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In this Special Issue “Multifunctional Nanomaterials: Synthesis, Properties and Applica-
tions”, we published three review papers and nine original research articles.

In the first article (review) [1], Si Amar Dahoumane et al. describe the recent ad-
vances in the emerging approaches applied for the biosynthesis of selenium and tellurium
nanoparticles using different microorganisms, such as bacteria and fungi, and plant ex-
tracts. The green synthesis approach provides prospects to develop safer nanomaterials
and also promote a better understanding of safety, health, and environment concerns. The
second (review) article by Joan Estelrich et al. [2] reviews the enzyme-like properties of
Prussian blue nanoparticles (PBNPs) and their applications in this field for biomedicine
development. In the third (review) article [3], Marika Musielak et al. presented the most
recent progress in the utilization of advanced nanostructures such as liposomes combined
with metallic nanoparticles and other active substances such as drugs or contrast agents.

In the fourth article (research), Rafael Bosch et al. [4] reported the effective elimi-
nation and biodegradation of polycyclic aromatic hydrocarbons from seawater through
the development of magnetic microfibers. Joanna Kolmas et al. [5] reported the Mg, Si-
Co-substituted hydroxyapatite/alginate composite beads loaded with raloxifene for bone
tissue regeneration application. The sixth article (research) by Amjad Ali et al. [6] discussed
the Cu and Cu-SWCNT nanoparticle suspension in pulsatile casson fluid flow via a Darcy-
Forchheimer porous channel with compliant walls. In the seventh article (research) [7],
Yuan-Chang Liang et al. reported the development of a brush-like Fe2O3–ZnO nanostruc-
tures towards NO2 gas sensing based on the control of appropriate material synergistic
effects. Further, Zhikun Peng et al. [8] reported the influence of ZnSO4, MnSO4 and FeSO4
on the partial hydrogenation of benzene over nano Ru-Based catalysts. The ninth published
research article by Xiaoyu Yu et al. [9], discussed the development of an optimized synthe-
sis approach for ZnO quantum dots (QDs) modified with polyvinylpyrrolidone (PVP40)
which can potentially be applied in the fields of photoluminescence and photodynamic
tumor suppression. In the tenth research article of this Special Issue, Xiang Zhao et al. [10]
report a novel, versatile and controllable approach for efficient and safe nanopesticides by
the anodic aluminum oxide templates-assisted method.

Furthermore, in the eleventh published research article, Yuan Tan et al. [11] reported
that Zn promoted Mg-Al mixed oxides-supported gold nanoclusters for the direct oxidative
esterification of aldehyde to ester. In the last, i.e., twelfth, published research article,
Florian Grüner et al. [12] discuss a numerical study on the feasibility of monitoring tumor
response by tracking nanoparticle-labelled T cells by utilizing the X-ray fluorescence
imaging technique.
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Abstract: Nanotechnology has introduced a new quality and has definitely developed the possi-
bilities of treating and diagnosing various diseases. One of the scientists’ interests is liposomes
and metallic nanoparticles (LipoMNPs)—the combination of which has introduced new properties
and applications. However, the field of creating hybrid nanostructures consisting of liposomes and
metallic nanoparticles is relatively little understood. The purpose of this review was to compile
the latest reports in the field of treatment and medical imaging using of LipoMNPs. The authors
focused on presenting this issue in the direction of improving the used conventional treatment and
imaging methods. Most of all, the nature of bio-interactions between nanostructures and cells is not
sufficiently taken into account. As a result, overcoming the existing limitations in the implementation
of such solutions in the clinic is difficult. We concluded that hybrid nanostructures are used in a very
wide range, especially in the treatment of cancer and magnetic resonance imaging. There were also
solutions that combine treatments with simultaneous imaging, creating a theragnostic approach. In
the future, researchers should focus on the description of the biological interactions and the long-term
effects of the nanostructures to use LipoMNPs in the treatment of patients.

Keywords: liposomes; nanotechnology; nanotheragnostics; metallic nanoparticles

1. Introduction

At the core of the potential applications of lipid systems, and in particular liposomes,
in medicine, is the ability of amphiphilic lipid molecules to self-organize and create a
wide range of 3D structures. In aqueous environments, these molecules typically can
form structures of a spherical shape (liposomes or micelles), various lamellar structures,
or numerous phases characterized by cubic or hexagonal symmetry [1]. The structure
of these systems and the conditions of their formation in the presence of a wide range
of substances were characterized in detail using a wide range of physical methods [2,3].
Since 1970, liposomes (LPs) have been extensively studied in the category of a drug
delivery system (DDS) due to their high compatibility and ability to deliver hydrophilic and
hydrophobic substances [4,5].

Liposomes have been prepared as spherical nanostructures with an aqueous in-
ner core surrounded by bilayers of phospholipids [6,7]. Moreover, LPs are at the cen-
ter of interest related to nanotechnology because of the variety of multiple kinds of
implementations [8,9] (Figure 1).
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Figure 1. Benefits of liposomes with incorporated metallic nanoparticles in drug delivery systems.
The picture presents the most interesting and crucial aspects of LipoMNPs according to usage in
cancer treatment and medical imaging. The liposome of mixed lipid composition was selected as a
simplified model. The Lipo-MNPs consist of phospholipids, cholesterol, DSPE-PEG, and MNPs.

An important application area of liposomes that have dominated their potential
applications for a long time has been drug or genetic material transfer systems. Currently,
the interest in such applications, especially as carriers of vaccines or therapeutic nucleic
acids, is still serious [10–12].

Liposomes can be synthesized by different methods like the hydration film method [13],
and then modified by incorporating various substances, e.g., metallic nanoparticles [13–16],
or functionalized by different ligands, e.g., aptamers [17] (Figure 2). The combination of
liposomes and metallic nanoparticles proved to be a potential technique that supports
efficient medical imaging and treatment [18]. They have become the object of interest in
the field of medical imaging, in particular for transporting contrast agents (CAs). There
is a constant effort to improve the accumulation of contrast in the required area for better
visualization. Research in this area has achieved a sophisticated level that is carefully
suited to the diagnostic and treatment simultaneously. Particular attention is paid to the
role of liposomes as adjuvants to the already known conventional therapies [19]. When
designing liposomes, attention should be taken to avoid non-specific interactions, represent
specific target binding, maintain stability and circulation time in the bloodstream as long
as possible, escape the reticuloendothelial clearance system (RES), and avoid mononu-
clear phagocyte system (MPS) or penetration into the tumor interstitial fluid of TME with
high pressure [20].

Appropriate functions and their properties should be considered depending on the
liposomes’ target application. Certain drug delivery systems are commonly used in the
clinic. One example is Doxil®, a polyethylene glycol (PEG) liposome containing Doxoru-
bicin the first nano-drug approved by U.S. Food and Drug Administration (FDA) [21–23].
It has been approved for the treatment of Kaposi’s sarcoma and ovarian cancer [24]. Its
admission as the first nano-drug opened the way to the use of other such systems [25–28].
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Figure 2. The scheme of liposomal modifications used in therapy support or medical imaging. Three
of the most important components were highlighted as crucial parts of LipoMNPs. It presents the
empty liposome, which is built with phospholipids, the core of nanostructures containing metallic
nanoparticles, and different kinds of surface modifications. Each of these components play a key
role in LipoMNPs and has various impacts depending on its target usage. The Lipo-MNPs consist of
phospholipids, cholesterol, DSPE-PEG, and MNPs.

Conversely, structures designed for a drug delivery system will behave differently
compared to those intended for imaging. Unfortunately, the combination of such nanos-
tructures as liposomes and metallic nanoparticles is not widely used due to numerous
limitations and the poorly understood nature of such compounds. There is a knowledge
gap regarding the most efficient systems that could simultaneously image and treat cancer-
related areas. There is no taxonomy that would allow the results to be compared in order
to be able to design more efficient and improved systems.

Numerous reviews dedicated to liposomes have focused on a wide variety of biomed-
ical applications [29]. However, the aim of this work is to present the most recent projects
and published works focused on the use of advanced nanostructures such as liposomes
in combination with metallic nanoparticles and other active substances such as drugs or
contrast agents. We want to present their application in two areas: conventional therapy
support and medical imaging. Especially, we want to focus on the advantages and dis-
advantages of this type of solution as well as indicate the further direction of work that
should be undertaken to introduce such advanced nanostructures for clinical use.

2. Review Methodology

The literature search was conducted for papers related to metallic nanoparticles
incorporated into liposomes as a new approach to the drug delivery system. Moreover,
the search included papers dealing with using this kind of nanostructures in treatment
and medical imaging. The publications were searched focusing on the PubMed database.
The found articles were published in the years 1981–2021, which gives us a wide range
of knowledge related to the presented topic of review. We used the following terms to
find works cited in this review: “metallic nanoparticles in liposomes”, “gold nanoparticles
incorporated into liposomes”, “metallic nanoparticles with liposomes in therapy”, “metallic
Nanoparticles with liposomes in medical imaging”, “lipo-metallic nanoparticles”, “metallic
nanoparticles in combined therapy”. We have established one main criterion for selecting
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a publication. The chosen articles should only be concerned with drug delivery systems
consisting of metallic nanoparticles embedded in liposomes. The exclusion criterion was
related to systems consisting of liposomes and attached drugs, or substances that were not
metallic nanoparticles. Although there are many other complex nanostructures consisting
of various components, our goal was to present only works focused on the medical therapy
and imaging use of nanoparticles–liposome nanostructures.

3. Treatment

Here, we would like to focus on liposomes used in the transport of drugs and sub-
stances responsible for increasing the toxicity of conventional therapies. It is important
to know all the crucial aspects, advantages, and limitations in order to properly design
new cancer treatment strategies. One of the most frequently proposed methods involves
the use of a combination of liposomes with metallic nanoparticles [30]. It is important
to maintain appropriate conditions during synthesis and plan the effectiveness of such
nanostructures, to obtain efficient transport to cells and the drug-releasing after reaching
the target [31]. A challenge in this field of nanotechnology is the efficient incorporation
of the drug into the liposome and the selection of the stimulating factor that does not
destroy healthy tissues at the same time [32]. These types of advanced nanostructures have
many biomedical applications. They are used for the controlled release of molecules or
plasmids [33], cell activation [34], disease treatment [35], and imaging [36]. However, such
strategies come with potential limitations. Very low drug incorporation is up to 5% [37].
The amount of drug administered is not effective enough to obtain a pharmacologically
effective concentration in the body. Moreover, a significantly large amount of the drug
may be released during transport before the liposome reaches its target site in the body,
resulting in lower treatment activity and toxicity to healthy tissues [38].

The main interest of scientists is curing cancer due to the numerous difficulties that
arise during the treatment process. Conventional treatment of cancer includes surgery,
chemotherapy, and radiation therapy. Many different factors are used to sensitize cancer
cells to ionizing radiation while protecting the percentage of normal cells in the field of the
therapeutic beam [39]. Metallic nanoparticles are usually used as agents sensitizing cancer
cells to ionizing radiation during radiotherapy [40]. In combination with liposomes as
nanoparticle delivery carriers, it is possible to obtain a high-throughput treatment strategy.
Success factors of this type of treatment system should also be taken into account [37].
Radiosensitizers incorporation must not have a destructive effect on the physical and
chemical properties of the liposome. Usually, the process of realizing radiosensitizers is
undertaken by using different factors. Under the influence of a stimulating factor such as
temperature, pH or light energy, liposomes should decompose effectively. Moreover, the
stimulus factor should not destroy healthy tissues (Figure 3).

The reason to look for improvements in conventional radiotherapy is the presence of
hypoxia in the tumor area. Low oxygen concentration makes cancer cells significantly more
resistant to the influence of drugs and ionizing radiation [41]. Moreover, hypoxia promotes
the genetic transformation of cells into a more invasive phenotype, which further increases
the predisposition to metastasis and disease recurrence [42]. In order to overcome those
inconveniences, it has been proposed to use perfluorocarbons as O2 carriers [43]. These
types of compounds are characterized by high incorporation and easier penetration abilities
through abnormal vascular structures in the tumor microenvironment. Cheng et al. [44]
presented encapsulated perfluorohexane within liposomes to form 100 nm nanoparticles.
Their aim was to enhance the effect of photodynamic therapy by sensitizing the tumor cells
in the bearing mice model. Researchers observed tumor growth inhibition by injecting
a designed sensitizing agent. In vitro and in vivo studies, exhibited significantly higher
effectiveness of Oxy-PDT compared to the conventional PDT method. The results from
in vivo studies showed complete inhibition of tumor growth in mice using Oxy-PDT at
low dose photosensitization together with 20 s laser irradiation. Conventional PDT did
not achieve comparable results as the inhibition of tumor growth was minimal. The
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group presented very promising results that may constitute the potential efficacy of the
undertaken cancer treatment strategy in photodynamic therapy.

Figure 3. The schematic representation of LipoMNPs (Liposomes with metallic nanoparti-
cles) usage as radiosensitizers in radiotherapy. Arrows are symbols of photons in ionizing
radiation during radiotherapy.

In order to increase the biocompatibility and longer circulation time of liposomes
in the bloodstream, they should be modified with poly(ethylene) glycol. Liu et al. [45]
presented PEG-ylated liposomes to sensitize cells to radiation therapy. They proposed
liposome-cholesterol-based nanoparticles conjugated with the radiosensitizer nitroimida-
zole by a hydrolyzable ester bond. Hybrid liposomes were introduced as a good carrier
for promoting cargo release under hypoxic conditions. Doxorubicin-loaded liposomes
were pharmacokinetically stable and scientists observed tumor growth inhibition using
medical imaging. This experiment suggests that the hybrid liposomes are potential can-
didates as drug delivery systems for chemotherapeutics like doxorubicin, to improve the
tumor response to treatment creating advanced synergistic chemo-radiotherapy. Zhang
and coworkers [46] used cis-diamminedichloroplatinum(II) (cisplatin) attached to phos-
pholipids as an oxygen generator in the tumor microenvironment. They highlighted the
problems of implementation of the combined therapy in clinical usage. Catalase (CAT), an
antioxidant enzyme, was incorporated in the liposome core constituted by cisplatin (IV)-
prodrug-conjugated phospholipid, forming CAT@Pt(IV)-liposome. The designed structures
caused a higher number of DNA double breaks after exposure of glioma cells to ionizing
radiation. This approach integrated cisplatin-based chemotherapy and catalase-induced
tumor hypoxia relief. Scientists have observed that their nanostructures are capable of
accumulating sufficiently high in the tumor, while significantly reducing the hypoxia of
hypoxic areas by triggering the decomposition of endogenous H2O2. It was found that
CAT@Pt(IV) assessed the greatest results in combination with ionizing radiation. The de-
signed “nano reactor” is a multifunctional structure with many benefits due to the simple
method of synthesis and production, biocompatibility, good drug carrier, protecting the
catalytic activity of the enzyme, and reduction of hypoxia. Their results constitute a good
basis for further research in this direction, as the problem of resistance to radiotherapy and
chemotherapy is still topical and difficult to overcome.

Gold nanoparticles (AuNPs) are the most frequently used to sensitize cancer cells.
Authors [47] postulate, that radiosensitization with gold nanoparticles depends on the
level of internalization. It takes place using two methods: micropinocytosis and passive
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diffusion membrane [48]. Chitchrani et al. [49] used liposomes as a “Trojan horse” to deliver
1.4 nm gold nanoparticles to cancer cells. Their aim was to overcome the energetically
unfavorable endocytosis process for small nanoparticles. Researchers studied the efficiency
of uptake and intracellular transport of fabricated nanostructures. The results demon-
strated a 1000-fold enhancement of internalization using the liposome system. Moreover,
the analysis showed that nanostructures made of liposomes and gold nanoparticles are
delivered to the lysosomes after 40 min of incubation. This study provided much-needed
information on the implantation of liposomes as a carrier of gold nanoparticles into the
cell. Scientists [50] also investigated gold nanoparticle liposomes for their stability and
the ability to release nanoparticles with light. Triggered drug release is a desirable form
of substance administration due to its ability to control and regulate the release of the
drug. The light energy is converted into thermal energy in gold nanoparticles, which is
the factor causing the liposome breakdown. The aim of the research group was to analyze
the drug delivery system and its release in the cytosol of the cell using visible light and
near-infrared light signals. Moreover, scientists synthesized the liposome from components
that were sensitive to changes in pH and temperature and incorporated gold nanoparticles
in the form of rod and star shapes. Human retinal pigment epithelial cells (ARPE-19) and
human umbilical vein endothelial cells (HUVECs) were used in this study. The designed
nanostructures were non-toxic. The results demonstrated that the nanoparticles were not
released without light interference. As a result, the light activated liposome formulations
showed a controlled content release at the selected place and time.

