanoclusters
to Silver(I) Ions in Aqueous Solutions. J. Phys. Chem. C 2013, 117, 16159-16165. [CrossRef]

Wang, X.; Wu, P,; Hou, X; Lv, Y. An Ascorbic Acid Sensor Based on Protein-Modified Au Nanoclusters. Analyst 2013, 138, 229-233.
[CrossRef]

Burt, J.L.; Gutiérrez-Wing, C.; Miki-Yoshida, M.; José-Yacaman, M. Noble-Metal Nanoparticles Directly Conjugated to Globular
Proteins. Langmuir 2004, 20, 11778-11783. [CrossRef]

Zhang, L.; Wang, E. Metal Nanoclusters: New Fluorescent Probes for Sensors and Bioimaging. Nano Today 2014, 9, 132-157.
[CrossRef]

Zheng, J.; Zhou, C.; Yu, M; Liu, ]. Different Sized Luminescent Gold Nanoparticles. Nanoscale 2012, 4, 4073-4083. [CrossRef]
Yamamoto, M.; Osaka, L.; Yamashita, K.; Hasegawa, H.; Arakawa, R.; Kawasaki, H. Effects of Ligand Species and Cluster Size of
Biomolecule-Protected Au Nanoclusters on Eff Iciency of Singlet-Oxygen Generation. J. Lumin. 2016, 180, 315-320. [CrossRef]
Andryskova, P; Siskova, KM.; Michetschldgerovéd, S.; Jirdkova, K.; Kubala, M.; Jirdk, D. The Effect of Fatty Acids and Bsa Purity
on Synthesis and Properties of Fluorescent Gold Nanoclusters. Nanomaterials 2020, 10, 343. [CrossRef] [PubMed]

Yan, L.; Cai, Y.; Zheng, B.; Yuan, H.; Guo, Y.; Xiao, D.; Choi, M.M.E. Microwave-Assisted Synthesis of BSA-Stabilized and
HSA-Protected Gold Nanoclusters with Red Emission. J. Mater. Chem. 2012, 22, 1000-1005. [CrossRef]

Shang, L.; Dong, S.; Nienhaus, G.U. Ultra-Small Fluorescent Metal Nanoclusters: Synthesis and Biological Applications. Nano
Today 2011, 6, 401-418. [CrossRef]

196



Nanomaterials 2022, 12, 1425

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Sonia; Komal; Kukreti, S.; Kaushik, M. Gold Nanoclusters: An Ultrasmall Platform for Multifaceted Applications. Talanta 2021,
234,122623. [CrossRef]

Nienhaus, K.; Wang, H.; Nienhaus, G.U. Nanoparticles for Biomedical Applications: Exploring and Exploiting Molecular
Interactions at the Nano-Bio Interface. Mater. Today Adv. 2020, 5, 100036. [CrossRef]

Zheng, Y.; Lai, L.; Liu, W,; Jiang, H.; Wang, X. Recent Advances in Biomedical Applications of Fluorescent Gold Nanoclusters.
Adv. Colloid Interface Sci. 2017, 242, 1-16. [CrossRef] [PubMed]

Zhu, M.; Aikens, C.M.; Hollander, EJ.; Schatz, G.C.; Jin, R. Correlating the Crystal Structure of A Thiol-Protected Au,s Cluster
and Optical Properties. J. Am. Chem. Soc. 2008, 130, 5883-5885. [CrossRef]

Zhu, M.; Lanni, E.; Garg, N.; Bier, MLE; Jin, R. Kinetically Controlled, High-Yield Synthesis of Auys Clusters. ]. Am. Chem. Soc.
2008, 130, 1138-1139. [CrossRef]

Zhu, M.; Aikens, C.M.; Hendrich, M.P; Gupta, R.; Qian, H.; Schatz, G.C.; Jin, R. Reversible Switching of Magnetism in
Thiolate-Protected Aups Superatoms. J. Am. Chem. Soc. 2009, 131, 2490-2492. [CrossRef]

Schmidbaur, H. The Aurophilicity Phenomenon: A Decade of Experimental Findings, Theoretical Concepts and Emerging
Applications. Gold Bull. 2000, 33, 3-10. [CrossRef]

Schmidbaur, H.; Schier, A. A Briefing on Aurophilicity. Chem. Soc. Rev. 2008, 37, 1931-1951. [CrossRef] [PubMed]

Schmidbaur, H.; Schier, A. Aurophilic Interactions as a Subject of Current Research: An up-Date. Chem. Soc. Rev. 2012, 41, 370-412.
[CrossRef] [PubMed]

Wu, Z.; Du, Y; Liu, J.; Yao, Q.; Chen, T.; Cao, Y.; Zhang, H.; Xie, J. Aurophilic Interactions in the Self-Assembly of Gold
Nanoclusters into Nanoribbons with Enhanced Luminescence. Angew. Chem. Int. Ed. 2019, 58, 8139-8144. [CrossRef] [PubMed]
Rehman, EU.; Du, T.; Shaikh, S; Jiang, X.; Chen, Y.; Li, X.; Yi, H.; Hui, J.; Chen, B.; Selke, M.; et al. Nano in Nano: Biosynthesized
Gold and Iron Nanoclusters Cargo Neoplastic Exosomes for Cancer Status Biomarking. Nanomed. Nanotechnol. Biol. Med. 2018, 14,
2619-2631. [CrossRef]

Fernandez-Iglesias, N.; Bettmer, J. Synthesis, Purification and Mass Spectrometric Characterisation of a Fluorescent Au9@BSA
Nanocluster and Its Enzymatic Digestion by Trypsin. Nanoscale 2014, 6, 716-721. [CrossRef]

Mathew, M.S.; Baksi, A.; Pradeep, T.; Joseph, K. Choline-Induced Selective Fluorescence Quenching of Acetylcholinesterase
Conjugated Au@BSA Clusters. Biosens. Bioelectron. 2016, 81, 68-74. [CrossRef]

Hori, H.; Teranishi, T.; Nakae, Y.; Seino, Y.; Miyake, M.; Yamada, S. Anomalous Magnetic Polarization Effect of Pd and Au
Nano-Particles. Phys. Lett. Sect. A Gen. At. Solid State Phys. 1999, 263, 406—410. [CrossRef]

Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D.J.; Whyman, R. Synthesis of Thiol-Derivatised Gold Nanoparticles in a Two-Phase
Liquid-Liquid System. J. Chem. Soc. Chem. Commun. 1994, 7, 801-802. [CrossRef]

Gréget, R.; Nealon, G.; Vileno, B.; Turek, P.; Mény, C.; Ott, E; Derory, A.; Voirin, E.; Riviére, E.; Rogalev, A.; et al. Magnetic
Properties of Gold Nanoparticles A Room-Temperature Quantum Effect. ChemPhysChem 2012, 13, 3092-3097. [CrossRef]
Mufioz-Marquez, M.A.; Guerrero, E.; Fernandez, A.; Crespo, P.; Hernando, A.; Lucena, R.; Conesa, J.C. Permanent Magnetism in
Phosphine- and Chlorine-Capped Gold: From Clusters to Nanoparticles. J. Nanoparticle Res. 2010, 12, 1307-1318. [CrossRef]
Crespo, P.; Garcia, M.A.; Fernandez Pinel, E.; Multigner, M.; Alcantara, D.; De La Fuente, ] M.; Penadés, S.; Hernando, A. Fe
Impurities Weaken the Ferromagnetic Behavior in Au Nanoparticles. Phys. Rev. Lett. 2006, 97, 1-4. [CrossRef] [PubMed]

Cirri, A.; Silakov, A_; Jensen, L.; Lear, B.]. Probing Ligand-Induced Modulation of Metallic States in Small Gold Nanoparticles
Using Conduction Electron Spin Resonance. Phys. Chem. Chem. Phys. 2016, 18, 25443-25451. [CrossRef] [PubMed]

Donnio, B.; Garcia-Vazquez, P; Gallani, J.-L.; Guillon, D.; Terazzi, E. Dendronized Ferromagnetic Gold Nanoparticles Self-
Organized in a Thermotropic Cubic Phase. Adv. Mater. 2007, 19, 3534-3539. [CrossRef]

Cirri, A; Silakov, A.; Lear, B.J. Ligand Control over the Electronic Properties within the Metallic Core of Gold Nanoparticles.
Angew. Chem. Int. Ed. 2015, 54, 11750-11753. [CrossRef] [PubMed]

Yamamoto, Y.; Miura, T.; Suzuki, M.; Kawamura, N.; Miyagawa, H.; Nakamura, T.; Kobayashi, K.; Teranishi, T.; Hori, H. Direct
Observation of Ferromagnetic Spin Polarization in Gold Nanoparticles. Phys. Rev. Lett. 2004, 93, 1-4. [CrossRef] [PubMed]
Cirri, A,; Silakov, A.; Jensen, L.; Lear, B.J. Chain Length and Solvent Control over the Electronic Properties of Alkanethiolate-
Protected Gold Nanoparticles at the Molecule-to-Metal Transition. J. Am. Chem. Soc. 2016, 138, 15987-15993. [CrossRef]
Agrachev, M.; Antonello, S.; Dainese, T.; Ruzzi, M.; Zoleo, A.; Apra, E.; Govind, N.; Fortunelli, A.; Sementa, L.; Maran, F. Magnetic
Ordering in Gold Nanoclusters. ACS Omega 2017, 2, 2607-2617. [CrossRef]

Lassmann, G.; Kolberg, M.; Bleifuss, G.; Graslund, A.; Sjoberg, B.M.; Lubitz, W. Protein Thiyl Radicals in Disordered Systems: A
Comparative Epr Study at Low Temperature. Phys. Chem. Chem. Phys. 2003, 5, 2442-2453. [CrossRef]

Silvester Julie, A.; Timmins Graham, S.D. Photodynamically Generated Bovine Serum Albumin Radicals: Evidence for Damage
Transfer and Oxidation at Cysteine and Tryptophan Residues. Free Radic. Biol. Med. 1998, 24, 754-766. [CrossRef]

Rurack, K.; Spieles, M. Fluorescence Quantum Yields of a Series of Red and Near-Infrared Dyes Emitting at 600-1000 Nm. Anal.
Chem. 2011, 83, 1232-1242. [CrossRef]

Lyons, S.K.; Patrick, P.S.; Brindle, K.M. Imaging Mouse Cancer Models in Vivo Using Reporter Transgenes. Cold Spring Harb.
Protoc. 2013, 2013, 685-699. [CrossRef] [PubMed]

Nealon, G.L.; Donnio, B.; Greget, R.; Kappler, J.P.; Terazzi, E.; Gallani, ].L. Magnetism in Gold Nanoparticles. Nanoscale 2012, 4,
5244-5258. [CrossRef] [PubMed]

197



Nanomaterials 2022, 12, 1425

73.

74.

75.

76.

Chevrier, D.M.; Thanthirige, V.D.; Luo, Z.; Driscoll, S.; Cho, P.; Macdonald, M.A; Yao, Q.; Guda, R.; Xie, J.; Johnson, E.R.; et al.
Structure and Formation of Highly Luminescent Protein-Stabilized Gold Clusters. Chem. Sci. 2018, 9, 2782-2790. [CrossRef]
[PubMed]

Hsu, Y.C.; Hung, M.].; Chen, Y.A.,; Wang, T.E; Ou, Y.R.; Chen, S.H. Identifying Reducing and Capping Sites of Protein-Encapsulated
Gold Nanoclusters. Molecules 2019, 24, 1630. [CrossRef] [PubMed]

Anderson, PW. New Approach to the Theory of Superexchange Interactions. Career Theor. Phys. A 2nd Ed. 2005, 115, 100-111.
[CrossRef]

Andres, ].; Longo, E.; Gouveia, A.F,; Gracia, L.; Oliveira, M.C. In Situ Formation of Metal Nanoparticles through Electron Beam
Irradiation: Modeling Real Materials from First-Principles Calculations. ]. Mater. Sci. Eng. 2018, 7, 3. [CrossRef]

198



nanomaterials

Article

Plasmonic Ag Nanoparticle-Loaded n-p Bi,O,CO3/x-Bi;O3
Heterojunction Microtubes with Enhanced
Visible-Light-Driven Photocatalytic Activity

Haibin Li "?, Xiang Luo !, Ziwen Long !, Guoyou Huang ! and Ligang Zhu >*

Citation: Li, H.; Luo, X.; Long, Z.;
Huang, G.; Zhu, L. Plasmonic Ag
Nanoparticle-Loaded n-p
Bi,0,CO3/ x-Bi; O3 Heterojunction
Microtubes with Enhanced
Visible-Light-Driven Photocatalytic
Activity. Nanomaterials 2022, 12, 1608.
https:/ /doi.org/10.3390/
nano12091608

Academic Editor: Diego

Cazorla-Amoroés

Received: 13 April 2022
Accepted: 7 May 2022
Published: 9 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Materials Science and Engineering, Changsha University of Science and Technology,

Changsha 410114, China; coastllee@hotmail.com (H.L.); xiangl0926@163.com (X.L.);

1zw19961020@163.com (Z.L.); hgyviny123viny@163.com (G.H.)