Another research group [51] also used the combination of liposomes and gold nanopar-
ticles, but to create a construction called the hybrid Cluster Bomb in the treatment of liver
cancer. In addition, they used liposome-loaded paclitaxel in their study. The effectiveness
of hybrid liposomes was proven by using xenograft Heps tumor-bearing mice. Researchers
estimated the most efficient and effective ratio of individual components by presenting the
accurate site and time-release mode for liver tumor treatment. They assessed the long-term
effect of release on therapeutic efficacy by considering the results of a single dose for seven
days by injection into the tail vein of mice. All paclitaxel (PTX) formulations were observed
as effective in suppressing tumor growth after receiving a single dose. As assumed, the
group treated with PTX/PTX-PEG400@GNPLips 1 (25:75) showed effective tumor inhi-
bition. When comparing body weights between groups, it was found that the survival
rate of the PTX/PTX-PEG400@GNPLips (25:75) treated group was significantly higher. At
7 days after injection, none of the mice died in the PTX/PTX-PEG400@GNPLips (25:75)
group, while the survival rates in the saline and Taxol® groups were only 50% and 70%,
respectively. The results indicate that the combined strategy of drug burst and sustained
release from the nano-delivery system enables the precise control of drug concentration in
tumor tissue and cells to achieve better anti-tumor activity and reduced systemic toxicity.
Sharifabad et al. [52] tested an equally advanced nanostructure, however, using superpara-
magnetic iron oxide nanoparticles. They created liposome-capped core-shell mesoporous
silica-coated superparamagnetic iron oxide nanoparticles called “magnetic protocells”.
Their aim was to prepare nanostructures and assess their toxicity on the MCF7 breast
cancer cell line under the influence of an alternating magnetic field. Cells were treated with
the synthesized compound and showed an approx. 20% decrease in proliferation com-
pared to control cells. Researchers concluded that the use of their synthesis method would
contribute to the treatment of tumors in animal models in the future in conjunction with
magnetic hyperthermia. Bao et al. [53] designed the paclitaxel hybrid drug delivery system
using liposomes and PTX-PEG400@GNPs gold nanoparticles. They used a covalent bond
to conjugate thiol-terminated polyethylene glycol (PEG400)-PTX to gold nanoparticles and
then incorporated the paclitaxel attached to the AuNPs into the liposomes. Due to this ap-
proach, the drug loading capacity increased. The encapsulated paclitaxel showed a longer
circulation time and better targeting abilities than the commercial Taxol® (BRISTOL MYERS
SQUIBB, BMS, Warsaw, Poland). They observed also that the combination of organic and
inorganic structures resulted in better effects than commercially used drugs. However,
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this method is associated with some drug release limitations as no statistically significant
differences between the designed hybrids and the conventional drug were noticed in other
research groups. This study provides a lot of information on how to improve synthesis
methods and what factors should be considered designing new strategies. Xing et al. [54]
also used liposomes and gold nanoparticles to deliver doxorubicin but in order to support
photothermal synergetic antitumor therapy, nanoparticles and doxorubicin were locked
inside the liposome. The authors observed that under the influence of NIR (Near Infrared)
light, complex liposome/metallic hybrids are more absorbed by the endocytosis process
because the structure of the liposomes was broken down and the gold nanoparticles easily
reached the inside of the cell. The designed nanostructures showed an excellent anti-cancer
effect, inhibiting the development of cancer cells by approx. 80%. Moreover, in the mice
bearing tumor model, the nanostructures also presented themselves as tumor suppres-
sors. A research group led by Zheng et al. [55] focused on the study of tumor-specific,
pH-responsive, peptide-modified, liposome-containing paclitaxel and superparamagnetic
iron nanoparticles PTX/SPIO-SSL-H7K(R2)2. Anticancer, imaging and targeting effect were
assessed on the basis of an in vitro and in vivo model using the epithelial human breast
cancer cell line MDA-MB-231. Their results confirmed the effectiveness of the produced
nanostructures in selected issues, which constitute an advanced theragnostic approach in
this field. Scientific publications about using LipoMNPs were collected in the Table 1.
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Table 1. Selected applications of liposomes with metallic nanoparticles in cancer therapy.

Author Year Nanostructures Synthesis Method
Nanostructures’

Size
Cell/Tissue Kind of Therapy Results

Bromma
[56] 2019 AuNPs entrapped in

lipid nanoparticles rapid-mixing method 53 nm Breast cancer cells,
MDA-MB-231 Radiotherapy

The addition of LNPs into
tumor cells produced a

27% enhancement in
tumor cell death

Bao
[53] 2014

PTX-conjugated GNPs
(PTX–PEG400@GNPs)

in liposomes
thin film hydration 3.41 nm gold core A murine liver

cancer model The drug delivery system

Maintains the superiority
of both vehicles and

improves the performance
of hybrid systems

Chitchrani
[49] 2010 AuNPs in

liposome-based system thin film hydration 105 nm Cervical cancer
cells, HeLa

The assessment of cellular
uptake and transport

Au NP–liposomes
demonstrated that they

reside in lysosomes

Liu
[45] 2020

Au nanoparticles and
perfluorohexane

nanoparticles
encapsulated in

lipid shell

film hydration method
coupled with a double

emulsion method
108 nm

Human anaplastic
thyroid cancer

cells, C643

Low-intensity focused
ultrasound

diagnosis ablation

An optional therapeutic
platform for treating

patients with
drug-resistant cancer

Wang
[57] 2017

Loading resveratrol (Res)
in chitosan (CTS)

modified liposome and
coated by gold

nanoshells
(GNS@CTS@Res-lips).

mediation of CTS 115 nm Cervical cancer
cells, HeLa Photothermal therapy

The nanocarriers
displayed a synergistic

antitumor effect of chemo
photothermal therapy
compared with PTT or
chemotherapy alone

Zhu
[16] 2018

Carboxyl-modified
Au@Ag core-shell

nanoparticles
(Au@Ag@MMTAA)

contained in the
liposomes

(DSPE-PEG2000-NH2)

thin film hydration 215 nm Breast cancer
cells, SKBR3

The assessment of cellular
uptake and transport

The nanohybrids entered
cells mainly through

clathrin-mediated
endocytosis and tended to

attach on the cell, the
highest mortality in vitro

after laser treatment,
surface before arriving in

acidic lysosomes
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Table 1. Cont.

Author Year Nanostructures Synthesis Method
Nanostructures’

Size
Cell/Tissue Kind of Therapy Results

Rengan
[36] 2014 The Lipos Au particles thin film hydration 100–150 nm Breast cancer cells,

MDA-MB-231
The drug delivery system
and photothermal therapy

The efficient deployment
for drug delivery

application using NIR
laser irradiation, enhanced

parameters of drug
delivery, and optical

imaging, the Lipos Au NPs
exhibited their true

multifunctional ability by
emitting good signals in

CT X-ray analysis

Zhang
[51] 2016

Gold conjugate-based
liposomes with hybrid
cluster bomb structure

thin film
dispersion method, 115–150 nm Xenograft Heps

tumor-bearing mice
The multi-order drug

delivery system

The time-release mode for
tumor treatment using

antitumor drugs

Sharifabad
[52] 2016

Liposome-capped
core-shell mesoporous

silica-coated
superparamagnetic iron

oxide nanoparticles
called ‘magnetic

protocells’

lipid hydration 53 nm
Breast cancer cells,
MCF7 and likely

glioblastoma cells, U87
The drug delivery system

Loaded nanoparticles
under alternating magnetic
field exhibited nearly 20%

lower survival rate of
cancer cells

Zheng
[55] 2018

liposome-containing
paclitaxel (PTX) and

superparamagnetic iron
oxide nanoparticles

(SPIO NPs), PTX/SPIO-
SSL-H7K(R2)2,

thin film hydration 3.41 nm gold core human breast cancer
cell line, MDA-MB-231 The drug delivery system

Antitumor effect and
enhancement of
MRI parameters

AuNPs—Au Nanoparticles; LNPs—Lipos nanoparticles; PTX—paclitaxel; GNPs—Gold Nanoparticles; PEG—Polyethylene Glycol; GNS—gold nanoshells; PTT—Photothermal therapy;
DSPE—1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine; MMTAA—2-mercapto-4-methyl-5- thiazoleacetic acid; CT—computed tomography; SPIONPs—superparamagnetic iron oxide nanoparticles.
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The combination of metallic nanoparticles and liposomes has also been used in vaccine
design. Scientists [58] explored a biomaterial-based approach of converting tumor-derived
antigenic microparticles (T-MPs) into a cancer vaccine presenting their potential in multiple
murine tumor models. They used adjuvant CpG-loaded liposomes with Fe3O4/T-MP
on the surface to get a vaccine (Fe3O4/T-MPs-CpG/Lipo). The group demonstrated that
the engineered, complex vaccine targeted to antigen-presenting cells induced a strong
tumor antigen-specific host immune response. Moreover, the vaccine in the tumor mi-
croenvironment could alter tumor-associated macrophages into a tumor-suppressive M1
phenotype by nano Fe3O4, resulting in the transformation of a “cold” tumor into a “hot”
tumor. This study exemplifies the modulation of the tumor immunosuppressive network
which potentially constitutes a personalized vaccine cellular strategy.

The future clinical success of nanoparticles depends on a more detailed understanding
of the mechanisms of their physicochemical properties on the biological response. Re-
searchers have investigated many studies to obtain nanostructures resulting in efficient
cancer treatment, but further research is desired [56,57,59]. The nanoparticle-based ra-
diosensitization method is used in proton and particle therapies [60,61]. However, these
methods are based mainly on the wide use of metal nanoparticles, therefore the possible
use of liposome-metal nanoparticle systems in the future is fully open. In our opinion,
liposomes containing gold nanoparticles represent a potential factor that is a good com-
plement to conventional therapies. Such nanostructures can be used as drug carriers in
chemotherapy and at the same time make cancer cells more sensitive to radiation therapy.
Using Lipo-MNPs, a new therapeutic approach in the form of radio-chemotherapy can
be designed.

4. Medical Imaging

Lipid nanoparticles have proven to be excellent potential transporters of agents for
imaging and therapy [13,62,63]. In order to create the best liposomal structure, it is manda-
tory to understand and know their behavior in vivo. Therefore, there is a constant effort to
improve visualization, quantification, and monitoring of liposomes biodistribution using
non-invasive imaging techniques that could further give information about drug release,
for example. To image nanoliposomal structures in vivo, labeling ions are incorporated
into the liposomal membrane, bound to the membrane, or are enclosed in the liposome
interior. There are several contrast agents (CAs) widely used in radiological and nuclear
medicine preclinical and clinical routine, improving the image quality of non-invasive
imaging techniques [64]. In the group of radiological CAs, one can mention gadolinium-
based, manganese-based, iron oxide, and iron platinum contrast agents for magnetic
resonance imaging (MRI) [65], iodine- and lanthanide-based as well as gold, bismuth, and
other metals used as X-ray-computed tomography (CT) contrast agent [66] and phospho-
lipids with sulfur hexafluoride, octafluoropropane, or perfluorobutane for ultrasonography
(USG) [67] (Figure 4).

Nuclear medicine (NM) uses radionuclides for the labeling of specific ligands (radio-
pharmaceutical) that are trapped and metabolized by cancer cells. That makes possible
both functional imaging and therapy if certain conditions are met. Depends on the imaging
technique, radionuclides decay with beta plus process like gallium-68 (68Ga) or fluorine-18
(positron emission tomography, PET), or emit gamma rays at defined energy levels via iso-
meric transition or electron capture process like technetium-99m (99mTc) or iodine-123 (123I)
(single-photon emission computed tomography, SPECT; planar scintigraphy) emitting two
or one gamma photon, respectively. The number of radiopharmaceuticals used for imaging
is seemingly large [68]. However, going deeper into the subject one can recognize that
this group is not so tremendous. The combination of liposomes and metallic nanoparticles
used as contrast agents for mentioned technique proved to have the potential to supports
efficient medical imaging. Research in this area [31,32] has achieved a sophisticated level
that is carefully suited to the diagnosis and treatment. Although, most of the radiological
modalities are freely available and used CAs are much cheaper than the production of
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radionuclides and their use for PET and SPECT scanning, their combination with lipo-
somes suffers mostly from low sensitivity and signal to background. Contrary, nuclear
techniques benefit from whole body capabilities, quantification, high sensitivity, and ab-
sence of tissue penetration issues, but presents limited spatial resolution [68]. For nuclear
techniques, radiolabeling of liposomes was widely described in the literature [13,69–71]
with the use of several different labeling methods [72]. According to Man et al. [68], in
2019, Tc-99m was the most commonly used radionuclide for liposome labeling. The second
was indium-111 (In-111) and then slowly PET radionuclides started to play an important
role with—copper-64 (Cu-64), manganese-52 (Mn-52), and zircon-89 (Zr-89).

Figure 4. The scheme of future usage of liposomes loaded with metallic nanoparticles as the state-
of-the-art contrast agents in medical imaging of patients will enhance the parameters of visuality
and visibility. The red arrow is a symbol of increasing visuality and visibility in MRI imaging after
nanostructures implementation.

The main approach which presented advantages of using LipoMNPs was introduced
by German et al. [73]. The group assessed the efficiency of hybrid nanosystems (magnetite
nanoparticles and liposomes, MFLs) as contrast agents. The magnetite nanoparticles
(MNPs) were synthesized using the chemical precipitation form of Fe (II) and Fe(III) salts
solution in a basic environment [74]. They showed their ability to perform MRI contrast
enhancement in vitro and in vivo using renal carcinoma cells transplanted into rats during
the administration of MFLs into the tumor. The scientists subcutaneously administered
the suspension of renal cell carcinoma (Blokhin Russian Cancer Research Center) cells into
twenty male albino Wistar rats. After the MRI study tissue samples of internal organs of
the rats were taken for histological examination to assess the toxicity of the new contrast
agent, the results revealed that MFLs increase the T1 (transverse relaxation time) parameter
and decrease the T2 (longitudinal relaxation time). According to the authors, MFLs are able
to effectively increase the contrast on T2-weighted images, allowing visualization of the
tumor under both T1 and T2 sequences. The MFLs did not induce any significant changes
in the internal organs due to MFLs’ biocompatibility.

The newest reports [75,76] suggest using liposomes in the area of imaging diagnostics
and treatment in neurology. However, it is worth mentioning that the interest in this topic
started much earlier when Vieira et al. presented a wide review summarizing accomplish-
ments in the field of liposome-based drug delivery across the blood–brain barrier [77].
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Authors have concentrated on liposomal strategies for imaging drug accumulation for the
treatment of ischemic zone and glioma diagnosis. Moreover, the advantage of the presence
of targeting ligands over the liposomal surface was emphasized as an improvement of
the agent retention time in the tumor and its uptake by the cancer cells. Recently, various
neurological studies focus on Alzheimer’s disease and amyloid plaque visualization [78],
lesions in the brain due to HIV infection [79], Parkinson’s disease [80], and stroke [76].

Comparing various medical topics using liposomal delivery systems for imaging and
therapy, oncology is the area with the biggest collection of data referring to its broad ap-
plication. Liposome-nanoparticle hybrids that include metallic components such as: gold
nanoparticles [75,81] or gadolinium nanoparticles (GdNPs) [63,82,83], and ultrasuper-
and superparamagnetic iron oxide nanoparticles (SPIONs)–called magnetoliposomes
(MLs) [60,84,85]—can serve in the visualization of the cancer tissues using CT and MRI.
Liposome-based CAs incorporating gadolinium were the first introduced nanostructure
that has been widely used in various systems [86–88]. Scientists constantly broaden their
research in terms of the administration of newly synthesized contrast agents containing
liposomes and metallic nanoparticles into different types of cancer tissues.

Breast cancer was chosen by several authors as the target for possible imaging with
the use of liposome-nanoparticle hybrids. Experts agree that mammography is the best
available diagnostic tool for the early detection of breast cancer in patients of risk. Mam-
mography is followed then by biopsy and MRI increasing costs of diagnosis. For that
reason, scientists started to look for other alternatives to mammography showing better
sensitivity and specificity [89]. One of them was computed tomography [90].

One year later, the same author [91] published an in vivo analysis of biodistribution
and pharmacokinetics performed using Swiss albino mice proving at the same time multi-
functional capabilities of Lipos Au NPs and their hepatic-biliary and renal clearance. Lipos
were synthesized following the identical protocol [19] with small modifications to achieve
a smaller size of liposomes. The estimated mean diameter of the whole structure was
100–120 nm, where the coating was created by gold nanoparticles of the 5–8 nm diameter
ensuring the renal clearance after biodegradation of core liposome [92]. Lipos Au NPs
were injected i.v. ∼110 µg/400 µL through the tail vein and the analysis of various tissues,
plasma, and urine was performed on days 1, 7, and 14 after injection. The authors observed
that the injected particles were accumulated at the highest rate in the liver and spleen. A
smaller percentage of 2–8 nm particles was accumulated in the kidney and further removed
with urine. An in vivo study was carried out using the HT1080-f luc2-turboFP tumor
xenograft model in BALB/c NUDE mice. When the tumor was around 70 mm3 large,
mice were segregated into three groups of five animals and treated as followed: the first
group by injection of normal saline, the second was treated with laser only, and the third
with laser and by injected Lipos Au NPs (0.5 µg/µL in 30 µL). Results of the experiment
showed that the bioluminescence signal was significantly lower on day 30 in group II
and III compared to group I. Additionally, in four out of five animals in group III, tumor
regressed completely comparing to animals from group I or II which all died naturally.

The interest of breast cancer diagnostics was also focused on MRI and its CAs, namely
superparamagnetic iron-oxide nanoparticles creating negative contrast in T2-weighted im-
ages (spin-spin relaxation time) and gadolinium providing positive contrast in T1-weighted
images (spin-lattice relaxation time). SPIONs have shown great potential in theragnostics
applications like therapy (hyperthermia cancer treatment), targeted drug delivery, and
separation of biomolecules. They respond nicely to external magnetic fields that allow for
directing them specifically to the region of interest. It was shown that SPIONs smaller in
diameter than 10 nm, act as T1 agents whereas bigger than this acts as T2 [85]. Therefore,
SPIONs size control is a critical challenge for their application in MR imaging. Regarding
the agglomeration problem, it can be controlled by coating SPIONs, e.g., with polymers
or lipids [92].

He et al. [70] conducted an experiment using magnetic iron-oxide nanoparticles
(MIONs) bound to liposomes including chemotherapeutic anticancer drug mitoxantrone
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(Mit) creating gonadorelin-functionalized Mit-loaded MLs (Mit-GML). They synthesized
such hybrids in order to assess their effect in both therapy and MRI imaging of human
MCF-7 breast cancer cells implanted into living animal models. A lipid film hydration
method was used to prepare MION-loaded liposomes (MLs). They used the female athymic
nude BALB/c mice with MCF-7 breast cancer cells implanted into their mammary fat pads.
Mice underwent MRI examination after the tumor diameter reached 7–10 mm, with an
aim of demonstrating the diagnostic ability of Mit-GML for targeted detection of cancer
lesions. Images were obtained before and 2 h after contrast injection by a clinical MR
scanner (GE Signa excite 1.5 T). Mit-GML significantly induced the targeted delivery of
Mit to tumor cells with overexpression of LHRH receptors which resulted in inhibition of
tumor cell growth. Results demonstrated an enhanced tumor accumulation of Mit-GML
compared to other cells while analyzing biodistribution of the liposomes in various organs
over 24 h. In a concentration-dependent manner in vitro the T2-weighted MR image of
Mit- GML presented a dark MR contrast signal. The in vivo MRI T2-weighted images
performed 2 h post-injection showed a decrease of signal intensity in the tumors. Cancer
theranostics with Mit-GML presents a new strategy in breast cancer treatment with a strong
need for further investigation.

Zhang et al. [93] created another combination of liposomes and metallic nanopar-
ticles in the imaging diagnosis of breast cancer cells. They synthesized polyethylene
glycol-coated liposomes. After that, SPIONs were incorporated into the core of liposomes
and near-infrared dye (DiR) into the lipophilic bilayer creating hybrid nanostructures
(PGN-L-IO/DiR). The authors used PGN635, a human monoclonal antibody that specifi-
cally targets phosphatidylserine (PS). They conjugated the antibody to the distant terminus
of the polyethylene glycol chain. In vitro targeting specificity and toxicity was charac-
terized with the use of adult bovine aortic endothelial cells (ABAE). Breast cancer cells
MDA-MB-231 were injected subcutaneously on a thigh or both thighs of anesthetized mice.
In vivo T2-weighted FSEMS MRI images were acquired at 9.4 T, acquired before and at
different time points after i.v. injection of PGN-L-IO/DiR. After MRI at 24 h, near-infrared
fluorescence imaging was performed and repeated at 48 h. The results confirmed the
potential of the targeted liposomal–SPION hybrid for sensitive in vivo imaging of breast
cancer cells in mice in a direct and accurate manner. The tumor visualization after i.v.
infusion of PGN-L-IO/DiR was confirmed by both MRI examination and optical imaging.
Irradiation resulted in an increase of PS exposure in MDA-MB-231 cells which confirms
the use of this technique to facilitate the targeting of PGN-L-IO/DiR. The results provide
perspectives for implementing both imaging and therapeutic agents into the PS- targeted
liposomal platform. Recently, Patil-Sen et al. [94] reported on the fabrication of a three-
component composite-magnetoliposome consisting of a SPION-silica core-shell coated
with mesoporous silica and/or outer lipid layer. The aim of the construction of those struc-
tures was to show their potential theragnostic applications in drug delivery and magnetic
hyperthermia. The capability of particles for hyperthermal therapy was also confirmed.
Lipid coating enhanced the dispersion stability and lipid silica-coated SPIONs displayed
significantly shorter T2 time as compared to the bare-SPIONs. The doxorubicin (DOX)
release studies showed an efficiency of 35% for lipid-coated and 58% for silica-lipid-coated
SPIONS. For the in vitro cytotoxicity study, the human fetal glial had a normal cell line
(SVG) p12 and human breast cancer had a commercial cell line (MCF-7). Lipid-coated
nanoparticles (without DOX) have shown excellent biocompatibility in vitro, against both
cell lines. DOX-loaded nanocomposites showed high efficiency and selectivity as drug
carriers against MCF-7 cell lines as compared to SVG p12 (indicative result). All those
results show that a combination of lipid–silica dual coating for SPIONs creates a potential
theragnostics system that can be used for both, diagnostic and targeted drug delivery, in
hyperthermia-mediated cancer therapy.

A recent example of metallic liposomes use for breast cancer studies in nuclear
medicine can be Lee et al. [95]. They reported a clinical trial of HER2-targeted PEGylated
liposomal doxorubicin, labeled with Cu-64 radioisotope (Cu-64-MM-302) showing the en-

15



Int. J. Mol. Sci. 2021, 22, 6229

hanced permeability and retention effect in relation to treatment response of HER2-positive
metastatic breast cancer. The research was driven in a cohort of 19 patients who had ad-
ministrated Cu-64-MM-302 structures and afterward were imaged using PET/CT. Results
showed that particles circulated for over 24 h and accumulated mostly in the liver and
spleen. Retrospective analysis of outcomes related to the delivery of the drug into the
tumor lesions and its high deposition were associated with more favorable treatment
outcomes (HR = 0.42).

The imaging diagnostics of other cancers common in women that drew the attention
of the scientists was visualization and monitoring of the therapy effects on ovarian cancer.
According to Bray et al. [96], ovarian cancer is one of the most common cancers risking
women’s health and has the worst prognosis and mortality rate. Ravoori et al. [97] investi-
gated a new contrast agent that could perform in both staging in the pre-surgery planning
under MRI and optical aid in the surgical operation. They synthesized dual gadolinium
liposomal contrast agent (DM-Dual-Gd-ICG) and used human ovarian cancer HeyA8 cells
and OVCAR-3 cells injected into nude female mice. Increased T1-weighted MR signal and
NIR signal were visualized in mice tumors injected with DM-Dual-Gd-ICG after two days.
Results suggest potential clinical use in multimodal imaging that can be beneficial in the
diagnosis and treatment of advanced ovarian cancer stages.

Chen et al. [98] synthesized a novel molecular imaging nanoprobe with the ability
to perform as a dual modality in MRI and NIRF. The most important integrin for angio-
genesis in many solid tumors, e.g., liver cancer, indocyanine green (ICG), was used as a
NIRF dye. The synthesized probe consisted of SPIO@ Liposome bound to ICG and RGD
(peptide: arg-gly-asp). They used HepG2 liver cancer cell lines for cytotoxicity assessment
as well as integrin binding. In vivo imaging was performed in Balb/c male nude mice
with a subcutaneous tumor acquired from injecting HepG2 cells. Scientists distributed
intravenously the SPIO@Liposome-ICG-RGD in mice and observed their effect in both
fluorescence imaging and MRI with a dual-modality technique. The study showed clear
tumor delineation after SPIO@Liposome-ICG-RGD probe injection. The contrast-to-noise
ratio obtained from MRI was helpful for detecting smaller tumors (0.9 ± 0.5 mm). The
small tumors appeared to be much brighter than the surrounding normal liver tissue while
using the fluorescence surgical navigating system. SPIOs represent the first nanoparticle
MRI contrast agents in clinical use and show excellent biocompatibility and performance
in the visualization of the tissues. Moreover, ICG is the only NIR dye approved by the
FDA for diagnosis in clinical applications. The authors suggest a profound value in clinical
practice by stating an example of patients with liver cancer exhibiting similar degrees
of metastasis.

Very interesting results of gadolinium–lipid complexes containing PE-DTPA (chelat-
ing Gd+3) are presented by Šimečková et al. [99]. Structures were prepared using the
lipid film hydration technique. Their cytotoxicity was tested in human liver cancer
HepG2 cells, liver non-differentiated progenitor HepaRG cells, and HepaRG cells dif-
ferentiated into both, hepatocyte-like and biliary epithelial cell populations. No toxicity
and side effects were detected indicating the potential safety of the synthesized liposomes.
Lorente et al. [100] chose colon cancer as a target of theragnostic therapy. Their MLPs
(γ-Mag-NP-LPs) were synthesized using maghemite nanoparticles (γ-Fe2O3) incorporated
in phosphatidylcholine (PC) liposomes. These magneto liposomes were tested in the
human colon fibroblast CCD-18 cell line, human colon carcinoma T-84 cell line, and the
murine macrophages RAW cell line. The cytotoxicity of NPs in macrophages, lymphocytes,
and erythrocytes was also tested. The authors observed γ-Mag-NP-LPs internalization
into tumor cells with the use of transmission electron microscopy (TEM) and Prussian
Blue staining. In order to determine qualitatively the magnetic-induced mobility of cells
treated with γ-Mag-NP-LPs, authors used T-84 cells. After 24 h, cells were treated with
10 and 100 µg/mL of γ-Mag-NP-LPs. The results presented satisfactory magnetic and
biological properties of the MLPs in vitro, including a high degree of biocompatibility.
Biosecurity in clinical use was confirmed by analyzing the ability to produce lysis of human
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blood cells and no increase in lysis was observed. The results suggest that the properties
of γ-Mag-NP-LPs, make them acceptable for their loading with chemotherapeutic drugs
or for hyperthermia treatment. In 2017, Blocker [101] published results of MM-DX-929
(Merrimack Pharmaceuticals, Inc., Cambridge, MA, USA) liposomes labeled with Cu-64
(64Cu-MM-DX-929) for PET imaging. The aim of the study was to capture the image of
the effect of short-term Bevacizumab treatment on liposome delivery to the colon tumor.
In vivo studies were carried out in HT-29 human colorectal adenocarcinoma tumors grown
in severe combined immunodeficient mice (SCID). Animals received around 200–300 µCi
of 64Cu-MM-DX-929 (20 µmol/kg lipid) i.v. via the tail vein. PET imaging was followed by
CT scanning for the same period of time. As a consequence, authors showed that positron
emission tomography can detect significant differences in liposome delivery to treated
colon tumors when compared to untreated controls using MM-DX-929 labeled with Cu-64.

Thebault et al. [102,103] presented a novel approach with the implementation of therag-
nostic MRI liposomes for cancer imaging. In the work [102], the authors aimed to evaluate
the magnetic targeting (MT) efficiency of synthesized ultra-magnetic liposomes (UML)
for MRI imaging. They used CT26 murine colon tumor in Balb/C female mice. The MT
method allowed an efficient semi-quantitative evaluation of targeting efficiency in tumors
with a possibility of implementing this technique to different T2 contrast agents. In their
next study [103], authors proposed a very compelling therapeutic strategy that consisted
of the magnetic accumulation of thermosensitive ultra-magnetic liposomes encapsulating
iron oxide nanoparticles (UML) and an antivascular disrupting agent combretastatin A4
phosphate (CA4P). They used the High-Intensity Focused Ultrasound (HIFU) technique to
trigger the release of CA4P in a colon tumor. The whole process was monitored by MRI
examination. Firstly, scientists studied the effect of CA4P-UML and their ability to damage
the cytoskeleton of EAhy-926 endothelial cells. In order to evaluate the perfusion in the
tumor 24 h after the treatment, the authors performed a Dynamic Contrast-Enhanced DCE
perfusion protocol. CA4P-UML showed a dual effect of magnetic targeting and MRI moni-
toring. The full combination consisting of UML containing CA4P with magnetic targeting
and local ultrasound to trigger the CA4P release provided a statistically significant decrease
of the tumor volume. MRI bioimaging proved the benefits of this therapy in vivo with the
functional decrease of the vasculature in terms of permeability as well as the reduction of
growth of the tumor. Scientific publications about using LipoMNPs in medical imaging
were collected in the Table 2.

In our point of view, Lipo-MNPs are much more often used in medical imaging than
in therapy. Such nanostructures can be observed in almost all commonly used imaging due
to the metallic core of the nanostructures. This design allows for better results and imaging
parameters. However, we have noticed that the conducted research is also associated with
many limitations, which should be taken into account in the future.
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Table 2. Selected applications of liposomes with metallic nanoparticles in medical imaging.

Author Year Nanostructures Synthesis Method
Nanostructures’

Size
Cell/Tissue

Kind of
Therapy

Results

German
[72] 2015

Magnetite nanoparticles
(MNPs) in magnetic fluid
loaded liposomes (MFLs)

chemical precipitation
form of Fe(II) and

Fe(III) salts solution in
basic environment;
extrusion technique

NPs: 13 nm
MFL size: 147 nm

Renal cell carcinoma
administered

subcutaneously into
twenty male Wistar

albino rats

MRI

Increase of T1, decrease of
T2 time; visualization of
the tumor under both T1

and T2 sequences

He
[104] 2014

magnetic iron-oxide
nanoparticles (MIONs);

gonadorelin-
functionalized

Mit-loaded MLs
(Mit-GML)

lipid film
hydration

Mit-GML
size-136 nm

MCF-7 breast cancer
cells implanted into

female athymic nude
BALB/c mice

MRI

Enhanced tumor
accumulation of Mit-GML;
2 h post injection decrease

in T2 signal intensity
in tumors

Zhang
[92] 2014

super-paramegnetic
iron-oxide nanoparticles

(SPIONs), hybrid
nanostructures

(PGN-L-IO/DiR)

lipid film hydration PGN-L-IO/DiR
size: 111 nm

MDA-MB-231 breast
cancer cells injected
subcutaneously into
nude BALB/c mice

MRI

tumor visualization: 24 h
post injection hypointense

intratumoral
regions appeared

Patil-Sen
[93] 2020

composite-
magnetoliposome

hybrid: SPION-silica

co-precipitation, thin
film hydration,

surfactant
templating approach

hybrid size:
150 nm

MCF-7 breast cancer
cells, fetal glial normal

cell line SVG -12
MRI proven use as a negative

contrast in MRI imaging;

Lee
[94] 2017

PEGylated liposomal
doxorubicin, labeled

with Cu-64 radioisotope
(Cu-64-MM-302)

no information no information

HER2-positive
metastatic breast

cancer
cells—19 patients

PET/CT

Particle tumor
accumulation and

visualization in
imaging techniques

Ravoori
[96] 2016

dual gadolinium
liposomal contrast agent

(DM-Dual-Gd-ICG)
lipid film hydration <150 nm

HeyA8 or OVCAR-3
ovarian cancer cells,

intraperitone-al
injection

MRI
Increased T1-weighted MR

signal and NIR signal
in tumors

Chen
[97] 2017 SPIO@ Liposome bound

to ICG and RGD
film method followed

by extrusion <150 nm

HepG2 liver cancer
cells subcutaneously

injected into ten Balb/c
nude mice

MRI

clear tumor delineation
after probe injection,

contrast-to-noise ratio
helpful for detecting

smaller tumors
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Table 2. Cont.

Author Year Nanostructures Synthesis Method
Nanostructures’

Size
Cell/Tissue

Kind of
Therapy

Results

Blocker
[100] 2017 MM-DX-929 liposomes

labeled with Cu-64

empty MM-DX-929
liposomes were

provided by
Merrimack

Pharmaceuticals

104 nm

HT-29 human
colorectal

adenocarcinoma cells
grown in SCID mice

PET, CT

MM-DX-929 labeled with
Cu-64 detect significant
differences in liposomes
delivery to treated colon

tumors when compared to
untreated controls.

Thebault
[102] 2020

CA4P-loaded
thermosensitive Ultra
Magnetic Liposomes

(CA4P-UML)

co-precipitation
method, reverse-phase

evaporation method
209 nm

CT-26 murine colon
tumor in Balb/C

female mice
MRI

decrease of the tumor
volume and vasculature

observed in MRI

Abbreviations: ICD—indocyanine green, RGD-Arginine-Glycine-Aspartic peptide, CA4P—combretastatin A4, PEG-polyethylene glycol, MRI—magnetic resonance imaging, PET—positron emission tomography,
CT—computed tomography PGN—human antibody PGN635, L-liposome, IO—iron oxide, DiR—near-infrared dye, SPION- super-paramegnetic iron-oxide nanoparticle, MION—magnetic iron-oxide
nanoparticle, UML—ultra magnetic liposomes, MM-DX-929—64Cu-liposomal doxorubicin PET Agent (Merrimack Pharmaceuticals, Inc. Cambridge, MA, USA), MM-DX-302 -HER2-targeted antibody–liposomal
doxorubicin conjugate (Merrimack Pharmaceuticals, Inc. Cambridge, MA, USA), SCID—Severe combined immunodeficient mice.
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5. Future Perspectives

The combination of liposomes and metallic nanoparticles has allowed the practical de-
sign of nanoscale devices combined with numerous functional molecules, including tumor-
specific ligands, antibodies, anti-cancer drugs, and imaging probes. Moosavian et al. [30]
presented the challenges and limitations in the development of liposomal drug delivery
systems in anti-cancer therapies. They emphasized that researchers, in the future, should
focus on better preparation of liposomes that would be more efficient in clinical trials. More-
over, it was suggested that results obtained on selected animal models are overestimated
and show inadequate effects of liposomes, which will not occur in clinical implementation.
A similar tendency can be observed in the above-presented works related to the use of
systems consisting of liposomes and metallic nanoparticles. None of the teams considered
several models or the optimization process of the method of obtaining liposomes. It would
be recommended to describe the differences between individual variants of liposomes that
differ in size, composition, or other biofunctionalizations. Moreover, researchers focus only
on describing the effect of therapy of liposomes on cancer cells without taking into account
the description of their biointeractions with biological matter [105]. Considering the ra-
diosensitization effect of metallic nanoparticles on cells, it is important to clear the spatial
relationship between the distribution of oxygen molecules and hypoxic tumor regions. It is
necessary to optimize the conditions and time of reoxygenation in the area of the tumor
microenvironment after the application of active nanostructures and radiotherapy. The
relationship between liposome internalization and hypoxia is still unknown.

Furthermore, scientists should focus on targeting the transport of nanostructures
towards specific cell organelles. Most studies only consider liposome targeting due to
ligands and receptors on the surface of cancer cells. This is a logical approach to target
engineered nanostructures directly to enter the cell, but liposome performance inside the
cell is poorly understood. Hybrid liposomes action should show selectivity for given
organelles depending on the desired effect. Researchers observe that nanoparticles released
from the liposomes should reach the mitochondria to impair the functioning of the cell, or
directly the nucleus, especially in gene therapy or in the regulation of protein metabolism.