Guangxi Key Laboratory of Agricultural Resources Chemistry and Biotechnology, College of Chemistry and
Food Science, Yulin Normal University, Yulin 537000, China

Correspondence: zhuligang@ylu.edu.cn

Abstract: In this study, n-p BiO,CO3/«-Bi;O3 heterojunction microtubes were prepared via a one-
step solvothermal route in an H,;O-ethylenediamine mixed solvent for the first time. Then, Ag
nanoparticles were loaded onto the microtubes using a photo-deposition process. It was found
that a Bi;0,CO3/ «-Bi; O3 heterostructure was formed as a result of the in situ carbonatization of
a-Bi;O3microtubes on the surface. The photocatalytic activities of a-Bi;O3 microtubes, Bi;O,CO3/ -
BiyO3 microtubes, and Ag nanoparticle-loaded BiyO,COj3/ x-Bi;O3 microtubes were evaluated based
on their degradation of methyl orange under visible-light irradiation (A > 420 nm). The results indi-
cated that Bi;O,CO3/ «-Bi;O3 with a Bi;O,COj3 mass fraction of 6.1% exhibited higher photocatalytic
activity than a-Bi;O3. Loading the microtubes with Ag nanoparticles significantly improved the
photocatalytic activity of BiyO,CO3/«-BiyOs. This should be ascribed to the internal static electric
field built at the heterojunction interface of Bi;O,COj3 and «-Bi;O3 resulting in superior electron
conductivity due to the Ag nanoparticles; additionally, the heterojunction at the interfaces between
two semiconductors and Ag nanoparticles and the local electromagnetic field induced by the sur-
face plasmon resonance effect of Ag nanoparticles effectively facilitate the photoinduced charge
carrier transfer and separation of x-Bi;O3. Furthermore, loading of Ag nanoparticles leads to the
formation of new reactive sites, and a new reactive species .02~ for photocatalysis, compared with
BizOZCO3/(X-Bi203.

Keywords: «-BiyOs; Bi;O,COs; silver; heterojunction; microtube; photocatalysis

1. Introduction

In the past decades, photocatalytic technology through semiconductor oxides for the
purification and treatment of polluted water and air has been extensively studied. Re-
cent research activity in the field of heterogeneous photocatalysis is focused on exploiting
novel and more efficient photocatalysts capable of using visible light for the degradation
of organic contaminants. Many Bi-based semiconductors, such as BiVOy [1], Bi, O3 [2],
Bi,WOg [3], BixO,CO3 [4], BixM0oOg [5], and BiPO4 [6] have been developed as visible-
light-driven photocatalysts. Among them, Bi;O3 has received significant attention in recent
years. It is well known that BiOs is a p-type semiconductor with five crystallographic
polymorphs denoted as monoclinic «-Bi,O3, tetragonal 3-Bi,Os3, cubic (BCC) y-Bi, O3,
cubic (FCC) §-BiyO3, and triclinic w-BipO3 [2]. Monoclinic «-Bi;O3, which is nontoxic
and chemically stable in aqueous solution under irradiation, has been proved to be a
visible-light-driven photocatalyst, owing to its narrow band-gap energy (band gap around
2.6-2.8 eV). However, as a photocatalyst, «-Bi,O3 suffered severe problems in practical
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applications due to its low quantum yield, which is normally caused by the rapid recombi-
nation of its charge carriers [2]. Thus, novel photocatalysts based on x-Bi;O3 are required
to be further explored in order to achieve increases in quantum efficiency and successes in
practical applications.

Coupling a p-type x-Bi,O3 with another n-type semiconductor with matching band
potentials to form a p-n heterojunction has been demonstrated to be an effective strategy
to enhance the quantum yield. Driven by the internal static electric field built at the
heterojunction interface, the photogenerated charges can transport from one semiconductor
to another, thus improving the electron-hole pairs separation and interfacial charge transfer
efficiency [7]. BiO,CO3 is an n-type semiconductor with a band gap of 3.55 eV. Growing
attention has been paid to it, since Zhang et al. reported for the first time the application
of Bi;O,CO3 as a photocatalyst in the degradation of methyl orange in aqueous solution
under UV light irradiation [8]. Since a-Bi;O3 and Bi,O,COj are intrinsic p-type and n-type
semiconductors, respectively; thus theoretically, an n-p BiyO,CO3/ -Bi;O3 heterojunction
is formed when the two dissimilar crystalline semiconductors combine. The reason for this
is that the conduction band edge for «-Bi, O3 is much higher than that for Bi,0,COs3. As
a well-defined interface is the key to improving the catalytic activities of heterojunction
photocatalysts by facilitating charge transfer and separation, it is of great significance
to develop a facile route to fabricate BiO,COj3/«-Bi;O3 heterostructures with effective
contacts between Bi,O,COj3 and «-BiyO3.

Noble metal nanoparticles (NPs), such as AuNPs [9,10], Pt NPs [11,12], Ru NPs [13,14],
Ag NPs [15,16], and so on, have been used as co-catalysts to work with photocatalysts
for enhanced photocatalytic performance, not only because they play the crucial roles of
being photoinduced electron trappers due to their superior electron conductivities, but also
because of the surface plasmon resonance (SPR) effect caused by the mutual oscillation
between incident light and the electrons on the surface of noble metal NPs. Ag nanoparti-
cles are a good choice for constructing noble metal NPs/semiconductor heterostructures,
due to their facile preparation and relatively low cost. So far, several Ag NP-hybridized
heterostructures have been reported, including Ag-Cu,O/PANI [17], Ag/ZnO@CF [18],
Ag/AgCl/AgroMoOy [19], Ag/ZnO/3Dgraphene [20], Ag/GO/TiO; [21], Bi;WOg / Ag3POy-
Ag [22], and g-C3N4/Ag/TiO; [23], with enhanced photocatalytic activity. To the best of
our knowledge, no study has been performed on synthesis and photocatalytic application
of Ag NP-loaded Bi;O,CO3/ a-Bi;O3 heterostructure composite systems.

In the present study, novel n-p Bi;O,COj3/«-Bi;O3 heterojunction microtubes with
hexagonal cross sections were prepared via a facile one-step template- and surfactant-free
solvothermal method for the first time. As Bi,O,CO3 was formed via in situ carbonatization
of a-BipO3 microtubes on the surface, this method is more conducive to generate well-
defined Bi,O,CO3/ x-BipO3 heterojunction interfaces than two-step strategies. Co-catalyst
Ag nanoparticles were evenly loaded on the surface of BiO,CO3/ x-Bi,O3 heterojunction
microtubes, using a photo-deposition process to construct a novel Ag/Bi,O,CO3/«-BiyO3
microtube ternary system to further enhance the photocatalytic activity. The photocatalytic
performances of the as-prepared samples were evaluated by examining the degradation of
methyl orange (MO) under visible light (A > 420 nm) irradiation.

2. Materials and Methods
2.1. Synthesis of BiO,COj3/x-BiyO3 Heterostructure Microtubes

Bismuth nitrate pentahydrate and ethylenediamine were purchased from Xilong
Scientific Co., Ltd (Shantou, China) and Taicang Hushi Reagent Co., Ltd (Taicang, China),
respectively. All reagents were of AR grade, and used without further purification. Distilled
water was used in all experiments. As illustrated in Figure 1, in a typical synthesis,
0.00175 mol of Bi(NOj3)3-5H,O was added into the ethylenediamine (en)-water mixture
(80 mL), with a certain volume ratio of ethylenediamine and water (Ven:Vwater). After
being stirred for 30 min, the resulting faint yellow suspension (donated as precursor) was
transferred into a 100-milliliter Teflon-lined stainless steel autoclave. The autoclave was
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sealed and maintained at 140 °C for 10 h and then cooled down to room temperature. The
resulting precipitate was centrifuged, rinsed repeatedly with distilled water and ethanol,
then dried at 80 °C in air to obtain the Bi,O,CO3/ «-Bi, O3 heterostructure microtubes.

Adding Bi(NO,); into Solvothermal treated
the mixture of en and H,0 at 140 °C for 10 h
S
Transferred Centrifuge
Stir into autoclave and dry
J
Precursor Bi,0,C0O4/a-Bi,O; microtubes
. ~ V3 tagt Adding AgNO; into
. s UV irradiation 3
© : Bi,0,CO,NPs Bi,0,C0O,/a-Bi,0; suspension
: AgNPs \@:
@ :ag 10 yZ
LA Centrifuge g
8 and dry Stir in dark
¢ — — J’

Ag/Bi,0,C0O3/a-Bi,0; microtubes

Figure 1. Schematic illustration for the synthesis of Ag NP-loaded Bi,O,CO3/ x-Bi; O3 heterostructure
microtubes.

2.2. Synthesis of Ag NP-Loaded Bi,O,CO3/x-Biy O3 Heterostructure Microtubes

The fabrication of Ag NP-loaded Bi;O,COj3/ x-Bi;O3 heterostructure microtubes was
conducted as follows. First, 0.5 g of BiyO,CO3/ a-Bi,O3 heterostructure microtubes was
dispersed into the AgNOj5 ((AR grade, Sinopharm Chemical Reagent Co., Ltd, Shanghai,
China) aqueous solution under stirring. The theoretical loading amount of silver was
set at 3 wt% in the Ag/Bi;O,CO3/ x-BipO3 sample. After being ultrasonically treated for
10 min, the suspension was further magnetically stirred for 10 h in the dark, followed by
UV illumination for 2 h under stirring. The black powder was centrifuged, rinsed with
distilled water repeatedly to purify the product, and finally dried at 80 °C in air.

2.3. Characterization

The crystalline structure of the samples was analyzed by a Rigaku D/Max 2500
powder diffractometer (XRD) (Tokyo, Japan) with Cu Ko radiation (A = 1.5406 A). The
morphology of the as-prepared samples was characterized by field-emission scanning
electron microscopy (FESEM, FEI SIRION 200, Hillsboro, OR, USA), and transmission
electron microscopy (TEM, Philips Tecnai 20 G2 S-TWIN, Hillsboro, OR, USA). X-ray
photoelectron spectroscopy (XPS) data of the samples were determined with a K-Alpha
1063 electron spectrometer from Thermo Fisher Scientific (East Grinstead, West Sussex,
UK) using 72W Al Ka radiation. Infrared spectroscopy analysis (IR) of the samples was
performed on an AVATAR360 IR analyzer (Madison, WI, USA). UV-vis diffuse reflectance
spectra (UV-vis) were measured with a Specord 200 UV spectrophotometer (Schonwalde-
Glien, Germany).

2.4. Photocatalytic Experiments

The photocatalytic properties of the as-prepared samples were assessed by degradation
of MO under the irradiation of visible light (A > 420 nm). First, 0.5 g of photocatalyst was
added to 100 mL of 10 mg/L MO aqueous solution. Then, the suspension was magnetically
stirred in the dark for 1h before commencing the photocatalytic reactions, to allow the
system to reach an adsorption/desorption equilibrium. All photocatalytic reactions were
carried out in a laboratory constructed photo-reactor under visible light irradiation from
a 500W Xe lamp equipped with a 420-nanometer cutoff filter. The photocatalytic system
was magnetically stirred simultaneously during the course of illumination. At given time
intervals, 3.5-milliliter aliquots of the aqueous solution were collected and centrifuged. The
concentrations of MO solution were evaluated by measuring its absorption on a UNICO
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UV-2100 spectrophotometer (Palo Alto, CA, USA) at 463 nm, from which the photocatalytic
activity was calculated.