We assume that in the future, scientists should use more models in experiments, using
different cell lines, normal and cancer ones. However, when doing in vivo experiments,
they should also focus on the influence of nanostructures on healthy tissues, highlighting
the given key parameters that have a selective effect between normal and cancer cells.
In addition, more attention should be paid to the more careful planning of fabricated
nanostructures in order to be able to present the reasons why one component was used
for synthesis. Our conclusions should help scientists learn from previous studies and plan
better, more refined treatment or imaging strategies.

6. The Various Development Methods of Lipo-MNPs

The nanotechnology era has introduced various novel synthetic strategies in the area
of controlled drug delivery. Liposomes are attractive biomimetic nanocarriers characterized
by their biocompatibility and high loading capacity [106]. The constantly growing literature
database in the field of liposomology, covering complementary studies from different fields,
is an indication of increasing interest in this research area. Many techniques and method-
ologies have evolved for the preparation of liposomes, on small and large scales, since
their introduction to the scientific community around 40 years ago [107]. Incorporating
drug molecules into nanocarriers offers exciting opportunities to redefine the pharma-
cokinetic behavior of the drug, improving its therapeutic efficiency and reducing side
effects [108–110]. Several types of drug delivery nanocarriers based on organic platforms
such as liposomes, polymers, and dendrimers have been used as “smart” systems that
can release therapeutic agents under physiological conditions [109]. Synthetic liposomes
are small artificial vesicles of spherical shape that can be created from cholesterol and
natural nontoxic phospholipids. Liposome properties differ considerably with lipid com-
position, surface charge, size, and the method of preparation [M1]. These nanostructures
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increased the efficacy and therapeutic index of the drug, stability via encapsulation. They
are non-toxic, flexible, biocompatible, completely biodegradable, and non-immunogenic
for systemic and non-systemic administrations [111].

We have highlighted here various methods of liposome preparation. General methods
of preparation include four basic stages: (1) drying down lipids dissolved before in the
organic solvent, (2) dispersing the lipid in aqueous media, (3) purifying the resultant
liposome, (4) analyzing the final product (polydispersity, stability, etc.) [112]. It should be
noted that only a few of the conventional liposome preparation procedures are capable of
entrapping large quantities of water-soluble agents [113]. Bioactive agents can be entrapped
in lipid vesicles by the conventional methods of reverse-phase evaporation technique [114],
ether injection/vaporization technique [115,116], and freeze-thaw method [117], just to
name a few.

While there are already existing drug delivery systems—e.g., liposomes, available for
treatment—the effective loading and retention of the expected drug ratio can be challenging.
Liposome preparation protocols vary depending on their intended application. Moreover,
the continuous development of synthesis methods and the advancement of the resulting
nanostructures is noticeable. In addition to conventional liposome synthesis methods,
we would like to present examples of other systems consisting of metals and liposomes.
Illes et al. [118] proposed a new type of drug carrier: liposome-coated metal-organic
framework (MOF) nanoparticles. These systems combine the advantages of liposomes
with an easy and efficient loading process. They also presented the successful synthesis of
liposome-coated MOF nanoparticles via the fusion method. The resulting nanostructure,
once loaded, show no premature leakage and an efficient release. The successful loading
of these nanovehicles with both single and multiple drugs at the same time makes them
a promising candidate for use in combination therapy. Wuttke et al. [119] presented
novel metal–organic framework nanoparticles encapsulated by a lipid membrane. They
demonstrated that the MOF@lipid system can effectively keep dye molecules inside the
porous scaffold of the MOF while the lipid bilayer precludes their premature release. The
group employed fluorescence microscopy in order to demonstrate the high uptake of
lipid-coated nanoparticles by cancer cells. Considering the various ways to synthesize
different functionalized MOF nanoparticles as well as the richness of lipids with diverse
functions, MOF@lipid nanoparticles have great potential as a novel hybrid nanocarrier
system. It is worth noting that, the MOF core is capable of storing different active ligands
such as drugs or molecules used for imaging and diagnosis. Moreover, the lipid shell could
be used for the incorporation of targeting or shielding molecules (e.g., PEG) as well as for
the creation of controlled release mechanisms.

Metal nanocarriers are emerging structures that can enhance the therapeutic activity
of many drugs by improved release and targeted potential, however numerous barriers,
such as colloidal instability, cellular toxicity, and poor cellular uptake, restrain their ap-
plicability in vivo. The nanohybrid systems offer to overcome these limitations and to
combine the properties of liposomes and metal nanocarriers for effective theragnostic drug
delivery systems [106].

7. Conclusions

The term “theragnostic”, introduced in 1998 by J. Funkhouser, means the ability to
combine therapy and diagnostics of disease at the same time. Determining this was an
important step forward towards personalized medicine. The possibility of combining
nanoparticles bound to liposomes with drugs offers a chance of implementing this idea
of the approach to the disease [71,120]. LipoMNPs are a promising step forward in a
more accurate visualization of the tissues and structures in imaging diagnostics [31]. It
is possible because of the biological properties of liposomes and the ability of metallic
nanoparticles to facilitate the imaging process [5]. Researchers in recent years analyzed
such combination and their effect on several cancer cells of different types both in vitro
and in vivo assessing the cytotoxicity and safety of this novel type of contrast agents [70].
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The results [6] show the true potential of LipoMNPs in the novel approach to the idea
of theragnostic treatment. Before an implementation to the clinic, there is a strong need
for further investigation. Researchers should focus on multiple implementations of once
synthesized liposome-metallic particles contrast agents in different types of cancer cells.
There is a need for finding an optimal synthesis technique, resulting in a more universal
hybrid that can be applied to different cancerous tissues with the ability to target drugs
suited to the cancer characteristics. Future progress requires possible clinical trials preceded
by numerous in vivo studies as well as more research towards the use of clinical diagnostic
imaging machines in visualizing the liposome-nanoparticle hybrids [62]. Moreover, there
is still a lack of knowledge about biointeractions between nano hybrids and cancer cells.
The level of conducted experiments is advanced because investigators have designed new
strategies on the basis of previous results.
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Abstract: The synthesis and assembly of nanoparticles using green technology has been an excellent
option in nanotechnology because they are easy to implement, cost-efficient, eco-friendly, risk-free,
and amenable to scaling up. They also do not require sophisticated equipment nor well-trained
professionals. Bionanotechnology involves various biological systems as suitable nanofactories,
including biomolecules, bacteria, fungi, yeasts, and plants. Biologically inspired nanomaterial fabrica-
tion approaches have shown great potential to interconnect microbial or plant extract biotechnology
and nanotechnology. The present article extensively reviews the eco-friendly production of metalloid
nanoparticles, namely made of selenium (SeNPs) and tellurium (TeNPs), using various microorgan-
isms, such as bacteria and fungi, and plants’ extracts. It also discusses the methodologies followed
by materials scientists and highlights the impact of the experimental sets on the outcomes and
shed light on the underlying mechanisms. Moreover, it features the unique properties displayed
by these biogenic nanoparticles for a large range of emerging applications in medicine, agriculture,
bioengineering, and bioremediation.

Keywords: SeNPs; TeNPs; nanofactories; biosynthesis; biomass; mechanistic aspects; bioactivity;
bioapplications; sustainability

1. Introduction

Nanotechnology has become one of the most promising interdisciplinary technologies,
connecting physics, chemistry, biology, materials science, electronics, and medicine [1].
The quantity of engineered nanoparticles (NPs) is expected to increase significantly in the
years to come as they receive growing global attention due to their attractive properties,
multifunctionalities, unique characteristics, and innovative applications in different in-
dustrial and scientific domains [2–6]. Several physical and chemical methods have been
extensively explored to fabricate NPs, such as laser ablation [7,8], coprecipitation [9,10],
hydrothermal route [11,12], solvothermal route [13,14], sol-gel process [15,16], polyol pro-
cess [17,18], electrochemical methods [19,20], sonochemistry [21,22], and microwave-
assisted methods [23,24]. However, the use of toxic chemicals and/or the generation
of harmful byproducts limit their application in clinical fields. Thus, materials scientists
rely on a plethora of precursors and reducing/stabilizing agents from biological resources
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to produce environmentally friendly NPs to lower or eliminate the use and generation
of hazardous chemicals [25–27]. Such biosystems include natural biomolecules [28–31],
plants [32–34], algae [35–40], bacteria [41,42], yeast and fungi [43,44]; these biological en-
tities exhibit high reductive capacities due to the presence of enzymes, proteins, lipids,
sugars, and metabolites. Overall, the biological-mediated synthesis of metallic and metal-
loid nanoparticles is a single-step, bioreductive process that follows a bottom-up approach
and involves the reduction of metal ions dissolved usually in aqueous solutions at room or
mild temperature and atmospheric pressure [33,45,46].

Nanoparticles have remarkable advantages over bulk materials, such as a larger sur-
face area, higher surface energy, spatial confinement and reduced imperfections [47]. Their
features, such as the size, morphology, chemical composition, surface functionality, and
crystallinity, play an important role in determining their potential applications in numerous
fields, such as biomedicine, nanobiotechnology, agriculture, pharmacology, optoelectronics,
etc. [48–50]. Over the past few years, selenium and tellurium have become chalcogenides
of great interest owing to their unique photoconductive and thermoconductive proper-
ties [51]. They are known as “E-tech” elements with characteristics similar to that of sulfur
and are fundamental constituents of photovoltaic solar panels, electronic devices, and
alloys [51,52].

Selenium is an essential trace element for life [53,54]. It is an allotropic nonmetal
usually red and grey present in nature under three forms: amorphous, crystalline trigonal
with helical chains, and crystalline monoclinic (α, β, γ) with Se8 rings [6]. The synthesis
of selenium nanoparticles (SeNPs) by microorganisms and plants induces variations in
their crystallinity, morphology, and size due to the diversity of the followed biological
methodologies, reducing enzymes and biosurfactants [55]. Although some investigations
have reported the biosynthesis of SeNPs under aerobic and anaerobic conditions, aero-
bic microorganisms have generated the ideal outcomes [56]. The process typically reduces
selenite (Se(IV)) or selenate (Se(VI)) species into elemental selenium (Se(0)). Se-based nano-
materials exhibit chemotherapeutic and chemopreventive features, antioxidant properties,
low cytotoxicity, and anticancer efficacy, making them a useful tool in nanomedicine [57,58].
They also have a strong, dose-dependent antimicrobial effect on various microorganisms’
growth and propagation [56].

Tellurium is a metalloid present in nature as a soluble oxyanion under four oxidation
states: −2 (H2Te), +2 (TeO2

2−), +4 (TeO3
2−), and +6 (TeO4

2−). It can be toxic in very low
concentrations (1 µg mL−1) [59]. Recently, the conversion of tellurite to black elemental
tellurium including extra/intracellular accumulation, volatilization, and methylation,
has piqued the interest of researchers [60]. Tellurium nanoparticles (TeNPs) have become of
interest in research and industry due to their excellent biocompatibility [61], antimicrobial,
antioxidant and anticancer activity [62,63], and their ability to reduce cholesterol and
triglyceride levels [64]. The high efficiency of microorganisms to transform metalloid
oxyanions to less toxic elemental forms results in toxicity reduction and increased selenium
and tellurium bioavailability [65]. Moreover, the same microorganisms provide exceptional
bioremediation tools and technological applications due to their ability to biorecover
the cations of these metalloids and promote the subsequent production of Se and Te
nanomaterials [51,66–70]. The principal applications of biogenic SeNPs and TeNPs are
summarized in Figure 1.
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metalloids’

– –

Figure 1. Applications of selenium nanoparticles (SeNPs) and tellurium nanoparticles (TeNPs).

The present review aims at providing a comprehensive insight upon the emerging
routes implemented for the biosynthesis of SeNPs and TeNPs using various microorgan-
isms and plants via different methodologies. It also elaborates on the underlying mecha-
nisms that govern these bioprocesses, describes the unique biological properties of these
metalloids’ nanomaterials, and discusses their diverse applications in the biomedical field.

2. Green Synthesis of Inorganic Nanoparticles Using Microorganisms

The holy grail in nanotechnology consists in elaborating cost-effective and environ-
mentally friendly approaches for the synthesis of nanomaterials that modulate their size,
morphology, assembly, and colloidal stability [71]. The biosynthesis of inorganic nanopar-
ticles is generally implemented in aqueous media at room temperature or mild heating
and atmospheric pressure [26]. Those are simple conditions that engage the production
of high-quality nanomaterials. In that sense, these NP biosynthetic methods that rely
on microorganisms, such as bacteria, fungi, microalgae, yeast and viruses, and plants
are fully eco-friendly approaches [42]. These microbial and plant-assisted methodologies
provide easy, inexpensive, and nontoxic routes to yield NPs that exhibit a diversity of sizes,
shapes, and composition along with unique physicochemical attributes and outstanding
biological properties.

Nature has devised several reliable, cost-effective, nontoxic, clean, and ecofriendly
biological techniques to produce SeNPs and TeNPs [72,73]. Green nanotechnology employs
natural biological resources, such as bacteria, fungi, yeast, algae, plants, and viruses, and,
most often, water as the solvent. To achieve the fabrication of monodispersed, highly
stable NPs with a desired size and controlled morphology, the biomolecular machinery
availability is needed [74]. The main benefit is that microorganisms are effective tools that
act as nanofactories avoiding thus the use of and/or generation of harsh, toxic chemicals.
They also have the ability to accumulate and detoxify heavy metals due to various reductase
enzymes that reduce metal salts to metallic nanoparticles with a narrow size distribution
and, therefore, less polydispersity [75,76]. Biological processes usually occur at mild
conditions, i.e., ambient temperature and atmospheric pressure, and do not require skilled
professionals nor sophisticated equipment making them amenable to controlled and scale-
up procedures [74]. However, they also present some limitations related to NP composition,
crystallinity, morphology, and size distribution.

Recently, the extra- and intra-cellular microbial production of metallic/metalloid NPs
have been studied [27,33,41,43–45,77–79]. In extracellular formation, the added metal salts
are transformed into NPs in the culture broth or attached to the cell membrane. Conversely,
the intracellular process first transports the metal ions through the cell membrane, i.e., in-
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ternalization, to the cell interior where the nanoparticles are formed. Then, these internally
formed NPs are released to the supernatant using several procedures, such as the cell lysis,
to be recovered and purified [72,74,80]. The following sections describe the outstanding
role played by different microorganisms, namely bacteria, fungi and yeast, and plants in
the biosynthesis of SeNPs and TeNPs.

3. Parameters Affecting the Green Synthesis of Metalloid Nanoparticles

Various factors, such as the precursor, biomass type, temperature, pH, and reaction
time, govern the production and stabilization of SeNPs and TeNPs by microorganisms.
The pH is an important factor that determines the shape, size, and composition of the
NPs [80,81]. For instance, Wu et al. reported the formation, at pH 8, of effectively dispersed
spherical SeNPs of 60 nm in diameter in epigallocatechin-3-gallate (EGCG). However, the
protonation of the EGCG in acidic conditions (pH 1.0) rapidly induced the aggregations of
these NPs as their dimensions reached 300 nm within the first 3 min resulting eventually
in the loss of their nanoscale features [82]. According to Akçay and Avcı, the maximum
yield occurred at pH 7 and 8 [83] while Kuroda et al. reported the optimum reduction rate
at pH values of 6–9 for selenite and 7–9 for selenate [84]. Wadhwani et al. demonstrated
the synthesis of SeNPs in a pH range of 4–10 [58]. No synthesis occurred at pH 2 and
1.5 mM of sodium selenite due to the presence of less functional groups that are required
for the reduction process. The precursor concentration can also control the NP shape and
size. For example, the same study by Wadhwani et al. proved that spherical and rod
morphologies of the SeNPs appear at 3.0 mM Na2SeO3 while only spheres are observed at
1.5 mM of the same precursor [58].

Green approaches for the synthesis of SeNPs and TeNPs are cost- and energy-efficient,
requiring lower temperatures compared to their chemical or physical counterparts [58].
The temperature is found to be a factor that leads to the formation and then aggregation of
SeNPs [85]. For instance, the reduction process occurs at temperatures up to 40 ◦C using
Acinetobacter sp. SW30 and higher temperatures (around 80 ◦C and 100 ◦C) may lead to the
aggregation of the SeNPs into nanorods [58]. It is relevant to indicate that, in the case of
bacteria, elevated temperatures (>45 ◦C) may block the normal biosynthesis of SeNPs [86].
Likewise, high temperatures (over 60 ◦C) and low temperatures (below 25 ◦C) reduce
the efficiency of inorganic NP production using fungi [87,88]. Moreover, the incubation
time plays a significant role in the quality and morphology of the NPs. In the case of
most bacteria, the average incubation time ranges from 24 to 72 h, but long incubation
periods may cause NPs to aggregate, grow, or shrink [89]. The properties of NPs may
have a lifetime, but extended exposure times can induce metastable changes to the surface
morphology, crystallinity, and optical absorption of nanostructures [90].