3. Results and Discussion

XRD was used to analyze the phase composition and crystal structure of the samples.
Figure 2 shows the XRD patterns of the samples produced at 140 °C for 10 h in the
ethylenediamine-water mixture with various ratios of Ven:Vwater. For all the samples, the
diffraction peaks are sharp, and the intensity of the diffraction is high, indicating that
the products are well-crystallized. In addition, the diffraction peaks assigned to «-Bi,O3
(JCPDS Card No. 71-2274) are accompanied by three characteristic peaks of Bi,O,CO3
(JCPDS Card No. 41-1488) at 12.9°, 23.8°, and 30.2°. No peaks of any additional phases
were detected, indicating that the products exhibit a coexistence of both x-Bi,O3 and
BiO,CO;3 phases. Furthermore, when increasing the ratio of Ven:Vywater, the intensity of
the characteristic peaks attributed to BiO,COj3 gradually increases, whereas the intensity
of the diffraction peaks assigned to «-Bi;O3 decreases. The mass fractions of the BiO,CO3
in the samples are 0%, 6.1%, 15.5%, 36.7%, 47.9%, and 51.3% for the samples prepared at
Ven:Viater ratios of 1:7, 2:6, 3:5, 4:4, 5:3, and 6:2, respectively, which were estimated from
XRD intensity data by using the formula as expressed by Equation (1):

Ic
Rec = 1
S P (1)

where Ic and Ig are the integrated intensities of Bi;O,COj3 (013) and «-Biy O3 (113) diffrac-
tion peaks, respectively. It can be inferred that the ratio of Ven:Vyater plays a key role in the
phase composition of the products, and that a larger proportion of en favors the generation
of Biz()z(:()g

j #:Bi,0,CO,
1.7 A T J - A,
2:6 l; A Y W A
; A 35 A .J.__A_iL_ J P Y YOy
G
S das ) i
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162 | SN
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Figure 2. XRD patterns of the samples prepared at 140 °C for 10 h in the ethylenediamine-water
mixture with various ratios of Ven:Viater-

How are the «-Bi;O3 and Bi;O,CO3 generated? Why does the proportion of en in the
mixed solvent have such a significant effect on the generation of Bi,O,CO3? In order to
answer these questions, XRD investigations on the precursor and the products obtained
at 140 °C for 1, 3, 5, 7.5, 10, and 12.5 h in the en—water mixture with a Ven:Viyater ratio
of 2:6 were carried out. The results are presented in Figure 3. For the precursor and the
products obtained after solvothermal treatment for 1 h, 3h, 5h, and 7.5 h, all the diffraction
peaks can be readily indexed to a pure «-Bi;O3 (JCPDS Card No. 71-2274) phase, revealing
that x-Bi;O3 was formed before solvothermal treatment, and that a pure x-BiO3 phase
could be maintained via controlling the reaction time using this technique. Moreover, the
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diffraction peaks of the solvothermal-treated products are much narrower than that of the
precursor, and the peak intensities of the solvothermal-treated products are much higher,
indicating that solvothermal treatment improved the crystallinity of the products. As the
time increased to 10 h, the diffraction pattern of the sample indexed to the mixture of x-
BiyO3 and Bi,O,CO3 (JCPDS Card No. 41-1488). Three weak peaks at 12.9°,23.8°, and 30.2°
can be attributed to BipO,COj3. Further prolonging the time to 12.5 h, the intensity of the
peaks indexed to BiO,COj increases, suggesting an increase in the amount of Bi;O,CO3.
From the XRD results, it can be seen that the BiyO,CO3/ «-BiO3 composite is derived from
«-Bip O3, but not formed at the precursor stage.

:Bi,0,CO
vzsh 4 f by, TBOL%
10h Aa [T N
g 7.5h J.‘ A IV Y A
.
>|_5h | i
2
5 3h 4 o
= _1hn A e
precursor. —\
‘ PDF#41-1148-Bi,0,CO,
| [ | ‘ T I P 1T [ !
PDF#71—2274-Bi203

10 20 30 40 50 60 70 80
20 (degree)
Figure 3. XRD patterns of the precursor and the samples obtained at 140 °C for 1, 3, 5, 7.5, 10 h, and
12.5 h in the ethylenediamine-water mixture with a Ven:Viyater ratio of 2:6.

This is also supported by FI-IR spectra of the precursor and the products obtained
after solvothermal treatment for 7.5 h and 10 h (Figure 4). For all the samples, the weak
adsorptions at 1460, 1384, and 1315 cm ™! may be attributed to the carbonated species
formed by the reactions between the surface hydroxyl groups and atmospheric CO;. The
peaks at around 545, 505, and 430 cm ™! are due to the vibration of Bi-O bonds in BiOg
octahedral units [24,25]. It is necessary to mention that only the product obtained after
solvothermal treatment for 10 h shows an extra band at 850 cm !, which is ascribed to the
CO52-, indicating the formation of BiO,COj at this stage [24,25].

V_:V___=26,140°C,10h

en’ " water

V_ V. __=26,140°C,7.5h
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Transmittance (%)
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en” " water

P4
545

T T T T T T T T T T T T T
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Figure 4. FT-IR spectra of the precursor and the samples obtained at 140 °C for 7.5 h and 10 h in the
ethylenediamine-water mixture with a Ven:Vyater ratio of 2:6.
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Based on the XRD and FT-IR analyses, formation of the Bi;0,CO3/ x-Bi;O3 composite
in the present solvothermal process could be described by following reactions:

+ +
H,NCH,CH,;NH,; 4 2H,0 — H3NCH,CH,NH3; + 20H™ 2)
Bi** +30H~ — Bi(OH)3 | (3)

2Bi(OH); — BiyO3 + 3H,0 ()

CO, +20H~ — CO3%™ + H,O 5)

Bi,O3 + CO3%~ 4+ H,O — Biy0,CO3 + 20H™ (6)

When Bi(NOj3)3-5H,0 was added to the en—water mixture with a Ven:Vyater ratio of
2:6, the reaction was performed in a strong alkali condition, as indicated in Equation (2).
Abundant hydroxide ions firstly reacted with Bi%* to produce Bi(OH)3, which then dehy-
drated to form «-BipO3 under vigorous stirring, as illustrated in Equations (3) and (4). Due
to the presence of en, the mixed solvent easily captured CO, from the air to generate CO32~
before being transferred into the autoclave. In prolonging the solvothermal treatment time
to 10 h, a small amount of obtained a-Bi,O3 reacted with CO32~ in the solvent to give
rise to BiO,CO3, as summarized in Equations (5) and (6) [26]. It can be concluded that
Bi,O,CO3 was formed by in situ carbonatization of x-Bi;O3. A larger proportion of en
in the solvent captures more CO, to generate more CO32~, resulting in a higher ratio of
BiyO,CO3 in the product.

Figure 5a,b show the SEM images of the products obtained by solvothermal treatment
at 140 °C for 10 h in the ethylenediamine-water mixture with Ven:Vyater ratios of 1:7 and
2:6, respectively. It can be seen that both samples consist of microtubes. The magnified
image of the microtubes presented in the left insert of Figure 5b clearly demonstrates
that the microtubes have well-defined hexagonal cross sections. The SEM image with
low magnification (Figure 5c) reveals that the products obtained in the ethylenediamine—
water mixture with a Ven:Vwater ratio of 2:6 are almost entirely microtubes with lengths
of 5-30 um, and side lengths of 0.2-1 pum, indicating the high yield of microtubes in this
condition. However, when the Ven:Vyater ratio was controlled at 4:4, 5:3, and 6:2, the
as-prepared products contain microtubes and a lot of irregular particles, as presented in
Figure 5d-f, respectively. This indicates that the proportion of en in the mixed solvent also
has a significant effect on the morphology of the products. More en in the solvent captures
more CO, to generate more CO;2~, which makes more a-Bi,O3 carbonatized, resulting in
the destruction of microtubes.

Figure 6a presents the TEM image of the obtained «-BiO3 microtube prepared at a
Ven:Vwater ratio of 2:6 for 7.5 h. There is a contrast between the inner and outside parts of
the sample, confirming its tubular structure. The lattice spacing of about 0.34 nm between
adjacent lattice planes in the insert corresponds to the interplanar spacing of the (002)
plane of x-Bi,O3. Figure 6b shows the TEM image of Bi;O,CO3/ x-BiyO3 heterojunction
microtubes prepared at a Ven:Vwater ratio of 2:6 for 10 h. It can be clearly seen that a lot of
nanoparticles highly disperse on the surface of «-BiO3 microtubes, which are considered
to be BipO,COj3 particles. No “support-free” Bi;O,CO3 nanoparticles are found, indicating
that those nanoparticles are strongly anchored to the «-Bi,O3 microtubes. From the HRTEM
image of the sample shown in Figure 6¢, it can be seen that the lattice structure of «-Bi,O3
is very orderly and different from that of BiO,CO3 nanoparticles. The measured lattice
fringes of 0.34 nm well match the (002) crystallographic planes of a-Bi;O3. In particular,
it can be well confirmed that the Bi,O,CO3 nanoparticles are anchored on the surface of
the «-BiyO3 substrate, forming a good attachment. The obvious interface between the
Bi;O,CO3 nanoparticles and the «-Bi;O3 microtubes shown in HRTEM images implies the
formation of a well-defined heterojunction structure. Because x-Bi,O3 and Bi,O,COj3 are
p-type and n-type semiconductors, respectively, the heterojunction can be considered to be
a well-defined and well-formed p-n junction.
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Figure 5. SEM images of the samples prepared at 140 °C for 10 h in the en-water mixture with
various ratios of Ven:Vyater: (a) 1:7, (b,c) 2:6, (d) 4:4, (e) 5:3, and (f) 6:2.

(b)

Figure 6. TEM images of (a) x-Bi;O3 microtubes (insert: HRTEM) and (b) Bi,O,COs3/ a-Bi; O3
microtubes; an HRTEM image of (c) Bi;O,COj3/ «-Bi; O3 microtubes.
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Figure 7 shows the high-resolution XPS spectra of Bi, O, and Ag in Ag NP-loaded
BipO,CO3/ a-BipO3 heterojunction microtubes with R of 6.1%. As observed in the XPS
spectrum of Bi 4f (Figure 7a), two strong peaks at 163.8 and 158.5 eV are assigned to Bi
4f5 /5 and Bi 4f; 5, respectively, confirming that the bismuth species in the sample are Bi**
cations [27]. In the O 1s XPS spectrum (Figure 7b), the O 1s region is fitted by two peaks
at 529.6 and 531.3 eV, which are attributed to the oxygen in the Bi-O bond and carbonate
species, respectively [27]. Figure 7c presents the Ag 3d XPS spectrum, with two peaks at
368.3 and 374.3 eV, which correspond to Ag 3ds,, and Ag 3d3,,, respectively, suggesting
that the silver species in the sample is metallic silver, as the bonding energy corresponding
to Ag 3ds,, of metallic Ag and Ag,O are 368.25 eV and 367.70 eV, respectively, according
to the previous report [28].
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Figure 7. High-resolution XPS spectra of (a) O 1s, (b) Bi 4f, and (c) Ag 3d.

The TEM image of Ag NP-loaded BiO,CO3/ a-Bi,O3 heterojunction microtubes
with R¢ of 6.1% is shown in Figure 8a. As seen from the image, many nanoparticles
are evenly dispersed on the surface of microtubes, and strongly anchored. HRTEM was
carried out to verify the nanoparticles, as shown in Figure 8b. The lattice structure of
nanoparticles anchored on the surface of microtubes is very orderly, and obviously different
from that of the microtubes. The measured lattice fringes of 0.245 nm well match the (200)
crystallographic planes of metallic Ag, suggesting that Ag NP-loaded Bi,O,CO3/ x-BipO3
heterojunction microtubes are achieved by this strategy.
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Figure 8. TEM (a) and HRTEM (b) images of Ag-loaded Bi;O,CO3/a-Bi;O3 heterojunction
microtube.

Figure 9 shows the UV —vis diffuse reflectance spectra of x-Bi;O3 microtubes,
Bi,O,CO3/ a-BiyO3 heterojunction microtubes, and Ag NP-loaded Bi;O,CO3/«-Bi O3
heterojunction microtubes. The x-Bi;O3 microtubes prepared at Ven:Viater = 1:7 exhibit
strong absorption in the visible range in addition to the UV range. The absorption edge
occurs at about 450 nm. The spectrum is steep, indicating that the absorption of visible
light is not due to the transition from impurity levels, but to the band-gap transition. The
Bi, O,CO3/ «-BiyO3 heterojunction microtubes with R of 6.1% and 51.3% show dual absorp-
tion edges at 365 and 450 nm, which are related to their mixed-phase structure. Moreover,
the absorbance in the 360-450 nm range of Bi;O,CO3/ x-Bi;O3 is much weaker compared
with that of «-Bi;O3 due to the its substantial Bi;O,COj3 phase content. The band-gap ener-
gies were estimated to be 2.75 and 3.4 eV for a-Bi;O3 and Bi,O,COj3, respectively, and were
calculated from the formula Ag = 1239.8/Eg, where A is the band-gap wavelength, and Eg
is the bandgap energy [29]. Ag NP-loaded Bi,O,CO3/«-BiyO3 heterojunction microtubes
with R¢ of 6.1% show an extended absorption in the visible region, which is due to the
typical surface plasmon band exhibited by the Ag nanoparticles [30].

-Bi,0,
——Bi,0,CO/o-Bi,0, R =6.1%
——Bi,0,CO,/u-Bi,0,, R =51.3%
—— Ag/Bi,0,CO,/u-Bi,0, R =6.1%

p) o

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Figure 9. UV—vis diffuse reflectance spectra of o-BiyO3;, BiyO,CO3/«-Bi;O3, and

Ag/BizOzCOg/O(-BizO3.

Photodegradation of MO under visible light irradiation was carried out to estimate
the photocatalytic performance of the as-prepared samples. The photodegradation effi-
ciencies of MO as a function of irradiation time by «-Bi,O3, Bi;0,CO3/ «-Bi,O3 with R
of 6.7%, Bi,0,CO3/ «-BipO3 with R, of 15.5%, Ag/BizOgCOg/O{-BizOg with R of 6.7%,
as well as in the absence of photocatalysts, are presented in Figure 10. It can be seen
that all the samples show visible light photocatalytic activities. After 140 min of irradi-
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ation, the photodegradation efficiencies of MO by «-Bi,O3, BiO,CO3/ x-Bi,O3 with R
of 6.7%, and Bi;0,CO3/«-Bi,O3 with R¢ of 15.5%, reach 69%, 100%, and 65%, respec-
tively. For Ag/Bi;O,CO3/ x-Bi,O3 with R of 6.7%, it reaches 100% after 60 min. Generally,
the overall photocatalytic activity of a semiconductor is primarily dictated by surface
area, photoabsorption ability, and the separation and transporting rates of photoinduced
electron/hole pairs in the catalysts [31]. Since a-Bi;O3, BioO,CO3/«-Bi;O3 with R, of
6.7%, and Ag/Biy0,CO3/x-BiO3 possess similar size and morphology, the enhanced
photocatalytic activities of Ag/Bi,O,CO3/x-Bi;O3 and Bi,O,CO3/ x-Bi,O3 with R¢ of 6.7%
should be ascribed to the improved separation and transporting rates of photoinduced
electron/hole pairs.

100
—8—MO;
—o—uBi0;
80 —¥—Bi,0,C0/a-Bi,0, R =6.1%;
—A—Bi,0,C0/a-Bi,0,, R_= 15.5%;
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— 60 7
R
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Figure 10. The residual MO at different irradiation time for the as-prepared samples.

Photogenerated electrons, holes, -O, ™, and -OH are considered to be major reactive
species in organics photodegradation [32]. MO can be degraded into CO,, H,O, and
other products by those reactive species [33]. In order to clarify the reaction mechanism
further, 1 mmol of various scavengers was introduced to explore the specific reactive
species that might play important roles in MO degradation by Ag/Bi,O,CO3/ a-BiyOs.
Benzoquinone (BQ), ethylene diaminetetraacetic acid (EDTA), and tertiary butanol (TBA)
were used as the scavengers for -O, ™, holes, and -OH, respectively [34]. Figure 11 shows
the photodegradation efficiencies of MO by Ag/Bi,O,COj3/ x-Bi; O3 in the presence of these
scavengers under visible light irradiation for 60 min. Both BQ and TBA show suppression of
the degradation rate of MO, with TBA exhibiting a stronger suppressing effect. Meanwhile,
EDTA shows a much weaker suppressing effect than BQ and TBA, suggesting that -OH
and -O,~ are the major reactive species responsible for the photodegradation of MO by
Ag/Biy0,CO;3/ a-Bip O3.
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Figure 11. The photodegradation rates of MO by Ag/Bi;O,CO3/«x-Bi,O3 after 60 min in the presence
of various scavengers.
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The effects of BiyO,CO3/x-Bi;O3 and Ag NPs on the efficiency of photoinduced
electrons and holes separation were investigated by the photocurrent tests, as shown in
Figure 12. The photocurrent intensities of the samples follow the order of Ag/Bi,O,CO3/ -
BiyO3 > Bip0,CO3/ «-BirO3 > x-BirO3. As demonstrated in the previous research, higher
photocurrent intensity means higher separation efficiency of the photoinduced electron/hole
pairs. The photocurrent measurement results suggest that the formation of Bi;O,CO3/ -
BiO3 heterostructures improves charge carrier transfer and separation of a-Bi,O3, while
loading of Ag NPs on the heterostructures further enhances this effect. It is consistent with
the photocatalytic performance.

9

a-Bi,0,

8- —Bi,0,CO,/a-Bi,0,, R =6.1%
light off |—— Ag/Bi,0,CO,/o-Bi,0,, R_=6.1%
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Figure 12. Photocurrent responses of different samples under visible light.

According to the experimental results, we believe that there are four major reasons
responsible for the enhanced photodegradation of MO by Ag NP-loaded Bi,O,CO3/ x-
Bi,O3 heterojunction microtubes, as illustrated in Figure 13. Firstly, Bi;O,CO3/«-Bi O3
heterojunction facilitates the charge separation. As reported in the previous work, -Bi,O3
is a p-type semiconductor, while Bi;O,COj3 is determined as an n-type material. The
conduction band edge of «-Bi;O3 and Bi,O,COj3 at the point of zero charge (pHypc) can
be theoretically predicted from the formula ECBO =X — Ec — 0.5Eg, where X is the ab-
solute electronegativity of the semiconductor, and E. is the energy of free electrons on
the hydrogen scale (4.5 eV) [35]. The values of X are 5.95 eV for a-Bi,O3 and 6.35 eV for
Bi;0,CO3, while the estimated Eg is 2.75 eV for «-Bi;O3 and 3.4 eV for BiO,CO;3. Given
the formula above, the calculated Ecg and Eyp values are 0.075 eV and 2.825 eV for «-Bi, O3,
respectively, and 0.15 eV and 3.55 eV for Bi;O,COj3, respectively. Therefore, both the con-
duction band (CB) and valence band (VB) of Bi;O,COj are considered to be at lower levels
than those of «-Bi;O3. Thus, a Type II p-n heterojunction is formed at the interfaces as
BipO3 and BipO,CO3 are closely joined together. When Bi,O,COj3/ «-Bi,O3 heterojunction
microtubes are exposed to visible light irradiation, the electrons in the VB of x-Bi;O3 are
excited to its CB, leaving holes in the VB. However, for Bi;O,CO3, the electrons in the VB
cannot be excited because of the wide bandgap of 3.4 eV. Due to the internal field resulting
from the potential of band energy difference between x-BiO3 and Bi;O,CO3, there is a
great tendency for «-Bi;Oj3 to transfer its photoexcited electrons into the CB of Bi,O,CO3,
facilitating electron-hole separation in x-Bi;O3, and providing more holes for photocat-
alytic reactions. Secondly, as the Ag NPs loaded on the surface of Bi;O,CO3/«-Bi O3
heterojunction microtubes are in close contact with «-BipO3 or BiO,COs3, the electrons
in the CB of «-Bi;O3 and Bi;O,CO3 will transfer to the Ag NPs because of the superior
electron conductivity of Ag NPs, along with the formation of heterojunctions at the interface
between two semiconductors and the Ag NPs as a result of their work function differences,
further suppressing charge carrier recombination [30]. Thirdly, as mentioned above, the
valence bands of x-BipOj3 are located at a deep position of about 2.825 eV versus NHE,
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which is more positive than that of -OH/OH™ (1.9 eV vs. NHE), indicating that the photo-
generated holes in the VB of a-Bi;O3 can react with OH™ to produce -OH for oxidation of
MO [35,36]. Meanwhile, the conduction band potentials of x-Bi,O3 and Bi;O,COj are close
to +0.075 eV and +0.15 eV versus NHE, respectively, which are more positive than that of
0,/-0;7 (—0.33 eV vs. NHE). Thus, it is impossible for the adsorption oxygen to capture
an electron from the conduction bands of x-Bi,O3 and Bi;O,COj3 to form active oxygen
species (:O,7) [35,36]. However, the electrons transferred to Ag NPs from the CBs of
«-BipO3 and Bi;O,CO3 in Ag/BiyO,CO3/ a-BiyO3 might be trapped by oxygen molecules
in the solutions to form -O, ™ for reaction [30,35,36]. This means that loading Ag NPs onto
the surface of BiyO,CO3/«-Bi;O3 can bring another benefit that leads to the formation of
new reaction active sites, and a new reactive species -O, ~, enhancing the photocatalytic ac-
tivity of Bi;O,CO3/«-BiyO3. The possible reactions in the Ag/Bi,O,CO3/x-BiyO3 ternary
photocatalytic system are illustrated by the following equations:

Bi,O3 + hv — BiyO3(h™ +e™) 7)
BiO3(e™) + Bi;0,CO3 — BirO3 4 Bip0,CO3(e7) ®)
BirOs3(e™) + Ag — BirO3 + Ag(e™) 9)
Biy0,CO3(e™) + Ag — Bip0,CO3 + Ag(e™) (10)
Bi,O3(h*) + OH™ — Bi,O3 + -OH (11)
Agle™) + 0y — Ag+-0y~ (12)

-OH/ - Oy~ + MO — Product (13)

0,
l’rod:[c(:SD‘oz- )Ag O @%_b@ C:');[ CMO

@ Ag Products
OH-/H,0 I
MO ? h*h*h* Ag I
D‘Oll
Products:
p-type ¢-Bi,O;

n-type Bi,0,CO;

Figure 13. Schematic illustration of the proposed possible mechanism for photodegradation of MO
by Ag/Bi,0,CO3/«-Bi;O3 under visible light irradiation.

Lastly, the surface plasmon resonance effect caused by the mutual oscillation between
incident light and the electrons on the surface of metallic Ag NPs causes the rise of a
local electromagnetic field [35]. Under the influence of this local electromagnetic field, the
photogenerated electron/hole pairs on the x-Bi;O3 surface are effectively separated, which
also enhances photocatalytic activity.

Figure 14 presents the results of repeated experiments on photodegradation of MO by
Ag/Biy0,CO3/ «-BipO3 under visible light irradiation. After each run, the photocatalysts
were collected by centrifugation, followed by ultrasonic cleaning with distilled water. As
shown in the image, no significant loss is found after four successive cycles; 89.8% of MO
was degraded in the fifth run after 60 min of visible light irradiation, suggesting that the
sample is stale and not photo-corroded in the photocatalytic reactions.
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Figure 14. Cyclic photodegradation curve for Ag/BiO,CO3/x-BiyOs.

4. Conclusions

In summary, we have developed a facile solvothermal approach to prepare n-p
BipO,CO3/ a-Biy O3 heterojunction microtubes. Plasmonic Ag NPs were loaded onto the
BiO,CO3/ x-BipO3 microtubes using a simple photo-deposition process, to construct
an Ag/Bi,0,CO3/ x-BiyO3 ternary photocatalytic system. This Ag/Bi;O,CO3/«-Bi O3
ternary system showed much higher photocatalytic activity than «-BiO3 and Bi;O,CO3/ «-
BipO3. Under visible light irradiation, the well-defined interfaces between Bi,O,CO3 and
«-Bip O3 in the heterojunctions due to the in situ carbonation of x-Bi,O3 on the surface into
BiyO,CO;3, facilitate the transfer of photoinduced electrons from the CB of x-Bi,O; to that
of Biy0,CO3. Meanwhile, the superior electron conductivity of Ag NPs, the heterojunction
at the interface between two semiconductors and Ag NPs, and the local electromagnetic
field induced by the surface plasmon resonance effect of Ag NPs, further promote the
transfer of photoinduced electrons and suppress the recombination of hole/electron pairs,
leaving more holes in the VB of «-Bi;O3 to produce more -OH for photodegradation of
MO. After the photoinduced electrons in the CB of «-BiO3 and Bi,O,COj3 that cannot form
-0y~ are transferred to Ag NPs, they combine with O; to form -O,~, which means that
loading of Ag NPs onto Bi;O,COj3/«-Bi;O3 creates new reaction active sites and a new
reactive species -O, ™ for photocatalysis, compared with Bi;O,CO3/«-BiyOs.
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Abstract: Getting drinking water from seawater is a hope and long-term goal that has long been
explored. Here, we report graphene-loaded nonwoven fabric membranes for seawater purification
based on photothermal heating. The photothermal membrane of non-woven fabric loaded with
graphene oxide has high light absorption and strong heating effect, and its evaporation rate about
5 times higher than that of non-woven fabric. Under the condition of light intensity of 1 kW m~2,
the evaporation rate can reach 1.33 kg m~2 h™!. The results of cell activity test showed that the
concentration of bacteria after photothermal membrane treatment decreased significantly. The
photothermal membrane can be used for many times without greatly reducing the evaporation
efficiency, which means that it is suitable for regional water purification and seawater desalination.

Keywords: graphene oxide nonwoven membrane; solar evaporation; air-water interface; water
purification; photothermal conversion; cell viability; cytotoxicity

1. Introduction

The shortage of safe drinking water is one of the most severe global challenges facing
human society. Desalination is one of the most cost-effective ways to increase drinking
water supply. In recent years, the development of seawater desalination industry has
made great progress. For example, as one of the most widely used desalination tech-
nologies, reverse osmosis (RO) has a recovery rate of about 50% and a consumption of
only 2 kw-h-m~3. However, due to the need for complex infrastructure and high energy
consumption, this technology is still unavailable in most underdeveloped countries. In
addition, with the increase of feed water salinity, the working pressure, scaling probability
and fuel consumption of the reverse osmosis system increase significantly [1-4]. Therefore,
the development of new green seawater desalination technology is particularly important.
At present, solar powered desalination is becoming one of the most promising technologies
to increase the supply of clean water, because of the abundance of solar energy and seawa-
ter and their negligible carbon footprint, especially in remote areas lacking electricity or
infrastructure [5-8].