The concentration of precursors and reducing/surfactant agents are also critical to
control the growth and morphology of the nanoparticles [26,91–93]. The precursor concen-
tration can have a strong influence on the color intensity and rate of change during the
NP formation process [94,95]. Se (Na2SeO4, Na2SeO3, SeO2) and Te (Na2TeO3, K2TeO3)
precursors along with the pH and reaction time are tuned to produce metalloid nanostruc-
tures of different sizes [49,96] and shapes (e.g., SeNPs, Te nanorods (TeNRs), Te nanowires
(TeNWs), and Te nanotubes (TeNTs)) [97,98]. Additionally, the size of SeNPs is determined
by the initial precursor concentration [99]. The tolerance towards selenium oxyanions
can be evaluated by exposing the microorganisms to different precursor concentrations.
For example, Presentato et al. evaluated the bioconversion yield and rate of 0.5 and
2 mM of SeO3

2− into thermodynamically stable Se(0) nanostructures considering uncondi-
tioned and conditioned physiological states of the actinomycete Rhodococcus aetherivorans
BCP1 [99]. The results showed that the initial precursor concentration had a strong effect
on the size and size evolution of the obtained SeNPs. For instance, the smallest Se NPs
that are obtained at the lowest concentration evolve to form Se nanorods (SeNRs). On the
other hand, the longest SeNPs obtained at the highest concentration eventually form the
shortest SeNRs. The strain Phomopsis viticola has the same degree of inhibition, in terms of
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biomass production, when incubated in the presence of SeO3
2− or TeO3

2− [100] whereas
two strains of Aspergillus, A. flavus DSMZ 1959 and A. parasiticus DSMZ 1300, were less
inhibited by SeO3

2 compared to TeO3
2− [100]. However, Wang et al. found that different

sodium selenite concentrations did not affect the size and morphology of the produced
SeNPs using Bacillus subtilis [101].

To optimize SeNP bioproduction, the selenium precursor concentration (sodium selen-
ite) varied from 10 to 30 mM and the impact of the pH and reaction time was assessed [102].
Besides, statistical optimization techniques might be used for the design of the experiment,
such as the response surface methodology (RSM) [102,103]. Overall, the yield of NP synthe-
sis has a direct correlation with the precursor concentration: the higher the concentration,
the greater the production. Moreover, it can be suggested that the lower the precursor
concentration and temperature, the smaller the size of produced NPs (vide infra).

4. Techniques of Characterization

The characterization of metalloid NPs is needed to correlate their physicochemical
properties to their biological effects and toxicity [49,104–107]. The initial physicochemical
characterization of these NPs is carried out by using a myriad of routine lab techniques to
analyze their shape, size and size distribution, porosity, surface chemistry, crystallinity, and
dispersion pattern [108]. The most widely used techniques include UV-visible (UV-Vis)
spectroscopy, luminescence spectroscopy (LS), scanning electron microscopy–energy disper-
sive X-ray spectroscopy (SEM-EDX), transmission electron microscopy (TEM), Fourier trans-
form infra-red spectroscopy (FT-IR), X-ray diffraction (XRD). XRD confirms the presence
of NPs and determines their lattice structure, crystallinity, and crystallite size using the
Debye–Scherrer equation [21]. Electron microscopy techniques, such as TEM and SEM,
enable the study of NP shape and size to deduce their size distribution along with ele-
mental composition (EDX) [21,109]. According to Kapur et al., magnified field emission
scanning electron microscopy (FESEM) images provide information about the nature and
composition of the NPs [108]. The FTIR is an efficient technique that provides reproducible
analyses used to reveal the presence of functional groups at the NP surface. These groups
may be involved in the reduction of the metal ions and/or the NP capping that ensures
the colloidal stability [58,95]. In addition to determining the surface charge (z-potential) of
the NPs, the dynamic light scattering (DLS) provides the NP hydrodynamic diameter and
good insight into their stability/aggregation by measuring their Brownian motion [108].
The atomic force microscopy (AFM) provides quantitative information about length, width,
height, morphology, and surface texture of NPs through a tridimensional visualization [56].

5. Microbial Biosynthesis of Selenium Nanoparticles

5.1. Using Bacteria

In recent years, the biosynthesis of Se-containing NPs using bacteria has been reported
as a new environmentally friendly route that offers tremendous advantages, such as easy
handling, short synthesis times, and simple genetic manipulation [101]. Various bacteria
reduce inorganic selenite (SeO3

2−) or selenate (SeO4
2−) to elemental red selenium Se(0)

nanoparticles of various morphologies including spherical, hexagonal, polygonal, and tri-
angular ones [109]. The academic community has extensively explored the aerobic and
anaerobic bacteria involved in the production of SeNPs (Table 1) through various reduction
pathways under both aerobic and anaerobic conditions [56,73,110–113]. However, further
investigations are required to fully determine the underlying biochemical pathways and
the biochemicals that govern these processes.
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Table 1. Biosynthesis of SeNPs using bacteria.

Species Localization Precursor
Concentration

(mM)

Incubation
Temperature and

Time
Size (nm) *

Color and
Shape

Z-Potential
(mV)

Sample
Quantification

Activity/Application Ref.

Staphylococcus
carnosus

Intracellular Na2SeO3 1−5 37 ◦C for 72 h 439–525 Red
Spherical

−26.13 and
−20.40

Cocktail of
proteins derived
from S. carnosus

Agriculture
Future medicine [109]

Bacillus mycoides
Stenotrophomonas

maltophilia

Cell free
extract Na2SeO3 2 27 ◦C for 6 h or 24 h 160–171 Spherical −70 and −80

C: 73–75%
O: 10–11%
Se: 9–11%
P: 3–5%
S: 1%

Antibacterial
Antibiofilm [114]

Acinetobacter
schindleri

Staphylococcus sci-
uriExiguobacterium

acetylicum
Enterobacter cloacae

Near the cell
membrane Na2SeO3 10–50 25 or 37 ◦C for 24 h ~100

Spherical
Transformation

to nanowires
N/A Se: 83.9% Antibacterial [115]

Stenotrophomonas
bentonitica

Intracellular
Extracellular Na2SeO3 2 28 ◦C for 48 h 30–400 (~34)

Orange-red
Spherical

Hexagonal
Polygonal
Nanowires

N/A
Extracellular
flagella-like

proteins

Bioremediation,
Safety of deep

geological repository
systems

[74]

Shewanella sp. N/A Na2SeO3 0.01–1.0 30 ◦C for 24 h 1–20 Spherical N/A N/A N/A [116]

Bacillus sp.
Intracellular.

Associated to
cell debris

SeO2 1.26 30 ◦C for 24 h 80–220 Red
Spherical –16.3 Se: 100%

Anticancer
Antibiofilm

Antiparasitic
Antioxidant

[117–120]

Azoarcus sp.
Extracellular
Associated to

cell debris
Na2SeO3 1–8 30 ◦C for 24 h 123 Orange

Spherical N/A N/A Agriculture
Bioremediation [121]

Acinetobacter sp. Intracellular Na2SeO3 0.1–4 30 ◦C for 24 h ~100

Red
Spherical

Rod shaped
polygonal

+10
Proteins
Amines
Amides

Anticancer [58]

Duganella sp.
Agrobacterium sp.

Cell surface
Extracellular

polymeric
substances

(EPS)Culture
medium

Na2SeO3
Na2SeO4

4 g L−1

2 g L−1 28 ± 2 ◦C 100–220 Red
Spherical N/A Proteins Agriculture [110]
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Table 1. Cont.

Species Localization Precursor
Concentration

(mM)

Incubation
Temperature and

Time
Size (nm) *

Color and
Shape

Z-Potential
(mV)

Sample
Quantification

Activity/Application Ref.

Burkholderia
fungorum

Mostly
extracellular Na2SeO3 0.5–2 27 ◦C for 96 h 170–200 Red-orange

Spherical From −25 to +20 Proteins Bioremediation [122]

Comamonas
testosteroni

Intracellular:
cytoplasm or

periplasm

Se(IV) and
Se(VI) 5 28 ◦C for 48 h 100–200 Red fine-grained N/A Selenium

content 100% Bioremediation [123]

Bacillus subtilis Extracellular Selenite 4 48 ◦C for 48 h 50–400

Red
Spherical

monoclinic that
can transform to
anisotropic 1D

trigonal
structure

(nanowires)

N/A Proteins
Biopolymers Biosensing [101]

Alishewanella sp. Intracellular Na2SeO3 1 37 ◦C for 4 h 100–220 Spherical −28.7

Proteins
Lipids

Organic
substances

Inorganic ions

Bioremediation [75]

Azospirillum
brasilense

Intracellular
Extracellular Na2SeO3 10 31 ◦C for 24 h 50–100 Spherical −21 to −24

Proteins
Polysaccharides

Lipids
N/A [124]

Azospirillum
brasilense

Extracellular Na2SeO3
Na2SeO4

1–5 30 ◦C 400 Red
Spherical −18

Proteins
Carbohydrates

EPS

Bioremediation
Biotechnological

applications
[125]

Pseudomonas
aeruginosa

Cell surface Selenite 0.25–1.0 37 ◦C for 24–72 h 47–165 (~96) Red
Spherical 251.8 Proteins Bioremediation [126]

Stenotrophomonas
maltophilia

Intracellular
Released to
the medium

Na2SeO3 0.5–5.0 27 ◦C for 24 and 48 h 160–250 Spherical 140
Proteins

Carbohydrates
Lipids

Bioremediation [113]

Bacillus cereus Intracellular Na2SeO3 0.5–1200 30 ◦C for 24 h 170 Red
Spherical N/A N/A Medicine

Veterinary medicine [127]

Zooglea ramigera Extracellular Na2SeO3 3 30 ◦C for 48 h 30–150

Red
Spherical
Nanorods
(trigonal)

N/A

Enzymes
Proteins
Bacterial
material

N/A [128]
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Table 1. Cont.

Species Localization Precursor
Concentration

(mM)

Incubation
Temperature and

Time
Size (nm) *

Color and
Shape

Z-Potential
(mV)

Sample
Quantification

Activity/Application Ref.

Pseudomonas sp.
Lysinibacillus

Thauera selenatis
N/A Na2SeO3 200 30 ◦C for 40 days N/A Red

Spherical N/A
Reduced in the

presence of
nitrate

Denitrification of mine
wastewater [129]

Escherichia coli
Intracellular
Extracellular

Na2SeO3 1 N/A 50–100 Spherical N/A Quinone-
mediated N/A [97]

Acinetobacter sp. Intracellular Na2SeO3 1 37 ◦C for 24 h 100 ± 10
Orange

Spherical
amorphous

N/A Lignin
peroxidase N/A [130]

Enterococcus faecalis Extracellular Na2SeO3 0.19–2.97 37 and 42 ◦C for 24
and 48 h 29–195 Red/light red

Spherical N/A N/A Antibacterial [55]

Streptomyces
minutiscleroticus

Extracellular Na2SeO3 1 48–72 h 100–250 Red
Spherical N/A Proteins

Wound ointment
Anticancer drug

Coating for medical
instruments

[131]

Streptomyces
griseobrunneus

N/A N/A N/A 30 ◦C 48–136 Red
Trigonal N/A Proteins

Enzymes Photocatalytic [132]

Vibrio natriegens
Intracellular

Associated to
cell debris

Na2SeO4
Na2SeO3

1 30 ◦C for 24 h 136 ± 31 Red
Spherical N/A Proteins Bioremediation [133]

Staphylococcus aureus
Methicillin-resistant
Staphylococcus aureus

(MRSA)
Escherichia coli
Pseudomonas

aeruginosa

Intracellular
Associated to

cell debris
Na2SeO3 2 37 ◦C for 72 h 90–150 Orange-red N/A Lipids

Proteins Antimicrobial [61]

Rhodococcus
aetherivorans

Extracellular Na2SeO3 0.5–2 40 ◦C for 40 min
then cooled to RT 53–97 Spherical

Nanorods −13 to −32 Organic
material N/A [99]

Pseudomonas stutzeri Intracellular Na2SeO3 2.5 28 ◦C 100–250 Reddish
Spherical −19.5

Proteins
Lipids

Other organic
substances

N/A [46]

Lactobacillus casei Intracellular Na2SeO3 1.2 37 ◦C for 24 h 50–80 Red
Spherical N/A Polysaccharides

Proteins
Antioxidant
Anticancer [134]
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Table 1. Cont.

Species Localization Precursor
Concentration

(mM)

Incubation
Temperature and

Time
Size (nm) *

Color and
Shape

Z-Potential
(mV)

Sample
Quantification

Activity/Application Ref.

Streptomyces
enissocaesilis

Extracellular SeO2 5 30 ◦C for 72 h 20–211
Brown, orange

and deep yellow
Spherical

−220 Proteins Antimicrobial [135]

Pseudomonas stutzeri N/A Na2SeO3 1–3 37 ◦C for 48 h 75–200 Bright red
Spherical −46.2

Proteins
Organic

molecules

Antiangiogenic
Antiproliferative [103]

Streptomyces sp. Extracellular Na2SeO3 1 28 ◦C for 72–96 h 20–150 Red
Spherical N/A

Free amines
Aromatic rings

Cysteine
residues
Amides

Antibacterial
Larvicidal

Anthelminthic
[136]

Lysinibacillus sp. Extracellular Na2SeO3 1 37 ◦C for 3 days 130 Red
Spherical −19.1 to −28.8

Proteins
Polysaccharides

Fatty acids

Antibiofilm
Antimicrobial [137]

Lactobacillus
acidophilus

L. plantarum
L. rhamnosus

Extracellular Na2SeO3 4 35◦ for 48 h 20–80 Red N/A Proteins N/A [76]

Idiomarina sp. Intracellular Na2SeO3 4 and 8 37 ◦C for 48 h 35 and 150–350 Brick red
Spherical/Hexagonal N/A N/A Antineoplastic

Anticancer [138]

Ralstonia eutropha Extracellular Na2SeO4 1.5 30 ◦C for 48 h 40–120 Red
Spherical/Nanorods −7.7 N/A Antibacterial [139]

Pseudomonas stutzeri
Extracellular
Cell surface

Na2SeO4
Na2SeO3

5 and 11 mM
4 and 9 mM 34 ◦C for 7 days ≤200 Red

Spherical N/A N/A Bioremediation [84]

Enterobacter cloacae
Intracellular
Extracellular Na2SeO3 0.5–15 37 ◦C for 8 h 100–300 Red

Rod-shaped N/A Organic
material N/A [140]

Bacillus cereus
Intracellular
Extracellular Na2SeO3 0.5–10 37 ◦C for 48 h 150–200 Spherical −46.86 Proteins N/A [56]

Stenotrophomonas
maltophilia

Ochrobactrum sp.
N/A Na2SeO3 0.5 27 ◦C for 24 and 48 h 357 Spherical N/A Organic

compounds
Antimicrobial
Antibiofilm [71]

Shewanella oneidensis
Cell surface
Extracellular Selenite 0.5 30 ◦C for 6–48 h 20 Red

Spherical N/A EPS N/A [141]



Int. J. Mol. Sci. 2021, 22, 989

Table 1. Cont.

Species Localization Precursor
Concentration

(mM)

Incubation
Temperature and

Time
Size (nm) *

Color and
Shape

Z-Potential
(mV)

Sample
Quantification

Activity/Application Ref.

Synechococcus
leopoliensis

Intracellular
Extracellular Na2SeO3 5 35 ◦C 254 ± 52

200 ± 37

Red-brown
Fused spheres
Elongated rods

N/A N/A N/A [142]

Comamonas
testosteroni

Extracellular Na2SeO3 0.2–50 28 ◦C for 24 h 100–200
Red

Round
Rod-shaped

N/A Proteins Bioremediation [143]

Azospirillum
brasilense

Extracellular Na2SeO3 10–50 31–32 ◦C for 24 h 25–80 Red-orange
Spherical −21 to −24 N/A N/A [144]

Bacillus cereus Cell surface Na2SeO3 0.25–1.0 37 ◦C for 24–72 h 50–150 (~93) Red
Rod-shaped −31.1 ± 4.9 N/A Bioremediation [145]

Bacillus sp. Extracellular SeO2 6.4 33 ◦C for 72 h 31–335 (~126) Red-orange
Spherical N/A

Alcohols
Phenols
Amides
Amines

Amino acids

Antioxidant [83]

* An inorganic particle is considered as a nanomaterial if one of its dimensions ranges between 1 and 100 nm.
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The following species have been screened under aerobic conditions: Streptomyces
minutiscleroticus M10A62 [131], Comamonas testosteroni S44 [143], Lactobacillus sp., Bifidobac-
terium sp. and Streptococcus thermophilus [146], Enterobacter cloacae Z0206 [140], Azospirillum
brasilense [125] and the gram + bacteria Bacillus strains: Bacillus sp. MSh-1 [117,147], B. sub-
tilis [101], and B. cereus [127]. On the other hand, several species of anaerobic bacteria have
been screened for their ability to promote the production of SeNPs, such as Shewanella
sp. HN-41 [116], S. oneidensis MR-1 [141], Stenotrophomonas bentonitica [71], Alishewanella
sp. WH16-1 [75], Vibrio natriegens [133], and the facultative anaerobic bacteria L. casei
393 [134,148]. Moreover, anaerobic upflow sludge blanket reactors are used to fabricate
SeNPs [53,149–151]. Besides, some species are able to biosynthesize SeNPs under aerobic
and/or anaerobic conditions, such as Azoarcus sp. CIB [121].

The aerobic Se-reducing bacteria are simpler, faster, and more effective synthesizers
of SeNPs as they grow rapidly and produce more cells [123]. They also possess greater
advantages in agriculture and bioremediation over anaerobic bacteria since the soil and
water treatment occurs aerobically [152–154]. Other benefits lie in their ability to identify
the functional microbiota and the molecular homeostatic mechanisms responsible for Se
oxyanion reduction. For example, in the case of the aerobic strain C. testosteroni S44, which
can resist the toxicity of some heavy metal cations, such as Cu2+, Zn2+, As4+, and Se4+, the
reduction of Se(VI) to SeNPs is carried out by the sulfite reductase (CysIJ) enzyme in the
sulfate assimilation pathway [123]. This pathway has been suggested to be the general
mechanism of selenate (Se(VI)) reduction in aerobic organisms related to the selenium
biocycle. Moreover, the Cr(VI) reductase (known as CsrF) in the genome of Alishewanella
sp. WH16-1 has been reported as a novel bacterial aerobic selenite reductase [75]. Due to
its similarities with the structure and reduction activity of the flavoenzymes ChR, FerB and
ArsH, CsrF may also act as a Se(IV) reductase.