To promote the further development of direct solar desalination, great efforts have
been made to improve the efficiency of solar thermal conversion, prolong the service
life of equipment and reduce the cost of solar desalination [9-13]. Some studies show
that the evaporator with optimized structure design can produce fresh water and collect
the by-product salt in salt water at the same time, to achieve zero liquid discharge. To
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strengthen the relationship between water and energy and alleviate the energy shortage,
various solar powered hydropower hydrogen production systems have also attracted
people’s attention. This system converts waste heat into electric energy, and then drives
electrochemical decomposition of water, which not only improves the overall energy
conversion efficiency, but also promotes the production of green fuel [14,15]. According to
the mechanism of photothermal conversion, photothermal materials are mainly divided
into three categories, such as plasma metal nanoparticles, semiconductors and carbon-
based materials. Among them, carbon-based materials are ideal for solar evaporative
power generation because of their excellent thermal properties, low cost and abundant
source materials [16,17]. As an important carbon-based material, graphene oxide (Go)
or reduced graphene oxide (rGO) has thin nanostructures, large surface area, low molar
specific heat, stable mechanical strength and excellent light absorption covering the whole
solar spectral range (250-2500 nm). Therefore, they are directly used as light absorbers or
photothermal layers for various substrates (such as wood, sponge, polymer membrane and
natural fiber) [18-20].

To better transfer heat to the water body that needs evaporation, good heat manage-
ment performance and excellent light absorbing materials are two key factors. For the
heat management strategy, the traditional self-floating evaporation configuration generally
has large heat loss due to the direct contact of the light absorbing material with the water
body. In contrast, the use of thermal insulator assisted evaporation device can minimize
the heat and conduction loss of photothermal materials [21,22]. At the same time, interface
heating can limit the absorbed heat energy to a small amount of interface water in the upper
layer, to shorten the start-up time of steam generation and increase the water evaporation
rate. Although some transport auxiliary evaporators have been reported, their evaporation
performance is still hindered due to the lack of good design structure. Therefore, the evap-
oration material must have a highly porous structure and hydrophilic channels to promote
the transmission of water and the escape of water vapor. Non-woven fabric is made of
polyester fiber and polyester fiber (PET for short). It has the characteristics of antibacterial,
alkali corrosion and strong hydrophilicity [23,24]. In addition, Yu and others think that the
hydrogel polymer network can restrict the water mass in the molecular grid, effectively
reduce the enthalpy of vaporization, which is beneficial to improve the evaporation perfor-
mance of the self-floating gel evaporator [25-27]. However, the combination of nanofiber
hydrogel and rGO as a feasible strategy to improve the evaporative performance of the
transport assisted evaporator and the mechanism of controlling the interfacial evaporation
need further study.

Here, we report an approach based on reduced graphene oxide (rGO)-loaded non-
woven membrane for localizing evaporation, which is cost-effective and environmentally
friendly. The hydrophilic non-woven transports water to the hot region by capillary forces.
The rGO non-woven composite membrane has a superior mechanical stability. This method
can be used repeatedly for many times. Under 1 sun intensity (1 kW m~2), the evaporation
rate of photothermal membrane reached 1.33 kg-m~2-h~!. In addition, we tested the cell
viability on the original seawater and the purified water. The results show the purified
water has no toxicity, while the seawater is toxic to cells at a certain concentration. This
indicates this is an excellent method for purification of drinkable water from seawater.
The simple design of the system, along with the low costs, makes it possible for practical
applications as an outstanding solution to the long-term challenge of drinking water issues.

2. Experiment Section
2.1. Materials

Graphite powder is purchased from Tianjin Dengke Chemical Reagent Co, Ltd. (Tian-
jin, China), H,SO4, KMnOy4 and H,O; are obtained from Aldrich, Deionized water, self-
made in the laboratory, non-woven fabric is provided by Hainan Xinglong Nonwoven
Company (Hainan, China).
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2.2. Preparation of Graphene Oxide (Go)

GO is synthesized by the modified Hummers methods [28-30]. Graphite (1 g) are
mixed in 23 mL H,SOy, and the mixture is stirred for 2 min in an ice bath at a temperature
less than 20 °C. Then, add 3 g KMnOy and stir for 3 h. The ice bath is then removed, and the
mixture is stirred at 35 °C for 8 h. Next, 100 mL water is dropped gently. It is then diluted
with 50 mL water and 5 mL H,O,. The mixture is washed with HCI (5%) and deionized
(DI) water and centrifugation, freeze-drying to obtain samples.

2.3. Preparation of rGO-Based Nonwoven Fabric Membrane (RGM)

First, 0.05 g graphite oxide be dispersed in 10 mL DI water by sonication for 1 h to
make an aqueous dispersion. Cut a round non-woven fabric into graphene oxide solution,
taking it out, and by centrifugation, removing the excess graphene oxide, and cycling it
several times. Then, the non-woven membrane loaded with GO was placed in an oven at
180 °C and reacted for 5 h to obtain RGM photothermal membrane [31].

2.4. Characterization

The structural analysis of graphene oxide was characterized 31 by power X-ray diffrac-
tion using a Bruker D8-advance. The Raman spectra were obtained by a confocal laser
Raman spectrometer. The size and morphology were obtained by scanning electron mi-
croscopy (SEM, Hitachi S-4800). The transmission electron microscope (TEM) was charac-
terized by a JEOL JEM 2100. The real-time temperatures of the samples were measured by
an IR thermography (HT-02, Xin Site China). The 980 nm IR laser with tunable powers was
generated by a diode laser system (BWT, Beijing, China).

2.5. Cell Toxicity Studies by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide) Assay

The cytotoxicity of the seawater and the purified water were evaluated by means
of MTT assay on Hela Cells. Hela Cells-CCL-2 were purchased from ATCC American
Type Culture Collection. Cells were cultured in high-glucose Dulbecco’s Modified Eagle’s
Medium (H-DMEM) containing 10% FBS and 1% penicillin-streptomycin at 37 °C in a
humidified environment containing 5% CO;. Before the experiment, the cells were pre-
cultured until confluence was reached. MTT assay is a colorimetric assay which is in
widespread use for assaying cell proliferation and cytotoxicity [32]. First, 10,000 cells/well
were seeded in 96 well plates and incubated for 24 h for the completion of cell attachment.
Cells were divided into three groups: seawater, purified water and control (untreated)
groups. Then, the plates were incubated for another 24 h to allow cells to uptake water.
MTT assay was prepared by diluting 5 mg/mL stock solution with media by a factor of 10.
Then, 100 uL of MTT assay was added to each well, replacing old media. The 96 well plates
were then incubated for 3 h at 37 °C under humidified atmosphere. After incubation for 3 h,
MTT solution was removed and 100 uL. DMSO (dimethyl sulfoxide) was added to solubilize
formazan crystal. The formazan crystal becomes purple-colored with DMSO dissolution.
The viability of cells was directly dependent on the absorption of formazan solution.

After adding water, 96 well plates be incubated for 3 h, then 0.5 mg/mL MTT solu-
tion was added to each well and incubated for 3 h. Yellow colored MTT converted into
purple colored formazan crystal. Formazan is insoluble in aqueous solution. Formazan is
solubilized by adding 100 Ul DMSO to each well. The absorbance of formazan is directly
proportional live cell counts and can be employed to present a relative cell viability as com-
pared to control. The absorbance of Formazan solution was measured using a multiskan
FC microplate photometer (Fisher Scientific, Hampton, NH, USA) at 540 nm.

Cell viability was calculated as follows:

The absorbance of the treatment group

The absorbance of the control group x 100%

Cell viability =
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3. Results and Discussion
3.1. Preparation of the Graphene Oxide-Loaded Hydrophilic Nonwoven

Figure 1 shows the transmission electron microscope (TEM) images of the prepared
GO with average size of ~100 nm, in which the GO exhibits lamellar structure with some
laminations slightly stacked. There is a slight sliding between the graphene oxide layered
structures. The magnified TEM image on the right shows that the microscopic size of the
entire sheet is nanoscale.

Figure 1. TEM image of GO, On the right is a HRTEM image.

Figure 2 is the Raman spectrum of GO. The D peak and the G peak are Raman
characteristic peaks of carbon atom crystals, respectively, and their diffraction peaks are
centered at 1300 cm~! and 1580 cm ™!, respectively. D peak indicates some defects of the
carbon atom lattice, and the G peak indicates the in-plane stretching vibration state of
the sp? hybridization of carbon atoms. The D peak and G peak of GO independently
developed by the laboratory are at 1359 cm ™! and 1615 cm ™, respectively. Ip/Ig is the
intensity ratio of D peak to G peak. This ratio can refer to the intensity relationship between
the two peaks. In the Figure 2, In /I is about 0.8, which is less than the generally reported
literature value [33,34], indicating that the properties of the synthesized GO are closer to
the characteristics of graphene oxide, the fewer the defects on its surface and the higher
the chemical stability, which will help to improve the stability and service life of the
photothermal membrane.
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Figure 2. Raman spectra of the prepared GO.
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As shown in Figure 3, there is a sharp diffraction peak at 9.96°, slightly lower than
the characteristic peak of standard GO centered at about 11° [5,35]. This may be due to the
intercalation of H" in the go layer during the stripping preparation of GO, which increases
the distance between the crystal planes of GO. This expansion layer can aggravate the
exposure rate of the edge and improve the overall light absorption effect. We have found
through experiments that after the ice bath is removed, the normal temperature stage is
about 30 °C. The longer the reaction time, the better the oxidation.
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Figure 3. XRD fluorescence spectra of GO.

In the subsequent EDS test (Figure 4), the oxygen element on the surface of GO
decreased significantly after thermal reduction. The molar ratio of carbon to oxygen de-
creased from 0.58:1 to 0.41:1, which indicates that thermal reduction removes some oxygen-
containing functional groups of GO, which also makes RGM show weak hydrophilicity in
subsequent tests.

Figure 4. EDS spectra of GO (a) and rGO (b).

Figure 5a,b shows that the luminescence spectrum of rGO is a wide peak, that is,
the luminescence wavelength is in a large range, and its luminescence depends on the
excitation energy. Its emission spectrum and excitation spectrum are symmetrical, which is
in line with the luminescence characteristics of organic fluorescent molecules. Figure 5¢
is the absorption spectrum of rGO dispersion sample tested. In the Figure 5c¢, the peak of
227 nm comes from the —7* energy level transition in the C=C bond of sp? hybrid, which
reflects the increase of sp? structure order in go, because part of sp? hybrid structure has
been restored during the reaction. In addition, there is a weak shoulder peak near 320 nm,
corresponding to the electron n—7t* transition in C=0, which proves that the oxidation
degree of rGO is high [36]. FTIR can show the functional groups on the rGO surface in
more detail. It can be seen from the Figure 5d that the rGO surface includes many oxygen-
containing groups, including C=0, C-O-C, COOH and O-H, and -C=C-, also has a strong
vibration peak, which means that there are many sp? clusters inside the rGO.
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Figure 5. (a,b) Excitation (Ex: 400 nm) and emission (Em: 230 nm) spectra of rGO. (c) UV-Vis
absorption spectrum of rGO. (d) FTIR spectra of rGO.

The above results show that when the emission wavelength is 340 nm, there is an
obvious excitation peak at 230 nm, which corresponds to the results of m—m* energy level
transition in C=C bond and electron transition in C=0 of sp? hybrid and corresponds to the
energy level shown in the absorption spectrum. In addition, the non-radiative transition of
electron hole pair in a small amount of oxygen-containing functional group defects that
may be contained in rGO can also excite rGO luminescence.

Figure 6 shows the actual picture of the RGM material in two states. The left picture
is the actual photo in the dry state. It can be seen that the rGO is loaded on the non-
woven composite membrane in the whole state is black. However, white inclusions can be
observed due to the influence of the white non-woven fabric on the color of the membrane.
When the RGM is in a wet state, the color becomes darker. The main reason for this
phenomenon is that there is a very thin water layer on the surface of the photothermal
membrane in the wet state. When the light shines on the surface of the wet photothermal
membrane, the light path will be refracted due to the existence of the water layer, that is,
the light will shift inward. The light that should have escaped is absorbed, and, finally, the
color of the wet photothermal Membrane is deepened [37].
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Figure 6. (a,b) Physical picture of color difference of photothermal membrane under dry and wet
conditions (upper part) and corresponding schematic diagram (lower part, the yellow lines indicate
absorbed light and red lines indicate escaping light).

According to the ultraviolet spectrum (Figure 7), the absorption of RGM has a sig-
nificant change, and greatly enhances its ability to absorb light. The absorbance of RGM
composite is about 93% in the wavelength range of 500-2500 nm, which is much higher
than the light absorption of non-woven fabrics (8%). The introduction of rGO greatly
improved the light absorption performance of the composite material.
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Figure 7. Absorption of RGM and non-woven fabric in the range of 500-2500 nm.
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The SEM image of the pristine non-woven fabric in Figure 8a shows that the fibers were
interspersed in a random network structure. The non-woven fibers are smooth and free of
impurities, and the fiber bundle can transport water through capillary action. Loading rGO
improves the photothermal conversion efficiency. Magnification shows the rGO sheets are
well coated with the fabric. (Figure 8b). Compared with the initial non-woven fabric, the
surface of the photothermal membrane after rGO loading and heat treatment is rougher.
This rough surface can make the process of multiple reflection of light on its surface,
prolong the optical path and, finally, improve the overall light absorption. However, it
should be noted that the rGO layer does not block the pores between non-woven fabrics,
which are conducive to the escape of steam, which is conducive to the evaporation process
of photothermal water.

Figure 8. SEM images of the graphene oxide-loaded nonwoven fabric show in different amplified
times: (al,a2) pristine non-woven fabric of different resolutions; (b1,b2) modified non-woven fabric
with a 0.5% graphene oxide of different resolutions.

3.2. Light-Induced Evaporation Enhancement via the rGO-Loaded Hydrophilic Nonwoven

To demonstrate the high light absorption of the RGM, water evaporation was per-
formed in four different forms under different light intensities. The water body naturally
evaporates, the black non-woven fabric is at the bottom, white, black non-woven fabric on
the surface. Through the underlying non-woven core, it looks like the pump to absorb the
upper layer of water evaporation.

We can observe that when irradiation with the 1 sun light source for 30 min, the black
non-woven fabric is fixed at the bottom of the water container, the evaporation rate is not
significantly increased. When the black non-woven fabric is on the top, and the amount of
water after evaporation reaches about 0.84 g, four times the black non-woven fabric at the
bottom, and two times the white non-woven fabric on the surface (Figure 9).
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Figure 9. (a) Weight change diagram under four evaporation modes (natural evaporation of pure
water, evaporation of non-woven fabric at the top, evaporation of RGM at the bottom and evapo-
ration of RGM at the top). (b) Temperature rises curve of non-woven fabric and RGM under 1 sun
condition. (c¢) Evaporation rate and photothermal conversion efficiency under different light intensi-
ties. (d) Comparison of heating efficiency in evaporator previously reported (reference numbers are
in brackets).

The results in Figure 9a show that there is little difference between the evaporation
rates of non-woven fabric at the top, pure water natural evaporation and RGM at the
bottom under one light intensity (1 kW-m~2). Natural evaporation of pure water and
bottom evaporation of RGM because light acts directly on many water bodies, although
the RGM photothermal membrane at the bottom can provide a certain amount of heat
for the local water body at the bottom, it cannot heat the overall water volume, so the
water evaporation rate under these two evaporation modes is relatively low. Due to its
low light absorption (~8%), the non-woven membrane will have obvious reflection and
transmission effects on its surface, which makes the membrane surface very limited to
convert light into heat. Therefore, even if the non-woven fabric evaporates at the interface,
its evaporation flux will not be significantly improved compared with the first two. This is
also illustrated by the temperature rise curves of non-woven fabrics and RGM (Figure 9b).
The above results show that RGM has better heating performance than previous studies
(Figure 9d). Among them, the surface of RGM can be heated up to 71 °C under one light
intensity, which is much higher than the heating effect of non-woven fabric under the
same conditions (43 °C). In the experiment, the evaporation rate can be estimated simply
by the mass loss. The evaporation rate of the above RGM increased with the increase of
the radiant light intensity, and the evaporation rate increased from 1.33 kg'm~2-h~! to
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3.42 kg-m~2-h~! (Figure 9c), while the evaporation rate of the other three types is only
about 0.28 kg:m~2-h~1.
The following equation calculated the solar energy conversion efficiency:

q

Neva =

where 17y, is the evaporation efficiency, rii represents the stable evaporation rates (kg-m~2-h 1),
Iy is the total enthalpy of sensible heat and the liquid-vapor phase change (kJ-kg ') and g
represents the power density of laser irradiation (kW-m~2). In our results, the evaporation
efficiency is 50.4%. From Figure 9¢, it can be shown that the relationship between evaporation
efficiency and evaporation rate under different light density of laser indifferent form [38].

It should be noted that when the light intensity increases from one to three, the evapo-
ration rate and photothermal conversion efficiency will not increase in equal proportion.
On the contrary, with the increase of light intensity, the increase proportion of evaporation
rate decreases. This may be because RGM shows a weak hydrophilic effect (Figure 10),
so RGM will not show strong capillarity and water transport capacity like other super
hydrophilic materials [39-41]. It is this effect that will make the water content on the
membrane surface relatively less. Therefore, with the increase of light intensity, the energy
obtained by the evaporation system will increase, but the water content on the membrane
surface is not enough to support the high-energy state of the system, which will reduce the
photothermal conversion efficiency.

53 °

Figure 10. Contact angle test of RGM.

To further verify the stability of the rGO loaded on the nonwoven fabric, we sonicated
the rGO nonwoven composite membrane for 30 min. From Figure 11, we can see that there
is a slight loss of rGO on the beaker after ultrasound, but the change is not significant, which
indicates that the stability of rGO loaded on the nonwoven fabric is relatively excellent.
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Figure 11. The stability comparison of RGM which are sonicated for 30 min.

To verify the stability of rGO-loaded nonwoven fabric, we tested the evaporation
performance of RGM 10 times under the irradiation of 1 sun light intensity. As shown in
Figure 12, we can see that the points in the Figure 12 are unevenly distributed, not in a
linear trend. By linear fitting, we can see that the evaporation performance of the entire
process material is like that. Near the closing line, it indicates the evaporation mechanical
stability of the entire composite membrane is better. The evaporation performance does
not increase with amounts of evaporations but has a wide range.
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Figure 12. The evaporation rate of RGM on the surface as the function of cycle number.
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3.3. Outdoor Simplified Device Evaporation Experiment

The solar water purification model was simplified, and the experiment was placed on
the roof of the Li Yunqiang Experimental building of Hainan University. The rGO-loaded
nonwoven fabric has a length of 15 cm, a width of 12 cm and a thickness of 2 mm. It was
placed on a simple treated heat-insulating device, which is a foam strip connected by a wire.
It was connected by a water-absorbent non-woven fabric in the middle of each foam strip,
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so that the water at the bottom can be transported to the top through the hydrophilicity of
the nonwoven fabric for solar evaporation. The evaporated water condensed into water on
a transparent round plastic lid, and then fell by gravity into our collection container. The
advantage of this type of evaporation device is simple, and such a set of water evaporation
and purification devices can be built at any time in remote areas we recorded the optical
density of sunlight from 12:00 to 18:00 outdoors, and the average heat flux is 0.7 kW-m~2. In
the case of solar radiation, we recorded the surface temperature, air temperature and water
volume of the samples separately. From the results in Figure 13, the surface temperature of
the sample was obviously changed. When the sunlight irradiates it for about 30 min, the
surface temperature of the sample reached 53 °C. Subsequent temperature is somewhat
reduced, which may cause a portion of the heat to be removed from the closed system
convection, resulting in a decrease in the surface temperature of the sample. Simultaneously,
we can also observe from our chart that our water purification is increasing with time. After
6 h, the water volume reached 59 mL. This simple and efficient water purification material
combined with the device is suitable for applications in remote areas. It is also worth noting
that the bacteria content in the treated seawater is significantly lower than in the original
seawater, which indicates the go photothermal membrane has excellent sterilization ability.
This is critical for practical applications.
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Figure 13. (a) A photograph of a large-scale rGO-loaded nonwoven fabric membrane device. (b) A
schematic diagram of the device collecting water by evaporation. (c) Solar radiation recorded over
time on a sunny day from 12:00 to 18:00. (d) Temperature change with time. The red dotted line
represents the surface temperature of the sample, the purple dotted line represents air temperature,
the black dotted line represents water evaporation quality changes with time, the illustration shows
the size of the sample.

To further prove that the purified water is drinkable, the cytotoxicity of the seawater
and the purified water were evaluatedby means of MTT assay on Hela Cells. The results in
Figure 14 indicate the purified water have no cell toxicities, while the seawater is highly
toxic at high concentrations. This is strong evidence to prove that the method designed is
viable for drinking water purification from seawater.
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Figure 14. (a,b) Cell activity before and after seawater and tap water treatment.

To verify the stability of the materials for seawater desalination, we prepared a 20%
sodium chloride solution as a simulating seawater. We conducted a five-day evaporation
experiment outdoors. From Figure 15, we can see that the desalination amount of seawater
is relatively stable. Figure 15, after evaporation, the surface of the sample leaves a large
area of sodium chloride crystals, and the crystals can be washed off with water, which
means it can be used repeatedly.

85

Average solar density
Evaporation quality of seawater 480

124 Windspeed  34-54m/s 16-33m/s 475

RH
(%)

o
o
Purified water(ml)

Irradiation (kwm?)

o
a
"

50

o
N
N

o
o
1

Figure 15. (a) A photograph of the surface of the sample after simulating seawater evaporation.
(b) Cycle days of seawater evaporation. The red column represents the average optical density of
sunlight. The black column represents the evaporation quality of water in the afternoon. Green
dotted line diagram represents daily air humidity. Blue wireframe represents wind speed.

4. Conclusions

In summary, the high-photothermal conversion composite material can be produced
in a large scale with a low-cost by a physical evaporation phase inversion method in which
rGO was loaded into the nonwoven fabric as a main photothermal conversion material. The
non-woven fabric is rGO composite membrane, and its mechanical properties are relatively
proficient. It can be used repeatedly for seawater purification after sonication based on
photothermal heating. The rGO-loaded nonwoven fabric has a high permeability and an
evaporation rate of five—six times higher than conventional evaporation. For the solar
density of about 726 kw/m?, our method can purify 2.35 L of seawater to be evaporated
into water vapor for purification. Cell viability studies indicate the purified water has
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no cell toxicities, while the seawater is highly toxic at high concentrations. Our method
designed is viable for drinking water purification from seawater.
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Abstract: A novel and interesting method for the preparation of carboxymethylcellulose-polyaniline
film-supported copper catalyst (Cu/T@CMC-PANI) has been developed via spray-assisted inter-
facial polymerization. Using copper sulfate as an initiator, spraying technology was introduced to
form a unique interface that is perfectly beneficial to the polymerization of aniline monomers onto
carboxymethylcellulose macromolecule chains. To further confirm the composition and structure
of the as-prepared hybrid film, it was systematically characterized by inductively coupled plasma
(ICP), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
and thermogravimetric analysis (TGA) techniques. The Cu content in the fresh Cu'//!@CMC-PANT
film was determined to be 1.805 mmol/g, and spherical nanoparticles with an average size of ca.
10.04 nm could be observed in the hybrid film. The Cul/T@ CMC-PANI hybrid film was exerted as
a dip catalyst to catalyze the aldehyde-alkyne-amine (A%) coupling reactions. High yields of the
products (up to 97%) were obtained in this catalytic system, and the catalyst could be easily picked
up from the reaction mixture by tweezers and reused for at least six consecutive runs, without any
discernible losses in its activity in the model reaction. The dip catalyst of Cul/!'@CMC-PANI, with
easy fabrication, convenient deployment, superior catalytic activity, and great reusability, is expected
to be very useful in organic synthesis.

Keywords: interfacial polymerization; spraying method; carboxymethylcellulose; polyaniline; copper
catalyst; dip catalyst; A3 reaction

1. Introduction

In 2010, a pioneering researcher Radhakrishnan developed the concept of “dip cat-
alyst”, and successively presented an Ag nanoparticle-embedded PVA thin film for the
reduction of 4-nitrophenol by sodium borohydride [1]. Since then, the dip catalyst, which
can switch the reaction on and off instantaneously, by merely dipping in and out of the
reaction vessels, has drawn increasing attention for its ease of fabrication, excellent catalytic
performance, convenient separation and reusability, and environmental friendliness [2]. To
date, the dip catalyst has emerged as one of the most powerful tools in catalysis, synthetic
methodology, materials science, and environmental science. A considerable number of dip
catalysts have been well documented in the last dozen years, and the range of reported
dip catalysts includes Pt@GS (dip coating) [3], CMC-Ni-BC (coating) [4], gold nanoparticle-
loaded filter paper (impregnated into the filter paper) [5], palladium nanoparticle-loaded
cellulose paper (dip coating) [6], Pd@filter paper (dip coating) [7], Pt-PVA thin film (spin
coating) [8], Pd-PVA (spin coating) [9], AgNPs@NH,-CP (chemical modification) [10],
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Cu@CS-FP (layer coating) [11], Ag/CH-FP (layer coating) [12], and so on. Common strate-
gies for the fabrication of a dip catalyst previously included dip-coating [3-7] and spin-
coating technology [8,9], chemical modification of thin films with a variety of functional
units [10], and layer coating over thin films with functional material [11,12]. However, these
preparation procedures suffered from one or more drawbacks, such as tedious operation,
being time consuming, involving multiple step reactions, and possessing low catalytic
performance. Therefore, searching for novel and convenient protocols for the fabrication of
a dip catalyst with excellent catalytic activity and reusability is still in great demand.