In anaerobic bacteria, Se(VI)/Se(IV) reduction can occur on the cell surface via a
two-step process; first, Se(VI) is reduced to Se(IV), then Se(IV) is reduced to subsequently
give rise to SeNPs [155]. Conversely, in aerobic bacteria, it is more challenging to reduce Se-
oxyanions on the surface of cells due to the tendency of oxygen to accept the electrons prior
to Se(IV) [123,156]. Therefore, the reduction occurs intracellularly and then Se(0)/SeNPs
are exported extracellularly by cell lysis [53,157], rapid expulsion pathway [158], efflux via
a vesicular secretion system [155], vesicular transport [159], and hyphal lysis or fragmenta-
tion [160]. Nevertheless, the specific efflux system is still unknown.

Estevam et al. produced SeNPs using Staphylococcus carnosus TM300 that were har-
vested by first sonicating the pellet and then separating the NPs by ulterior centrifuga-
tions [109]. Cocktails of proteins were attached to the SeNP surface to act as potential
natural stabilizers that prevent the formation of precipitates at the flask’s bottom. More-
over, these SeNPs exhibited nematicidal activity against the nonpathogenic nematode
Steinernema feltiae and biological activity against E. coli and S. cerevisiae, for bacterial and
yeast infections, respectively. Wadhwani et al. detailed the SeNP synthesis by challenging
the cell suspension and total cell proteins (TCP) of Acinetobacter sp. SW30 with sodium
selenate [58]. This cell suspension formed spherical SeNPs of 78 nm in diameter after 6 h
incubation and transformed into rod-like structures after 48 h. These selenium structures
were observed at different pH values ranging from 6 to 10 and two precursor concentrations
(1.5 and 3.0 mM) (Figure 2). On the other hand, polygonal-shaped SeNPs of 79 nm in size
were obtained in the supernatant at 4 mg mL−1 of TCP.
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Figure 2. Transmission Electron Microscopy images of biogenic SeNPs synthesized by incubating
the cell suspension of Acinetobacter sp. at 37 ◦C with 1.5 mM Na2SeO3 at: (A) pH 6, (B) pH 7 and
(C) pH 9. TEM micrographs of the same experiment when the Na2SeO3 concentration is brought
to 3.0 mM at (D) pH 6, (E) pH 7, and (F) pH 9. Reproduced from [58] with permission from Dove
Medical Press.

Moreover, Fernández-Llamosas et al. reported that the anaerobic beta-proteobacteria
Azoarcus sp. CIB is tolerant to selenite oxyanions and acts as a good biocatalyst synthe-
sizing electron-dense SeNPs in its stationary growth phase [121]. This study proposed
the existence of an energy-dependent selenite exporter to minimize the intracellular ac-
cumulation of the as-produced SeNPs by transporting them out of the cell. Tugarova
et al. suggested a general mechanism of SeNP biosynthesis by Aspergillus brasilense [144].
The process involves the transport of Se ions to the cell interior where they are reduced
into elemental Se(0) nuclei; these nuclei are then released to the supernatant where the
extracellular biosynthesis of SeNPs occurs. The synergistic inhibition effect of these SeNPs
in combination with six antibiotics was tested against pathogenic bacteria. Furthermore, the
rhizobacterium A. brasilense appears to biotransform selenite to mixed selenium-sulfur NPs
with a sulfate concentration of 800 mg L−1; this mechanism is suitable for bioremediation,
agriculture, nanobiotechnology, and medical applications [125].

Figueroa et al. reported the in vivo and in vitro synthesis of Se and Te nanostructures
using Acinetobacter schindleri and Staphylococcus sciuri from a total of 47 bacterial strains [115].
Triangular, spherical, and rod-like Se nanostructures were also efficiently fabricated in vitro
using E. cloacae glutathione reductase (GorA) in both crude extracts and purified protein.
Similar studies investigated biomolecules involved in mediating the reduction of selenium
oxyanions to elemental selenium or SeNPs, such as glutathione (GSH) [140,156,161], glu-
tathione reductase [162], proteins [75,163], thioredoxin reductase [162,164], SerABC reduc-
tase [165], fumarate reductase [140,141], NADH-dependent enzymes [166], NADH flavin
oxidoreductase [84,166], membrane-bound SrdBCA amino acid sequence [167], DMSO
reductase family of molybdoproteins [168], sulfite reductase [169], hydrogenase I [170],
nitrite reductase [171], chromate selenite reductase flavoenzyme (CsrF) [75], and other
enzymes and biosurfactants [172,173].

In addition, some biomolecules have been found to act as reducing, capping, and/or
stabilizing agents and play a fundamental role in altering the features of SeNPs and con-
trolling their size distribution [56,145]. For instance, Ruiz Fresneda et al. indicated that
extracellular flagella-like proteins can biotransform the amorphous Se(0) nanospheres to
crystalline and polycrystalline one dimensional (1D) trigonal Se(0) nanostructures with
distinct shapes, such as nanowires and polygons [74]. Moreover, Wang et al. used Bacil-
lus subtilis to obtain semiconducting spherical monoclinic SeNPs that could be transformed
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into 1-D trigonal nanowires with an actinomorphic nature [101]. This process might involve
an oriented attachment mechanism based on the Ostwald ripening mechanism. Moreover,
proteins present in the solution are thought to provide long-term stability to the SeNPs
and prevent their agglomeration. Another study using Burkholderia fungorum strain DBT1
determined aerobic selenite reduction can be attributed to cytoplasmic enzymatic activa-
tion mediated by electron donors [122]. The same study suggested that an organic layer
surrounding the SeNPs, composed of extracellular matrix (ECM) that includes carbohy-
drates, proteins, and humic-like substances, stabilizes the particles by modifying their
zeta potential.

Previous studies also highlighted the importance of the protein fraction released by
microorganisms to externally coat nanoparticles to increase electrostatic repulsions and,
consequently, increase their colloidal stability [174–176]. This characteristic is essential to
maintain the long-term stability, avoid the aggregation and prevent the transformation of
colloidal SeNPs into the black amorphous Se form [56]. This is evidenced in high negative
z-potential values that are indicative of particle repulsion. For example, carbonyl groups
of amino acid residues [142] and SH groups of L-cysteine [177] can strongly bind to metal
NPs and form a biomolecular, stabilizing, and protecting cap.

5.2. Using Fungi

The mycogenic biosynthesis of inorganic NPs has been extensively investigated due
to the advantages of fungi over bacteria and actinomycetes [178,179]. Fungi are easy to
culture and manipulate, and can grow in highly concentrated media with heavy metal
cations. They can also survive and reproduce in high selenium concentrations. The main
advantages of NP mycosynthesis are easy scaling-up, low-cost downstream processing and
easy manipulation, low-cost and viability of the fungal biomass [180]. Furthermore, fungi
release reductive proteins and enzymes into the extracellular medium; these biomolecules
reduce Se ions into harmless, precipitating SeNPs [181]. The general process of microbially
assisted synthesis of SeNPs and TeNPs is shown in Figure 3.

–

Figure 3. Schematic diagram detailing the microbially assisted procedure of metalloid nanoparticles.
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Numerous fungal species reduce selenite/selenate to intra- or extracellular SeNPs
(Table 2). Under extracellular conditions, Diko et al. reported the synthesis of spherical
and pseudospherical SeNPs using the supernatant of Trichoderma sp. WL-Go in culture
broth [182]. Liang et al. used four fungal species: Aureobasidium pullulans, Mortierella humilis,
Trichoderma harzianum, and Phoma glomerata, to produce SeNPs and TeNPs and provide
nucleation sites with extracellular protein and polymeric substances [183]. Mosallam et al.
combined γ-rays and the supernatant of A. oryzae to produce SeNPs and found a strong
correlation between the antioxidant capacity and both the phenolic content and SeNP
yield [184]. Moreover, the biomimetic mycosynthesis of SeNPs with simple preparation
protocols from, for instance, Alternaria alternata yields uniform and stable SeNPs [180].

Table 2. Biosynthesis of SeNPs by fungi.

Species Location Size (nm) Shape Activity/Application Ref.

Trichoderma sp. Extracellular 20–220 Spherical
Pseudospherical N/A [182]

Pleurotus ostreatus Aqueous extract 7–28 Spherical
Antioxidant

Antimicrobial
Anticancer

[185]

Penicillium
chrysogenum

Cell-free
supernatant 48–50 Spherical Antimicrobial

Antibiofilm [186]

Phanerochaete
chrysosporium

Intracellular
Extracellular 50–600 Spherical Bioremediation [65]

Polyporus umbellatus N/A 212 ± 23
82 ± 1 Spherical Anticancer

Antiproliferative [187]

Auricularia
auricula-judae

Embedded in
triple helix

β-(1,3)-D-glucan
60 Hollow nanotubes

Acute myeloid
leukemia (AML)

therapy
[188]

Trichoderma atroviride

Culture filtrate
(CF)

Cell lysate (CL)
Cell wall debris

(CW)

60–123 Spherical

Production of crop
plants (tomatoes)

Management of plant
diseases

[181]

Aureobasidium
pullulans

Mortierella humilis
Trichoderma harzianum

Phoma glomerata

Extracellular 48–78 Spindle-shaped Bioremediation [51]

Dictyophora indusiata Intracellular 89 Spherical Anticancer [189]

Catathelasma
ventricosum

N/A 50 Spherical Antidiabetic [190]

Aspergillus oryzae N/A 55 Spherical Antimicrobial [184]

Pyrenochaeta sp.
Acremonium strictum

Plectosphaerella
cucumerina

Stagonospora sp.
Alternaria alternata
Paraconiothyrium

sporulosum

Fungal hyphae
Intracellular
Extracellular

50–300 Spherical N/A [191]

Alternaria alternata Extracellular 30–150 Spherical N/A [180]
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Table 2. Cont.

Species Location Size (nm) Shape Activity/Application Ref.

Pleurotus ostreatus
Lentinus edodes

Ganoderma lucidum
Grifola frondosa

Intracellular
Extracellular 50–150 Spherical N/A [192]

Lentinula edodes
Intracellular

(fungal hyphae) 180 ± 17 N/A N/A [193]

Pleurotus ostreatus
Ganoderma lucidum

Grifola frondosa

Intracellular
Cell-free filtrate 20–550 N/A N/A [194]

Cordyceps sinensis N/A 80–125 Spherical Antioxidant [195]

Mariannaea sp. Intracellular
Extracellular

45
213 Spherical N/A [196]

Gliocladium roseum Cell-free filtrate 20–80 Spherical N/A [197]

The medicinal basidiomycete Lentinus edodes F-249 can transform selenium within
organic and inorganic compounds into spherical SeNPs of ~180 nm [193]. Dictyophora indu-
siata is a saprophytic fungus able to form a hybrid Se nanostructure by exploiting its novel
polysaccharide (DP1) [189]. The DP1-functionalized SeNPs proved to have an antiprolif-
erative effect against HepG2 cancer cells via death receptor- and mitochondria-mediated
apoptotic mechanisms.

Some studies have also depicted both the intracellular and extracellular synthesis
of SeNPs using fungi [191,196]. For example, three fractions of the fungus Trichoderma
atroviride, namely the culture filtrate (CF), cell lysate (CL), and cell wall debris (CW), pro-
duced bioactive SeNPs that were able to form aggregate fungal spores, thus avoiding the
adhesion of the pathogen Phytophthora infestans to the host cell and blocking its infection
of tomato plants [181]. A similar mechanism has been reported for Lentinula edodes [193],
Mariannaea sp. [196], Fusarium sp., and T. reesei [198]. Other researchers exploited intra-
and extracellular extracts of the xylotrophic basidiomycetes Pleurotus ostreatus, L. edodes,
Ganoderma lucidum, and Grifola frondosa to produce SeNPs of various sizes and shapes [192].
Along with basidiomycetes, other fungal groups, such as Ascomycota and Zygomycota,
can also produce nanoparticles, but these mushrooms are known to be allergenic and/or
pathogenic to animals and plants [199–201]. Therefore, nontoxic, edible, and cultivated
basidiomycetes are a better alternative for biotechnological applications including nan-
otechnology as the NP synthesis can occur in their mycelia and culture media [192]. Under
both extra- and intracellular conditions, the toxicity effects and the removal mechanisms
vary according to the fungal species and Se precursors. Rosenfeld et al. demonstrated that
six fungal species (P. sporulosum, A. strictum, A. alternata, P. cucumerina, Pyrenochaeta sp.,
and Stagonospora sp.) constitute an excellent detoxification biosystem that tolerates high Se
concentrations and reduces selenite/selenate to Se(0) [191].

El-Sayyad et al. fabricated SeNPs by employing two different eco-friendly green syn-
thetic methodologies: either using Penicillium chrysogenum filtrate or combining P. chryso-
genum filtrate with gentamicin drug (CN) as the stabilizing agent after application of
γ-irradiation [186]. The second process resulted in the highest synthesis yield and en-
hanced antipathogenic and antibiofilm potential. It is also easy to produce Se-based
nanocomposites. For instance, Jin et al. prepared SeNPs embedded and homogeneously
dispersed in black fungus-extracted BFP nanotubes (triple helix β-(1,3)-D-glucan) that
possess hydrophilic hydroxyl groups. These nanocomposites showed interesting cytotoxic
and antitumor properties [188].
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5.3. Using Yeast

Yeast is a relevant model system to investigate the metabolic detoxification pathways
of selenite/selenate and their conversion to selenomethionine [202,203]. Thus, Se-rich
yeasts are used as a food supplement because they accumulate up to 3000 ppm of se-
lenium [203] and can be used as a cancer treatment at elevated doses (>200 µg Se per
day) [204]. However, further analyses are needed to identify and quantify the chem-
ical forms of selenium should these Se-rich yeasts be commercialized. For example,
Jiménez-Lamana et al. used single particle inductively coupled plasma mass spectrom-
etry (SP-ICPMS) to detect, characterize, and quantify putative nanoparticles in Se-rich
yeasts [205]. Bartosiak et al. calculated the accurate yield of SeNP synthesis mediated by
Saccharomyces boulardii using continuous photochemical vapor generation (PCVG) coupled
with microwave-induced plasma optical emission spectrometry (MIP-OES) and UV-Vis
spectrophotometry (PCVG-MIP-OES) [206]. This efficient method enabled the selective
identification and quantification of both the unreacted Se(IV) and the final water-soluble
SeNPs without the need to separate them. Lian et al. synthesized spherical and quasi-
spherical SeNPs of 70–90 nm in size utilizing the yeast cell-free extract of Magnusiomyces
ingens LH-F1; some surface proteins played a significant role during the synthesis, acting
as reducing or capping agents [207]. Nevertheless, the mechanisms of SeNP formation are
not fully understood.

S. cerevisiae primarily reduces selenium ions through metabolism [208,209]. Owing to
its high selenium tolerance, S. cerevisiae constitutes a promising and cost-effective alter-
native for the removal of selenium ions from aqueous solutions [210]. Additionally, it is
postulated that SeNPs are expelled from S. cerevisiae cells by vesicle-like structures under
microaerophilic conditions followed by the ulterior capping of these NPs with residual
organic components from the vesicle-like structures [211]. As the SeNPs are stabilized by
the natural organic molecules of yeast cultures, there is no need for additional stabilizing
agents [206].

The reduction of selenite/selenate to elemental selenium in yeasts forms SeNPs
either extra- or intracellularly. In intracellular routes, a genetically engineered, metal-
resistant Pichia pastoris clone carrying Cyb5R gene has been found to be a safe bioreactor to
produce homogeneous and stable selenium and silver NPs. This yeast used a versatile and
simple mechanism of biosorption and biotransformation of metals with less toxic waste
than physicochemical synthesis [50]. On the other hand, the extracellular processes have
the advantage of easy biogenic NP recovery over their intracellular counterparts [211].
According to Rassouli, the general procedure for the extraction and purification of yeast-
produced SeNPs consists of (i) applying some enzymatic, chemical, or mechanic method to
destroy the cell wall; (ii) collecting the biomass by centrifugation at 8000 rpm for 10 min;
(iii) crushing the cells using liquid nitrogen and ultrasounds; (iv) incubating the broken
cells with added buffer at 60 ◦C for 10 min; (v) mixing the pellet containing the cell
fragments and NPs with octanol and distilled water to give rise to two phases of which
(vi) the SeNP-containing top phase is recovered and further washed with ethanol and
chloroform [48].

6. Microbial Synthesis of Tellurium Nanoparticles

Tellurium is highly toxic to living beings and is not essential in biological metabolism.
This may explain why TeNP biosynthesis using microbes is more limited when com-
pared to SeNP [212]. Few articles have been published that detail the biosynthesis of
TeNPs using microorganisms (Figure 4) [51,97,213–219]. Generally, K2TeO3 or Na2TeO3
precursors are used to produce TeNPs since they are least toxic when compared to other
precursors [97,212,220–222]. Tellurium has different oxidation states: telluride (Te2−), tellu-
rite (TeO3

2−), tellurate (TeO4
2−). In general, the agglomeration of Te(0) is associated with

the respiration of the microorganisms, such as yeast (S. cerevisiae), where the fermentation
increases the production [223]. On the other hand, a decrease in NP production is observed
in bacteria when the oxygen is limited [213].
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Figure 4. Tellurium nanoparticles (TeNPs) synthesis using microorganisms.

Considering that tellurium is in the same group as selenium, Yang et al. studied
the antioxidant activity of TeNPs recovered from tellurium-enriched Spirulina platensis
cultures where tellurium interacts with two phycobiliproteins, the phycocyanin (Te-PC)
and allophycocyanin (Te-APC) (Figure 5) [224].

Figure 5. Purification of tellurium-containing phycocyanin (Te-PC) and allophycocyanin (Te-APC)
from Te-enriched S. platensis using a chromatographic method.

From a mechanistic point-of-view, a correlation has been established between the
growth, size, and shape of TeNPs and the proteins and enzymes present in the media,
in addition to other small molecules, such as pyruvate, lactate, and NADH [51,213,225].
Furthermore, the formation of elemental tellurium can be inhibited by other molecules, such
as nitrate, nitrite, and fumarate [226]. Since the conditions affecting the TeNP formation can
vary as a function of the used organism, there are also great variations in microbe growth
time (1–9 days), precursor concentrations (12–600 mg L−1), and reaction time (1–8 days).
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7. Plant-Mediated Synthesis of Metalloid Nanoparticles

Phytonanotechnology is of special interest for synthesizing SeNPs since it is a simple,
eco-friendly, high-throughput, and inexpensive route [227–229]. The biofabrication of
NPs via plants involves proteins, amino acids, organic acids, vitamins, as well as sec-
ondary metabolites that act as reducers and stabilizers, such as polysaccharides, alkaloids,
flavonoids, phenols, saponins, quinine, steroids, and glycosides [230,231]. Plant-mediated
NP synthesis may be carried out through two ways. Via the in vivo route, the NP morphol-
ogy and size depend strongly on the biosynthesis location, e.g., roots, leaves, fruits, peels,
buds, etc., and the implicated metabolites [27]. A chelation-mediated detoxification faculty
may explain the mechanism of NP synthesis [232]. The enzymatic antioxidant system is
also activated to provide a reactive oxygen species (ROS) balance [233]. Generally, inorganic
Se salts (selenite and selenate) taken up by plants are biotransformed into organic Se forms,
such as SeCys2, SeMet, and MeSeCys bounded with proteins [234,235]. Hu et al. demon-
strated the bioavailability of SeNPs in roots and shoots where they could be biotransformed
into organic Se compounds, selenite and selenate to generate Se-biofortified plants [236].
However, the in vitro synthesis using plant extracts is better since it eliminates the lengthy
process of cultivation, but still allows for screening the experimental parameters, such as
the biomass choice, extraction process and amount, the pH, and temperature [237].

7.1. Plant-Based Synthesis of Selenium Nanoparticles

Several papers have reported the plant-derived biosynthesis of SeNPs with varying
sizes and morphologies (Table 3). For instance, Hibiscus sabdariffa fabricated spherical,
triangular, and hexagonal SeNPs with a size of 20–50 nm [238] whereas Azadirachta indica
has been used as a rapid and efficient biosystem to produce crystalline and spherical
SeNPs with a smooth surface [239]. Withania somnifera was the best adaptogen herb with
active withanolide and flavonoids, used as a bioreductant system to fabricate SeNPs of
40–90 nm [240]. Although plants offer the most suitable green synthesis protocols, the mode
of action of plant-produced SeNPs against bacteria remains unknown; it is suggested that
the nanoparticles interact with the peptidoglycan layer and break up the bacterial cell
wall [227]. Besides, SeNPs are able to induce apoptosis or programmed cell death [174].
Anu et al. reported spherical SeNPs produced by a cheap aqueous extract of garlic cloves,
Allium sativum, that acted as both the reducing and capping agent [241]. These biogenic
SeNPs showed lower cytotoxicity against the Vero cell line than those chemically synthe-
sized. The same group took advantage of the medicinal properties of Cassia auriculata to
synthesize functional SeNPs that displayed interesting anticancer and antiproliferative
characteristics [241]. Similar studies have reported the use of Vitis vinifera [32], broccoli
extract [108], and Capsicum annum [242] to fabricate Se nanorods and nanoballs. Impor-
tantly, Ramamurthy et al. presented a combination of SeNPs, made using fenugreek seed
extract, and doxorubicin to form a chemoprotective agent against cancer [243]; Vennila
et al. studied the antibacterial, anticancer, and anti-inflammatory activity of SeNPs bio-
fabricated by Spermacoce hispida and functionalized with apigenin, quinoline, quinazoline,
and synaptogenin B [244]; Kokila et al. reported on Se-NPs using the leaves of Diospyros
montana as a biocidal agent against both Gram+ S. aureus and Gram– E. coli and the fungus
A. niger [245].

Table 3. Different species of plants used for the biosynthesis of SeNPs.

Plant Species Part Metabolites Shape Size (nm) Activity/Application Ref.

Withania somnifera Leaves
Flavonoids
Phenolics
Tannins

Spherical 40–90
Antibacterial
Antioxidant
Anticancer

[240]

Psidium guajava Leaves N/A Spherical 8–20 Antibacterial [227]

Allium sativum Cloves N/A Spherical 40–100 Cytotoxicity [241]
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Table 3. Cont.

Plant Species Part Metabolites Shape Size (nm) Activity/Application Ref.

Cassia auriculata Leaves N/A Amorphous 10–20 Anti-leukemia [237]

Momordica charantia
Roots and

shoots
Terpenoids
Phenolics Spherical 10–30 Toxicological

studies [246]

Hawthorn fruit Fruit N/A Spherical 113 Antitumor [247]

Hibiscus sabdariffa Leaves Phenols
Alcohols

Spherical
Triangular
Hexagonal

20–50 Antioxidant [238]

Pelargonium zonale Leaves N/A Spherical 40–60 Antibacterial
Antifungal [248]

Aloe vera Leaves Hydroxyls
Amides Spherical 121–3243 Antibacterial

Antifungal [249]

Emblica officinali Fruit
Phenolics

Flavonoids
Tannins

Spherical 20–60 Antimicrobial [228]

Moringa oleifera Leaves Phenolics
Flavones Spherical 23–35 Anticancer [250]

Triticum aestivum Roots N/A Spherical 140 ± 40 Biofertilizer [236]

Broccoli N/A
Carotenes

Glucosinolates
Polyphenols

Spherical 50–150 Antioxidant
Anticancer [108]

Diospyros montana Leaves Phenolics
Flavonoids Spherical 4–16 Antibacterial

Anticancer [245]

Ocimum tenuiflorum Leaves Polyphenols Spherical 15–20 Inhibition of
nephrolithiasis [183]

Theobroma cacao Shell
Polysaccharides

Proteins
Phenolics

Spherical
Trigonal 1–3 N/A [251]

Zingiber officinale Roots Flavonoids
Terpenoids Spherical 100–150 Antimicrobial

Antioxidant [252]

Mucuna pruriens Seed Phytochemicals Spherical
Nanorods 100–120 Antioxidant

Anticancer [102]

Azadirachta indica Leaves
Polyphenols
Flavonoids

Proteins
Spherical 142–168

221–328 Antibacterial [239]

Vitis vinifera N/A Lignin Spherical 3–18 N/A [32]

Clausena dentata Leaves
Flavonoids

Triterpenoids
Polyphenols

Spherical 46–79 Larvicidal [229]

Spermacoce hispida Leaves Polyols
Saponins Rod-shaped 120 ± 15

Anti-inflammatory
Antibacterial
Anticancer

[244]

Rosa roxburghii N/A Polysaccharide
(RTFP-3) Spherical 105 Antioxidant [253]

Lycium barbarum Berries Flavonols
(catechins)

Spherical
Triangular 83–160 Antioxidant [254]

Fenugreek Seeds Phenol
Flavonol Oval 50–150 Anticancer [243]

Allium sativum Bulbs Alcohols
Phenols Spherical 205 Antioxidant

Anticancer [255]
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The application of SeNPs in toxicological studies is relevant due to their association
with DNA cytosine methylation, chromatin structure, and transcription processes. It is
advantageous for the manipulation and study of cellular division, tissue differentiation,
metabolism, and transcription programs [246]. Cui et al. (2018) reported on the produc-
tion of monodispersed and stable SeNPs from hawthorn fruit extract (HE-SeNPs) whose
antitumor activity was evidenced by the apoptosis induced in HepG2 cells through the
overproduction of intracellular ROS and mitochondrial membrane potential (MMP) loss
or disruption [247]. Additionally, HE-SeNPs induced the upregulation of caspase-9 and
downregulation of Bcl-2. Fardsadegh et al. detailed the hydrothermal synthesis of SeNPs
using Aloe vera leaf extract and determined a prediction model and optimal conditions
using response surface methodology (RSM) [249].

7.2. Plant-Based Synthesis of Tellurium Nanoparticles

Tellurium is not essential for plant metabolism besides being toxic in most cases [256].
Despite this, it has been documented that some plants have the ability to metabolize Te and
transform it into telluroamino acids [257] and organotellurium [258]. A. sativum, commonly
known as garlic, can assimilate chalcogens to give rise to Te-methyltellurocysteine (MeTe-
Cys) and S-methyltellurosulfide metabolites [256]. The TeNP size is found to be 40–55 nm.
The majority of these metabolites were found highly concentrated at the tips of their gloves
and in the initial part of the roots. In some cases, TeNPs produced by plants may appear as
spheres, rod-shaped, and plates [259].

8. Biosynthesis of Bimetallic Se-Te Alloy Nanoparticles

Bimetallic Se-Te alloy NPs possess unique and enhanced properties including optical,
semiconductive electroresistance, and magnetoresistance [90,260,261]. A few studies have
reported the bacterial synthesis of Se-Te nanostructures by B. beveridgei [262] and soil
isolates of heterotrophic aerobic bacteria [263]. The simultaneous formation of trigonal-
hexagonal Se(0)–Te(0) nanostructures from the bioreduction of Se and Te oxyanions in a
lab-scale upflow anaerobic sludge blanket reactor (UASB) was also described [149]. A layer
of extracellular polymeric substances (EPS) capped the nanoparticles to immobilize them
in the granular sludge. Besides crystalline hexagonal TeNPs, the fungus Phanerochaete
chrysosporium biofabricated unique Se-Te nanospheres and needle-like nanoparticles of
500–600 nm (Figure 6) [65].

–

–

–

–

–

 

Figure 6. (A) TEM image of the hyphae of Phanerochaete chrysosporium that depicts Se-Te alloy NPs. STEM-EDS elemental
mapping for Se (B) and Te (C) that confirms the alloy character of these Se-Te NPs. Adapted from [65] with permission
from Elsevier.

Additionally, Asghari-Paskiabi et al. reported the formation of stable Se-S NPs inside
S. cerevisiae [209]; Vogel et al. investigated the extracellular synthesis of Se-S NPs by
Azospirillum brasilense mainly attributable to the high negative surface charge due to the
covering organic layer made of proteins and carbohydrates [125].
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9. Bioapplications of SeNPs and TeNPs

In the field of nanobiotechnology, nanoparticles represent the core of a nano-biomaterial;
they can be functionalized with different moieties to reduce the toxicity and improve the
effects of the drugs [264–266]. Moreover, nanoparticles can be used for various medical,
industrial, or biological applications. For instance, in nanomedicine, a wide number
of surface structures to functionalize the NP surface have been developed for imaging,
sensing, and drug delivery applications [267]; the as-obtained NPs can be used for the
detection of pathogens and biomolecules or the hyperthermia treatment of cancer [268].

Nanoscale selenium has attracted the attention of scientists due to its bioavailability
and lower toxicity compared to the other forms of selenium [269]. Gao et al. studied the
antioxidant properties of SeNPs and demonstrated the reduced risk of selenium toxic-
ity [187]. Moreover, SeNPs can be used as an antioxidant in food additives due to their
lower risk of toxicity. Besides their antioxidant activity, SeNPs are also an excellent chemo-
preventive agent against cancer as well as a potential anticancer drug [270]. Specifically, the
efficacy and specificity of using nanoselenium at a concentration as low as 2 µg mL−1

against prostate cancer has been reported [174]. Other studies highlighted the antimicrobial
properties [114] and antifungal activity [271] of SeNPs.

The antimicrobial, antioxidant, antifungal, and anticancer properties of TeNPs have
been well documented. For instance, Shakibaie et al. described the antioxidant and
antimicrobial properties of biologically synthesized tellurium nanorods (TeNRs) [272].
Moreover, another study reveals the antimicrobial and anticancer properties of citrus
juice-mediated synthesized TeNPs [62] while the S. baltica-synthesized TeNRs exhibit an
excellent photocatalytic and anti-biofilm activity to counter potential human pathogens [59].
The next graphic summarizes the main applications of SeNPs and TeNPs (Figure 7).

–

μ −

Figure 7. Schematic representation of the various bioapplications of biogenic SeNPs and TeNPs.

10. Human Cell-Cytotoxicity and Immune Response Induced by SeNPs and TeNPs

According to several studies, various nanoparticles may be cytotoxic and cause harm-
ful effects or even irreversible damage to human cells [264,265]. Therefore, it is nec-
essary to determine how synthesized nanoparticles affect the immune cells [273–275].
Selenium nanomaterials have attracted considerable attention as a novel anticancer and
chemopreventive agent due to their exceptional biocompatibility and low toxicity [276].
For instance, Cremonini et al. studied the effect of biogenic SeNPs synthesized using
Stenotrophomonas maltophilia (−) and B. mycoides (+) on the viability and function of the
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antigen-presenting cells, DCs, and cultured fibroblasts (nonimmune cells) [114]. As a result,
the as-produced SeNPs did not cause any damage to human cells since there was no stim-
ulation or increase in the release of proinflammatory and immunostimulatory cytokines
including IL-12, IL-6, IL-8, and TNF-α. Other studies indicate the SeNPs synthesized
by bacteria can induce apoptosis or inhibit both growth and proliferation of cancer cells
in culture [276–279]. SeNPs synthesized by Acinetobacter sp. SW30 seem to display a
greater anticancer activity when compared to their chemically synthesized counterparts;
in fact, they reveal a strong antiproliferative activity against 4T1 cells, MCF-7, NIH/3T3,
and HEK293 cell lines [58]. SeNPs synthesized by B. oryziterrae also showed potential
anticancer activity against H157 lung cancer cell lines [280].

An assay carried out using the SeNPs produced by Bacillus sp. MSh-1 against the
human fibrosarcoma cell line (HT-1080) demonstrated that the higher the concentration, the
higher the cytotoxicity [117]. Moreover, the same study showed the anti-invasive property
of HT-1080 cells and the moderate inhibition of MMP-2 expression, a good insight for the
treatment and prevention of tumor metastasis. The MTT assay has been used to assess the
cell viability, proliferation, and cytotoxicity of breast cancer cells.

One possible explanation for the anticancer activity of SeNPs was reported by Ahmed
et al. which encompasses the mobilization of endogenous copper, possibly chromatin-
bound copper, and the subsequent prooxidant action [276]. The authors suggested that
cancer cells are more subject to electron shuttling between copper ions and selenium
nanostructures which release reactive oxygen species (ROS) and thereby kill cancer cells
such as Hep-G2 and MCF-7 cell lines. The precise mechanism of anticarcinogenic actions
of SeNPs is not totally understood. Since it possesses a high bioactivity and represents the
major component of selenoproteins, selenium may increase the carcinogen detoxification,
inhibit tumor cell invasion and angiogenesis, enhance immune surveillance, and provide
antioxidant protection [281–283].

The cytotoxic effects of biosynthesized TeNPs have also been investigated due to their
ability to act as an anticancer and antiviral agent [283–285]. For instance, Forootanfar et al.
demonstrated the lower cytotoxic effect of biogenic TeNRs compared to potassium tellurite
on four cell lines of MCF-7, HT1080, HepG2, and A549 [286]. Overall, the toxicity of Te
nanostructures depends on the employed synthesis method and their size/morphology [287].

11. Conclusions and Perspectives

The present review extensively describes different green methodologies used for
the biofabrication of SeNPs and TeNPs. A variety of microorganisms, such as bacte-
ria, fungi and yeast, and plant extracts have become novel, sustainable, risk-free, and
cost-effective bionanofactories that reduce selenite/selenate and tellurite/tellurate into
their nanosized zero-valent counterparts. To achieve simple, fast, and efficient biolog-
ical syntheses, these eco-friendly procedures leverage the different organic molecules
and metabolites that act as reducing, chelating, and stabilizing agents, such as proteins,
EPS, lipids, flavonoids, phenols, and alcohols. The bioreduction and biotransformation
of different Se and/or Te species into elemental Se/Te have emerged as an important
pursuit in biomedicine, chemistry, nanotechnology, and engineering. Some experimental
parameters including the pH, temperature, reaction time, and precursor concentration,
along with biosurfactants, play an active role in determining the shape, size, crystallinity,
dispersion, and properties of the as-obtained metalloid NPs. This review found that most
of the biogenic SeNPs were spherical while their TeNP counterparts were rod-shaped;
this constitutes a remarkable outcome in bionanotechnology. However, it is necessary
to carry out deeper research on the specifically involved production and transformation
mechanisms. Although the toxicity effect of bioresources (i.e., plants) or the nanoparticles
synthesized have not been fully explored yet, green production opens up opportunities
to manufacture safer nanomaterials and foster better understanding of safety, health, and
environment issues.
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A myriad of literature shows research at the laboratory scale using living or dead
biomass. An important challenge lies in developing large-scale production processes,
where larger amounts of templates, surfactants, and other auxiliary substances are re-
quired. Then, the use of continuous-flow microreactors and other sources such as waste
materials and algae/microalgae may provide significant advantages for industrial level
and nanotechnology applications. The development of greener methods that enhance
the bioavailability, longevity, and composition-control of NPs could be carried out by
computational, synthetic biology and genetic engineering techniques. The employment of
natural “nanofactories” is still at an early stage; however, further research would enable the
development of straightforward approaches to create potential solutions in nanomedicine,
biomedical devices, energy crises, water pollution, and optoelectronics.
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Abstract: Nanozymes, nanomaterials with enzyme-like activities, are becoming powerful competitors
and potential substitutes for natural enzymes because of their excellent performance. Nanozymes
offer better structural stability over their respective natural enzymes. In consequence, nanozymes ex-
hibit promising applications in different fields such as the biomedical sector (in vivo diagnostics/and
therapeutics) and the environmental sector (detection and remediation of inorganic and organic
pollutants). Prussian blue nanoparticles and their analogues are metal–organic frameworks (MOF)
composed of alternating ferric and ferrous irons coordinated with cyanides. Such nanoparticles
benefit from excellent biocompatibility and biosafety. Besides other important properties, such as a
highly porous structure, Prussian blue nanoparticles show catalytic activities due to the iron atom
that acts as metal sites for the catalysis. The different states of oxidation are responsible for the
multicatalytic activities of such nanoparticles, namely peroxidase-like, catalase-like, and superoxide
dismutase-like activities. Depending on the catalytic performance, these nanoparticles can generate
or scavenge reactive oxygen species (ROS).