Copper is a low-toxicity, economical, sustainable, and readily available metal ele-
mental, belonging to the [Ar]>d® transition metal, with various oxidation states, such as
Cu(0), Cu(I), Cu(ll), and Cu(Ill). Depending on its unique properties and characteristics,
copper can effectively catalyze various organic reactions, such as Suzuki-Miyaura cross-
coupling reactions [13,14], azide-alkyne cycloadditions [15], and Ullmann-type coupling
reactions [16,17]. Performing the transition metal-catalyzed three-component reactions
of aldehydes, alkynes, and amines (commonly called A3 reactions) in an atom-economic
way is of importance, as it produces valuable N-containing heteroatom propargylamine
products [18]. A great number of transition metal catalysts, including Cu, Ag, Au, and
so on, have been exploited for the A% coupling process. Several reviews have outlined
the latest progress in A3 couplings well, and a large variety of copper catalysts have been
criticized in these surveys [18-20]. However, there are no pertinent reports of a copper-
based dip catalyst being applied to a one-pot A% coupling reaction for the synthesis of
versatile propargylamines.

We envisaged that polymer thin films generated in situ by interfacial polymerization,
initiated by metal salts and embedded metal catalysts simultaneously, would be a class
of easily fabricated, efficient, and reusable dip catalysts. Interfacial polymerization is a
process that utilizes the interfacial layer (liquid-liquid layer or liquid-gas layer, etc.) to
provide a unique space to constrain the polymerization for the preparation of polymer
films or membranes [21]. Polymer materials generated in situ by interfacial polymerization
have multiple advantages, including mild production conditions, high molecular weight,
excellent uniformity [21], and high permeation rates [22]. The interfacial polymerization
method also permits the creation of films that are highly resistant to destruction by exposure
to harsh environments [22]. These merits of the films prepared by interfacial polymerization
make them beneficial to be a dip catalyst.

Polyaniline exhibits good affinity to metal ions, through the unique coordination
with its nitrogen atoms [23] and delocalized 7-t conjugate system [24]; thus, it is a useful
metal supportive material to form PANI-based metal catalysts (Metal@PANI), such as
PA@PANI [25,26], Fe@PANI [27], and Ag@PANI [28]. However, as most developed catalysts
were reported in the preparation of powder-based PANI hybrids, using PANI to form a
film is difficult, due to its strong rigidity, even when using an advanced method, such as
the interfacial polymerization method mentioned above. The traditional method for the
preparation of PANI films is the solution casting technique, using various solvents, such as
m-cresol solution [29], to dissolve PANIs. To develop a new approach, a template method
was developed by using synthetic polymer film as a soft template for the polymerization
of aniline monomer on its surface, and, thus, assisted the formation of PANI film [30].
Carboxymethylcellulose (CMC) is non-toxic, biodegrade, economic, and eco-friendly, and
it bears a great number of carboxymethyl (-CH,COO™) and free hydroxyl (-OH) groups
on its glucose-unit chain, providing it with a splendid capacity to coordinate with various
metal cations [31], and to form H-bonds with molecules containing active groups, such as
hydroxy-, amino-, and carboxylic groups.

Based on the properties of PANI and CMC, in our previous work, we fabricated CMC-
PANT hybrids via the one-pot and one-step oxidative polymerization of aniline, with CMC
as the soft template and CuSOy; as the initiator [32]. However, the CuSO4NPs@CMC /PANI
hybrids were obtained as dark green powders, which are not appropriate for application
in dip catalysis. Interfacial polymerization may be an alternative approach to address the
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PANI shaping issue. Unfortunately, many attempts made on interfacial polymerization
by various conventional methods, including pouring, dropping, immersing, and so on,
failed to obtain the desired CMC-PANI hybrid film. It was reported that the occurrence
of interfacial polymerization needs an interface between two phases to provide a unique
reaction space [33,34]. However, the interfacial polymerization of aniline monomer onto the
surface of the CMC-Na macromolecular chain is hard to perform using CuSOy solution as
an initiator, by conventional approaches, such as pouring, dropping, or immersing methods,
as these two phases are both water soluble. Creatively, the spraying method was introduced
into the process to solve this problem. By spraying copper sulfate solution onto the surface
of the CMC and aniline mixture, aniline monomers polymerized immediately to rapidly
form an extremely thin layer of CMC-PANI film. This thin layer served as an interface
to provide a suitable space for further interfacial polymerization. Concerning the above
facts, innovatively, we have attempted to fabricate carboxymethylcellulose-polyaniline
film-supported copper catalyst (Cu'/’'@CMC-PANI) in situ via spray-assisted interfacial
polymerization, and further explored it as a dip catalyst for A3 reactions.

2. Experimental
2.1. Materials and Instrumentations

All chemicals were purchased from commercial sources and used as received, without
further purification.

Gas chromatography (GC) was performed on a Shimadzu GCMS-QP2020 (Kyoto,
Japan). The copper content of the catalyst was determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES), using a Thermo Fisher Scientific X Series 2
instrument (Waltham, MA, USA). Fourier transform infrared spectra (FT-IR) were collected
on a PerkinElmer FT-IR Spectrometer Spectrum Two (Waltham, MA, America) within
the spectral range of 4000400 cm~!. X-ray photoelectron spectroscopy (XPS) data were
obtained on a Thermo Fisher Scientific K-Alpha instrument (Waltham, MA, America). X-ray
powder diffraction (XRD) data were collected on a Rigaku MiniFlex600 diffractometer
(Tokyo, Japan), using Cu Ko radiation in a range of Bragg’s angles (5°-80°). Scanning
electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) were conducted
with a Zeiss Sigma 300 instrument (Oberkochen, Germany). Thermogravimetric analysis
(TGA) and derivative thermogravimetric analysis (DTG) were performed on a Mettler
TGA /DSC3+ (Zurich, Switzerland), under a nitrogen atmosphere from 30 to 800 °C in a
50 mL-min~! N? flow and at a ramp rate of 10 °C-min~!. 'H NMR (300 MHz) and '*C
NMR (75 MHz) spectra were obtained with a Bruker 300 Avance instrument (Karlsruhe,
Germany), with CDCl3 as the solvent and TMS as the internal standard. HRMS was
determined by using Agilent 6545 Q-TOF MS (Santa Clara, CA, USA).

2.2. Preparation of Cu'@CMC-PANI Film

CMC-Na (0.242 g, 1 mmol) was added to 30 mL aqueous methanol solution (MeOH/H,O,
v/v =1/2) at room temperature, with continuous stirring until it completely dissolved.
Then, aniline monomer (0.0911 g, 1 mmol) was dropped in above the solution to form a
homogeneous mixture. This mixture was poured into a Petri dish, and CuSOy solution
(5 wt.%) was finely and evenly misted onto the surface of the mixture using a handheld
sprayer. Immediately, a light green interface (extremely thin film) was formed and isolated
the CMC-Na/aniline mixture from the CuSOy solution. The resultant system was stood for
48 h to form a dark green film. The as-formed film was washed thoroughly with methanol
and water to remove unreacted aniline and CMC-Na, and dried to afford the Cul/’@CMC-
PANI film. The schematic illustration of the preparation process of the Cull/!@CMC-PANI
film is shown in Scheme 1.
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Scheme 1. Schematic illustration of the preparation of Cu™!@CMC-PANI film.

2.3. General Procedure for A> Coupling Reactions Catalysed by Cu''@CMC-PANI Dip Catalyst

Aldehyde (1.0 mmol), amine (1.2 mmol), terminal alkyne (1.5 mmol) and a catalytic
amount of Cul/!@CMC-PANI film (15 mg, 2.7 mol% of Cu) were added to 2 mL toluene in
a sealed vessel, and the mixture was rigorously stirred at 110 °C for the specific time and
monitored by TLC. As the reaction was completed, the dip catalyst was picked up with
tweezers and washed several times with ethyl acetate and dried at 80 °C for the next run.
The remaining mixture was extracted with ethyl acetate (3 x 4 mL). Then, the combined
organic phase was washed with brine and dried over anhydrous Na,;SOy. After removal
of the organic solvent by a vacuum rotary evaporator, the crude product was purified by
column chromatography on silica gel to afford the corresponding propargylamine. All the
products, except product (i), are known, and their 'H NMR and '*C NMR data were found
to be identical to those reported in previous literature. The new compound (i) was fully
characterized by FI-IR, TH NMR, 3C NMR, and HRMS. All these data and spectra have
been concluded in Supplementary Materials.

3. Results and Discussion
3.1. Synthesis and Characterization of Catalyst

The synthetic route of the Cul/!@CMC-PANI film is outlined in Scheme 1. Before
the addition of CuSQOy solution, the CMC-Na and aniline monomers were self-assembled
together by H-bond interactions [35]. Then, the CuSOy solution was finely and evenly
misted onto the surface of the CMC-Na/aniline mixture, and a light green interface (an
extremely thin film) was generated immediately, which separated the CMC-Na/aniline
mixture and CuSOy solution to provide an interfacial layer for aniline to polymerize
(Scheme 2). In this process, the CuSOy solution not only acted as the initiator, triggering the
polymerization reaction, but also as the coupling reagent, combining the CMC molecular
chain and PANI chain together. In the meantime, Cu(II)/Cu(I) species were deposited into
the as-formed CMC-PANI film and stabilized by complexation with carboxylic groups
(-COO7), hydroxyl groups (-OH), and nitrogen atoms (-NH- and -N=) to form the target
dip catalyst. The Cu content in fresh Cu/T@ CMC-PANI film was determined by ICP-AES
to be 1.805 mmol/g.
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T -

Scheme 2. Detailed illustration of spray-assisted interfacial polymerization process.

To verify the composition and structures of the Cu'/!@ CMC-PANI film, analytical
techniques, including FI-IR, XPS, XRD, SEM, EDS, TGA, and DGT, were performed.

The FT-IR spectra of CMC-Na (curve a), PANI (curve b), and the obverse side (curve c)
and back side (curve d) of the Cu'/!@CMC-PANI film are presented in Figure 1. As
shown in the spectrum of CMC-Na (Figure 1, curve a), the characteristic peaks appeared
at 1606 cm~! and 1424 cm ™!, related to the asymmetric and symmetric stretching vibra-
tion of carboxylic (-COO™) groups, respectively [36,37]. In the spectra of PANI (Figure 1,
curve b), the peaks at 1558 cm~!, coupled with 1141 cm~?, and 1482 cm ™!, along with
805 cm ™!, are assigned to the stretching vibration of quinoid and benzenoid rings, cor-
respondingly [32,38]. Due to the interfacial polymerization, the Cu'!@CMC-PANI film
owns obverse and back sides, and they are composed of different components. The charac-
teristic peaks of CMC (carboxylic groups: 1579 cm~! and 1413 em~!) and PANI (quinoid:
1107 cm~! and benzenoid: 1501 cm~!) were both observed in the spectra of the catalyst
obverse side (Figure 1, curve c), which confirmed that aniline monomers succeeded to
the polymerization of PANI onto the CMC molecular chain. However, on the back side,
only peaks of carboxylate groups (1582 cm~! and 1414 cm 1) appeared (Figure 1, curve d),
which means that PANI mostly exists on the obverse side of the catalyst.
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Figure 1. The FT-IR spectra of CMC-Na (a), PANI (b), the obverse side of Cul"1@CMC-PANI film (c),
and the back side of Cull/!@CMC-PANI film (d).
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XPS was carried out to further demonstrate the existence of all elements and the
oxidation state of copper. Presented in the survey scan spectrum (Figure 2a), C, N, O,
and Cu elements are found to be 39.33%, 4.57%, 48.20%, and 7.90%, respectively, in fresh
Cu'!1@CMC-PANI film. The peaks at 932.78 eV (Cugps/2) and 952.48 eV (Cuppy /2) in
Figure 2e, and the peak at 571.12 eV (Cuppp) in Figure 2f, were assigned to the presence of
Cu(I) [39]. Meanwhile, the shoulder peaks (934.83 eV and 954.63 eV) and satellites peaks
(940.18 eV, 944.07 eV, and 962.56 eV) illustrate that Cu (II) also existed in the catalyst [40].
Notably, nearly all the Cu (I) in the recovered catalyst was turned into Cu(l), evidenced
by the disappearance of shoulder peaks and satellites, as well as the presence of peaks
at 932.37 eV (Cugpz/2) and 952.57 eV (Cuypy/2) in Figure 2g, and the peak at 571.74 eV
(Curmp) [40] in Figure 2h, which means that Cu(l) species may be the true catalyst for
A3 reactions.
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Figure 2. The XPS survey scan (a) of Cul/!@CMC-PANI film and its high-resolution spectra of
Cys (b), N5 (¢), Oy (d), Cugp () and Cuppz (£); XPS high-resolution spectra of Cuy, (g) and Cupme
(h) of catalyst recovered from A3 reaction.

To further confirm the composition of the Cu/!@CMC-PANI film, XRD was per-
formed. The amorphous peak at 26 = 20.6° in curve (a) and the broad peak at 26 = 25.2° in
curve (b) (Figure 3) were attributed to the pristine CMC-Na [41] and PANI powders [42],
respectively, showing an extremely low degree of crystallinity. The peak at 26 = 20.6° can
also be observed in curve (c) of the catalyst, but the peak of PANI was shifted to 20 = 21.8°,
due to the interaction between PANI and CMC-Na [43]. The appearance of CMC and
PANI peaks in curve (c) (Figure 3) proves that CMC and PANI were merged successfully
into the film. Moreover, as can be found in curve (c) of the catalyst, the films consist
of mixed phases of 6CuO-Cu,O (JCPDS 03-0879), CuO (JCPDS 44-0706), CuyO (JCPDS
35-1091), and CuyO;3 (JCPDS 49-1830). Generally, the 6CuO-Cu,0 phase is observed to
be an intermediate phase between Cu,O and CuO [44], and CuyO3 can be written as
Cu(I),Cu(Il); O3 [45]. These observations conclude that Cu (II) and Cu(I) species exist in the
catalyst. The size of the particles can be calculated using the Scherrer equation, as follows:

D =KA/(Bcosh) = % =15.19 (nm). These data are approximate, with the value
2

of 10.04 nm obtamed from the SEM images (Figure 4e,f), due to the Scherrer equation being
applicable to nanocrystals with perfect crystallinity, and there may be a certain number of
errors to the particles without high crystallinity.
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Figure 3. The XRD patterns of the CMC-Na (a), PANI (b), and Cu'"/!@CMC-PANI film (c).
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SEM and EDS were carried out in order to study the morphology and components
of the Cu'/!1@CMC-PANI film. The SEM images show a smooth surface for the obverse
side (Figure 4a) and a rough surface for the back side (Figure 4c). It is worth noting that by
increasing the magnification, spherical nanoparticles can be observed (Figure 4e,f), which
may be attributed to the uniformly distributed copper oxides loaded in the film. The
particle size histogram (Figure 4g) shows that the average particle size is approximately
10.04 nm in diameter. The EDS images of the obverse and back sides of Cu/!@ CMC-PANI
are shown in Figure 4b,d. EDS clearly showed the presence of the nonmetallic elements C,
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N, and O, and the metallic element Cu in the dip catalyst. Significantly, the N content of the
obverse side of the film (Figure 4b) is much higher than that of the back side (Figure 4d).
This observation matched very well with the finding obtained from FT-IR (Figure 1), which
illustrated that PANI mostly exists on the obverse side of the dip catalyst. The elemental
mapping images (Figure 5), coupled with SEM, evidenced that the C, N, O, and Cu elements
distributed throughout the catalyst in a homogeneous manner. The uniform distribution of
Cu makes the catalyst work steadily.

Figure 5. SEM corresponding elemental mapping images of Cu'/!@CMC-PANI film.

To investigate the thermal behavior of the Cu/'@CMC-PANI film, TGA and a cor-
responding DTG analysis of CMC-Na, PANI, and the Cu'/!@CMC-PANI film were per-
formed, and the results are displayed in Figure 6. Below 100 °C, all the samples (Figure 6a—c)
showed a slight mass loss, which can be attributed to the release of adsorbed moisture
and volatile impurities. After that, CMC-Na (Figure 6a) presented a sharp mass loss at
around 290 °C, which corresponds to the decomposition of its glucose-unit chain and side
carboxylic groups [46]. PANI (Figure 6b) exhibited two sharp decreases in mass at around
253 °C and 522 °C, which may be caused by the deprotonation of PANI and decomposi-
tion of the backbone units of PANI, respectively [30,47]. In the curve of the dip catalyst
(Figure 6¢), a mass loss in the temperature range of 198-400 °C appeared. This may account
for the combined influence of the decomposition of CMC and PANI chains. This result
indicated that the dip catalyst is stable up to nearly 200 °C, and that it is applicable for
further A3 reactions.
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Figure 6. The TGA and DTG curves of CMC (a), PANI (b) and Cu/l@CMC-PANI film (c).
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3.2. Application of Cu@CMC-PANI Dip Catalyst in Three-Component A Coupling Reactions

First, the optimal reaction conditions for A3 reactions were explored in the presence of
the Cul/!@CMC-PANI dip catalyst (Table 1). Morpholine (1.2 mmol), p-chlorobenzaldehyde
(1.0 mmol), and phenylacetylene (1.5 mmol) were selected as the model substrates. Initially,
different solvents, including H,O, DMSO, DMF, CH3CN, EtOH, n-BuOH, and toluene,
were screened to assess efficiency. It was found that the product yields increased with
the decrease in solvent polarity. The highest yield was obtained when toluene was used
as the solvent (Table 1, entry 7). Subsequently, to establish the fact that copper in the dip
catalyst plays a key role in the A% reaction, the model reaction was performed in toluene at
110 °C in the absence of a catalyst, and in the presence of 1.8 mol% and 2.7 mol% of Cu
in the catalyst, the product yields obtained were 0%, 93%, and 97% (Table 1, entries 7-9),
respectively. When further increasing the dose of the catalyst to 3.6 mol%, no significant
elevation in the product yield was observed (Table 1, entry 10). These results suggested that
copper is essential for this A% model reaction, and 2.7 mol% of Cu is the optimal amount for
the model reaction. Finally, the reaction temperature was explored, and it was found that
decreasing the temperature from 110 °C to 90 °C, and even to 70 °C, had a considerable neg-
ative impact on the product yields (Table 1, entries 11-12). Therefore, it was concluded that
the optimal condition involved morpholine (1.2 mmol), p-chlorobenzaldehyde (1.0 mmol),
phenylacetylene (1.5 mmol), and the Cu'/!@CMC-PANI dip catalyst (2.7 mol% of Cu) in
toluene at 110 °C.

Table 1. Optimization of model A3 reactions catalyzed by Cul/T@CMC-PANI dip catalyst 2.

o
o )
Oy  cu"@CMC-PANI Film
H + H%@ + [ j
cl N

conditions

product (a)

Entry Solvent D((;\f[z;i(f;téluy)st Temp. (°C) Time (h) Yield ® (%)
1 H,O 2.7 100 12 N.R. €
2 EtOH 2.7 78 12 6
3 n-BuOH 2.7 110 8 55
4 DMSO 2.7 110 8 38
5 DMF 2.7 110 8 51
6 CH;CN 2.7 80 12 trace 4
7 toluene 2.7 110 6 97
8 toluene 0 110 8 trace 4
9 toluene 1.8 110 8 93
10 toluene 3.6 110 8 97
11 toluene 2.7 90 8 12
12 toluene 2.7 70 24 trace d

@ Reaction conditions: p-chlorobenzaldehyde (1.0 mmol), morpholine (1.2 mmol), phenylacetylene (1.5 mmol) and
solvent (2 mL). ® Isolated yields. ¢ No reaction. 4 Observed by TLC.

Next, with the optimal reaction condition in hand, the substrate scope of the reaction
was examined (Table 2). Aryl aldehydes, bearing both electron-withdrawing and electron-
donating groups, proceeded well to afford excellent yields (Table 2, entries 1, 3, 4, and
6), while salicylaldehyde was difficult to conduct the reaction with (Table 2, entry 5),
due to the intramolecular H-bond, which improves the stability of its aldehyde group.
Phenylacetylene, with electron-withdrawing groups on its aromatic ring, afforded lower
yields, due to the fact that this group reduces its nucleophilic activity (Table 2, entries 7-10).
Because it is hard to form a Cu-alkyne intermediate with aliphatic alkyne, a trace product
was observed when using aliphatic alkyne as a substrate (Table 2, entry 11). As the imine
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intermediate formed, aniline afforded no desired product (Table 2, entry 15). Unfortunately,
aliphatic aldehydes afforded dissatisfactory yields (Table 2, entries 16-17), due to their
low reactivity.

Table 2. A% coupling reactions catalyzed by Cu'/!@CMC-PANI film to synthesize a variety
of propargylamines .

I =R + iR Cu"'@CMC-PANI Film
R " 2 conditions R)\
R'

Entry R R HNR”, Time (h) Yield P (%)
1 4-Cl-Ph Ph morpholine 6 97 (a)
2 Ph Ph morpholine 8 91 (b)
3 4-Me-Ph Ph morpholine 8 83 (¢)
4 2-MeO-Ph Ph morpholine 8 97 (d)
5 2-OH-Ph Ph morpholine 48 39 (e)
6 3-NO,-Ph Ph morpholine 48 86 (f)
7 Ph 3-Me-Ph morpholine 16 87 (g)
8 Ph 4-MeO-Ph morpholine 32 97 (h)
9 Ph 4-CF3-Ph morpholine 48 83 (i)
10 Ph 4-Cl-Ph morpholine 24 88 (j)
11 Ph n-hexyl morpholine 48 trace (k) ©
12 Ph Ph piperidine 48 84 ()
13 4-Cl-Ph Ph piperidine 48 86 (m)
14 4-Cl-Ph Ph diethylamine 48 58 (n)
15 Ph Ph aniline 48 N.P. (0) ¢
16 Et Ph morpholine 8 54 (p)
17 i-Pr Ph morpholine 8 30 (q)

@ Reaction conditions: aldehyde (1.0 mmol), amine (1.2 mmol), alkyne (1.5 mmol), Cu''"@CMC-PANI film
(2.7 mol% of Cu), toluene (2 mL), at 110 °C. ? All yields are isolated. ¢ Observed by TLC. ¢ No product, and
generated imine was observed by GC-MS.

Furthermore, the recyclability and reusability of the Cu'/!@CMC-PANI film for the
A3 model reaction was assessed. As shown in Scheme 3, the film could be recycled and
reused successfully for up to six consecutive cycles, without significant losses in its activity.
The Cu content, as measured by ICP-AES, in the recovered catalyst after two cycles was
1.705 mmol/g, which is slightly lower than that of 1.805 mmol/g in the fresh catalyst. Thus,
to further investigate the Cu leaching of the catalyst in the A% reaction, a hot filtration test
was performed. The model A® reaction was carried out at 110 °C for 1 h (36% conversion),
and then the dip catalyst was picked up. The remaining mixture was further stirred for
5 h without the catalyst and a slight increase in conversation (36% to 50%) was observed,
indeed suggesting that there was a small amount of Cu species leached out from the catalyst
into the reaction mixture, which is consistent with the result of the ICP-AES analysis.
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Scheme 3. Reusability of Cul/!T@CMC-PANI dip catalyst in model A3 reaction 2. @ Reaction con-
ditions: p-chlorobenzaldehyde (1.0 mmol), morpholine (1.2 mmol), phenylacetylene (1.5 mmol),
Cul/l@CMC-PANI dip catalyst (2.7 mol% of Cu), toluene (2 mL), at 110 °C. b Isolated yields. © Reacted
for 6 h. 4 Reacted for 10 h.

4. Conclusions

A novel and practical method for the fabrication of a Cu'/!@CMC-PANI film dip
catalyst was developed via spray-assisted interfacial polymerization. In the preparation
process, carboxymethylcellulose and copper sulfate served as the soft template and initiator,
respectively, for the polymerization of aniline monomers, and the spraying method pro-
vided a unique interfacial layer to facilitate polymerization. This as-prepared film catalyst
was well characterized by ICP, FT-IR, XPS, XRD, SEM, EDS, and TGA techniques. These
characterized results proved that aniline had successfully polymerized to PANI onto the
CMC molecular chain, and that Cu(II)/Cu(I) oxides, at the nano scale, were homogeneously
loaded into the CMC-PANI film at the same time. The obverse and back side of the re-
sultant film had different morphologies, due to their different PANI contents. In terms
of application, the as-synthesized Cu'/!@CMC-PANI film dip catalyst possessed good
thermal stability up to 200 °C, and could be efficiently applied in the A3 coupling reaction,
due to its excellent recyclability and tolerance of a broad scope of substrates.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12101641/s1, The spectra data, 'H and '*C NMR for all prod-
ucts (a-q), FT-IR F NMR and HRMS for new product (i). References [48-61] are cited in the
Supplementary Materials.
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