Keywords: Prussian blue analogues; hybrid nanoparticles; multicatalytic activity; ROS-scavenge;
ROS generation; superoxide dismutase-like activity; catalase-like activity; redox potential

1. Introduction

Nanozymes are one kind of materials with nanoscale sizes (1–100 nm) and enzymatic
catalytic properties. The term “nanozyme” can encompass two different types of materials:
(1) enzymes or enzymatic catalytic groups which are immobilized on nanomaterials, and
(2) nanomaterials that possess inherent enzymatic catalytic properties [1]. At the present,
nanozyme is specifically referred to as nanomaterials with intrinsic catalytic properties [1–3].
The first nanomaterial found with enzymatic properties were the iron oxide nanoparticles in
2007 [4]. Since this discovery, the significant advances that nanotechnology, biotechnology,
and nanomaterials science have experimented, have allowed emerging of a large number
of studies on nanomaterial-based artificial enzymes.

Nanozymes overcome the drawbacks that characterize the natural enzymes, i.e., high
cost for preparation and purification, low operational stability, the sensitivity of catalytic
activity to environmental conditions, and difficulties in recycling and reusing. Compared
with natural enzymes and conventional artificial enzymes, nanozymes have the advantages
such as low cost, easy large-scale production, and high stability and durability. However,
the most important advantage of nanozymes is their size/composition-dependent activity.
It appears that the enzymatic activities of nanozymes are closely related to their size, surface
lattice, surface modification, and composition [5]. This allows the design of materials with
a broad range of catalytic activity simply by varying shape, structure, and composition.
Given these advantages, it is easy to understand the widespread interest that nanozymes
have generated and that are becoming powerful competitors and potential substitutes
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for natural enzymes. In this way, nanozymes have been utilized for practical use in
scientific research, biotechnology and food industries, agriculture, environmental treatment,
biosensing, disease diagnosis and treatment, antibacterial agents, and cryoprotection
against biomolecules in the cell.

According to Huang et al. [1], nanozymes can be divided into two categories: (1) oxi-
doreductases (oxidase, peroxidase, catalase, superoxide dismutase, and nitrate reductase),
and (2) hydrolases (nuclease, esterase, phosphatase, protease, and silicatein).

To date, many nanomaterials have demonstrated to possess remarkable enzyme-like
activities. For example, noble and transient metals nanoparticles, carbon nanoparticles
(graphene oxide nanosheets, carbon nanotubes, and fullerene), metal oxides, metal sulfides
and tellurides, carbon nitride, quantum dots, 2D-nanomaterials with confined single metal
and nonmetal atoms, polypyrrole nanoparticles, hemin micelles, and Prussian blue (PB)
nanoparticles (PBNPs) [3].

In this review, we will focus on the enzyme-like properties of PBNPs and their ap-
plications in this field for biomedicine development. PBNPs have the potential to mimic
multiple enzymes in a natural cascade-like system (peroxidase (POD); catalase (CAT);
and superoxide dismutase (SOD)). Moreover, the ability to mimic the three indicated an-
tioxidant enzymes makes PBNPs excellent scavengers of reactive oxygen species (ROS),
and, contrarily, in various determined conditions, PBNPs can generate ROS by means of a
Fenton reaction.

2. Prussian Blue Nanoparticles

PB is a kind of metal–organic framework (MOF) composed of alternating ferric and
ferrous irons coordinated with cyanides [6]. PB is an aggregated form of ~ 10 nm nanoparti-
cles (PBNPs) [7]. A usual formulation of PB (the insoluble form) is FeIII

4(FeII(CN)6)3·x H2O,
where the extent of hydration varies from 10 to 16. PB analogues (PBA) are coordination
polymers with the general formula AMa(Mb(CN)6)2/3·x H2O, where A is an ion (K+, Na+,
NH4

+) alkali ion, and Ma and Mb are cations in oxidation state +2 or +3. PB is a commonly
used dye (it was the first of the modern pigments, discovered by Diesbach in 1706 [8]) but
its applications are not limited to the artistic field but affect many other fields [9]. The
development of PBNPs nanoparticles has involved an upturn of their use in a myriad of
biomedical applications [10]. Some of them are based on the photothermal effects of these
nanoparticles. Recently, interesting antibacterial features of PBNPs coming from this issue
have been described [11]. Such nanoparticles benefit from excellent biocompatibility and
biosafety since the insoluble form of PB was approved by the Food and Drug Administra-
tion (FDA) for the treatment of exposure with cesium and thallium ions. Moreover, it is
found in the List of Essential Medicines of the World Health Organization [12]. Apart from
the excellent adsorptive properties [13], facilitated by the mesoporous structure, PBNPs
have shown catalytic activities, due to the iron atoms that act as metal active sites for
catalysis. The different states of oxidation are responsible for the multicatalytic properties
of these nanoparticles: one can find a fully oxidized form of Prussian blue (the so-called
Prussian yellow, PY), a partially oxidized form (Berlin green, BG), and a reduced form
(Prussian white, PW) (Figure 1).

The conversion of one form into other occurs by means of the reactions:

PB + 4 e− + 4 K+ → PW (1)

PB → BG + 3 e− + 3 K+ (2)

PB → PY + e− + K+ (3)

Each oxidation state affords a different color. In the visible spectrum, PB and BG
(K1/3 Fe(FeIII(CN)6)2/3(FeII(CN)6)1/3) have two absorption bands at 700 and 480 nm; PW
(K2FeIIFeII(CN)6) has no obvious band, and PY (FeIIIFeIII(CN)6) presents a band at 420
nm. The multienzyme-like activities of PBNPs (SOD, POD, and CAT) [2] are caused by
the abundant redox potentials of their different forms (Figure 2). In this aspect, these
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nanoparticles are unique since can exhibit simultaneously the indicated three enzyme
mimetic activities. Moreover, PBNPs present some advantages that are absent in other
nanozymes. In this way, PBNPs can protect ischemia-injured neurons in a rat model due to
the antioxidative activity of PBNPs that can eliminate excessive reactive oxygen species
(ROS) [15].

Figure 1. Different forms of Prussian blue depending on the state of oxidation. Each form possesses
a characteristic redox potential, which affects the catalytic reaction mechanisms. Reproduced, after
modification, with permission from [14].

Figure 2. Schematic diagram of the reactions catalyzed by oxidoreductases mimicked by PB and
PBA. SOD alternatively catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide;
POD breakdown hydrogen peroxide into the water; and CAT breakdown hydrogen peroxide into
oxygen and water.

There are several ways to obtain PBNPs [16–18]. Some of them are easy, relatively
cheap, and environmentally friendly. As indicated, the size of such nanoparticles is usually
reported to be over 10 nm [7]. Recently, ultrasmall PBNPs ~3.4 nm in diameter have been
prepared by using an ethanol/water mixture as the solvent and polyvinyl pyrrolidone
(PVP) as the surface capping agent [19]. The stability of the PB or PBA nanoparticles plays
a key role in determining the suitability for potential utilization. In most applications,
PBNPs are dispersed in a liquid medium such as blood and cellular cytoplasm in living
organisms. The colloidal stability is of special importance for any kind of nanoparticle, but
in the case of the enzymatic properties of PBNPs, it is crucial, since particle aggregation
can lead to significant loss of the catalytic activity. A way to achieve stable dispersions is
by modification of the nanoparticle surface. The surface modification of PBNPs has been
performed with polyethylene glycol, poly(diallyldimethylammonium chloride), chitosan,
native proteins, and poly(vinylpyrrolidone) macromolecules [20]. A simple one-step
aqueous solution route for preparing biocompatible PBNPs is coating their surface with a
carboxylic acid, namely citric or oxalic acid [21]. The ferric ions are complexed by these
anions and form a precursor that reduces the rate of nucleation. Citrate-coated PBNPs did
not undergo any change in particle size, size distribution, and dispersibility over a period
of more than one year.

At the present, no inherent inhibitor has been reported for PB/PBA nanozymes.
However, in other nanozymes such as iron oxide nanozymes, the peroxidase-like activity
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decreased in the presence of guanidine chloride (GuHCl) [22]. In this case, GuHCl is
supposed to interact directly with the iron atoms of the iron oxide resulting in a change
in the electron density of iron. Since PB/PBA also contains iron atoms, the existence of
inhibitors cannot be excluded.

3. Peroxidase-Like Activity

Peroxidases are a group of enzymes (E.C. 1.11.1.x) that typically catalyze a reaction of
the form ROOR′ + 2e− + 2H+ → ROH + R′OH. For instance, in the presence of H2O2, POD
can effectively catalyze the peroxidase substrates into their oxidized substrates. Moreover,
POD can decompose reactive oxygen species (ROS), which are involved in multiple key
oxidative reactions [23]. PB and PBA show POD-like activity in acidic media because of the
large area of ferric and ferrous iron available. These compounds exhibit good H2O2-induced
POD mimicking activity including the oxidation of multiple biomolecules such as 3,5,3’,5’-
tetramethylbenzidine (TMB), 2,2’-azino-di(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS),
O-phenylenediamine (OPD), glucose, dopamine, luminol, guaiacol, and NADH [24]. The
generally utilized natural POD substrate is TMB which, when oxidized in the presence
of H2O2, presents two absorption peaks at 369 nm and 652 nm. The intensity of the
peaks is proportional to the substrate, and enzyme concentration. Similar to the natural
enzymes, the catalytic kinetic behavior of PBNPs followed the Michaelis–Menten equation
and depended on the substrate concentration, temperature, and pH. The nanomaterial
activity is often compared to the natural enzyme, horseradish peroxidase (HRP).

The Michaelis–Menten kinetics is one of the best-known models of enzyme kinetics.
The model takes the form of an equation that relates reaction rate (v) (rate of formation of
product) to the concentration of substrate, [S]

v = vmax
[S]

KM + [S]
(4)

where vmax represents the maximum rate achieved by the system, happening at saturating
substrate concentration. The value of KM is numerically equal to the substrate concentration
at which the reaction rate is half of vmax. KM approximates the affinity of the enzyme for
the substrate, and smaller the KM, the larger the affinity.

PB exhibits high POD-like activity for the reduction of hydrogen peroxide due to high
electroactivity. As said above, the oxidized TMB absorbs at 652 nm. In the presence of PB,
such absorption could be masked by the huge band of PB (absorption peak at ~700 nm). In
this case, the catalytic activity can be monitored at 450 nm, the absorption band of the fully
oxidized form of the mediator TMB2+ [24]. The enzymatic-like activity has been observed
in PB (and PBA) alone or combined with other substances forming hybrid composites.

3.1. Prussian Blue and Prussian Blue Analogues

Although the group led by Gu and Zhang reported for the first time that PB-modified
γ-Fe2O3 nanoparticles had POD-like activity [25], the first study about the use of PB alone
as nanozyme was performed by Zhang et al. [26], which observed a catalytic activity
towards the hydrogen peroxide-mediated oxidation of classical peroxidase substrate ABTS
to produce a colored product. The catalysis followed Michaelis–Menten kinetics and
showed a strong affinity for H2O2. Čunderlová et al. [27] determined that cubic crystals of
PB of 15 nm diameter presented a high catalytic POD-like activity. The estimated value of
KM for TMB was 0.76 mmol L−1, and for H2O2 was 840 mmol L−1 (for the same substrates,
HRP presented values of 0.147 and 790 mmol L−1, respectively). Moreover, in this study,
the surface of PBNPs was biotinylated. These modified nanocrystals showed their use in
assays based on the competitive affinity of biotin and human serum albumin. Importantly,
biotin-PBNPs retained their catalytic activity towards TMB and H2O2. As a differential
trend, the dependence of the rate of reduction of H2O2 (vH2O2) on the concentration of
TMB did not fit with the model of Michaelis–Menten. An explanation could be the limiting
rate of diffusion of TMB through the biotinylated surface.

64



Int. J. Mol. Sci. 2021, 22, 5993

Vázquez-González compared the POD-like activity of four inorganic clusters formed
by PB and PBA. They observed the generation of chemiluminescence in the presence of
luminol and H2O2, the catalyzed oxidation of dopamine to aminochrome, and the catalyzed
oxidation of NDPH to NAD+ by H2O2 [28]. The catalytic activities were different in each
compound showing the importance of the chemical structure on the intrinsic properties of
nanozymes. PBNPs were most efficient for the oxidation of dopamine and NADH by H2O2,
whereas for the generation of chemiluminescence, the most efficient was the PBA formed
by Ma = Fe, Mb = Co (PBCoFe). Komkova et al. synthesized PBNPs at the highest catalytic
activity by reducing the mixture of the reagents forming PB using either hydrogen peroxide
or a conducting polymer, such as polyaniline [24]. The authors observed that the initial
reaction rate of H2O2 reduction, catalyzed by PBNPs, was linearly dependent on hydrogen
peroxide concentration, which had never been described either for POD-like nanozymes or
for natural POD. This fact pointed out that H2O2 activation by the nanoparticles occurred
much faster even compared to the natural enzyme. On the other hand, in the absence of
H2O2, no oxidation of TMB was registered. Hence, the employed PBNPs did not display
oxidase-like activity (reduction of molecular oxygen). Contrarily, Wang et al. have used
PBA nanocages that mimic the oxidase-like activity to the continuous detection of hydrogen
sulfide [14]. A PBA described previously (PBCoFe) [28] was employed to catalyze the
oxidation of L-tyrosine into dopachrome in the presence of L-ascorbic acid/H2O2. [29].
In the first step, L-tyrosine is hydroxylated to form L-DOPA, and then, is subsequently
oxidized to dopachrome. The mixture L-ascorbic acid/H2O2 is basic to provoke the
hydroxylation of L-tyrosine. The PBA also catalyzed the oxidation of L-phenylalanine to
dopachrome. A study conducted by Farka et al. conjugated directly PBNPs with antibodies
and applied these nanoparticles in nanozyme-linked immunosorbent assay (NLISA) [30].
The method consisted of the colorimetric readout of the color generated by the oxidized
TMB (Figure 3). This technique was used to detect human serum albumin in urine for
the diagnosis of albuminuria, as well as for the detection of Salmonella typhimurirum in
powdered milk, as an example of microbial antigen. When the same antibodies were used
in standard sandwich ELISA formats with natural HRP enzyme, similar assay parameters
were obtained. This suggested that the assay depended mainly on the affinity of the
antibodies for the target analyte and not by the detection step. The easy synthesis from
cheap precursors and higher stability of PBNPs in comparison with natural enzymes
confirmed the suitability of PBNPs to be used as an enzyme replacement.

Many properties of nanomaterials are dimensionally dependent, which is considered
as size effects. The catalytic activity of nanozymes exhibits a size-dependent manner since,
for the same volume, nanozymes with a small size expose more active sites. According
to this, ultrasmall PBNPs have been demonstrated to possess the highest POD-like activ-
ity [19]. The catalytic activity of these nanoparticles was one order of magnitude higher
than that of PBNPs obtained by the conventional methods. The values vmax and KM values
of such nanoparticles were 2.5 µM s−1 and 0.22 mM, respectively, which were much larger
than those of PBNPs reported in the literature (i.e., 0.22 µM s−1 and 0.34 mM [31]).

3.2. Hybrid Nanoparticles Formed by PB/PBA

As indicated above, the group led by Gu and Zhang reported for the first time that a
hybrid composite formed by PB-modified γ-Fe2O3 nanoparticles had POD-like activity [25].
It was observed that POD-like activity was increased as the PB proportion increased. This
result may reason from that to the more PB providing more ferrous ions as catalysis centers
to interact with substrates. The catalytic activity was high, three orders of magnitudes
larger than that for magnetite nanoparticles of similar size. With such nanocomposites,
an enzyme immunoassay model was established. In this assay, staphylococcal protein
A was conjugated on the nanoparticle’s surface and the nanoprobe served to detect IgG
immobilized to 96-well plates. Later, this group studied the applications of PB-modified
ferritin nanoparticles in biological detection [32]. The same group synthesized PB and gold-
modified polystyrene nanocomposites (PS@Au@PB) [33]. In a later study, they remarked
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that PBNPs showed weak POD activity under neutral conditions [31]. Moreover, in an
alkaline environment, they were nearly inactive. More recently, this group inferred that
PBNPs may play as ascorbic acid-related nanozyme, which can catalyze the oxidation of
ascorbic acid without producing H2O2 [34]. As the oxidation of ascorbic acid by PBNPs
can also be performed in presence of H2O2, the PBNPs possess ascorbic acid oxidase-like
activity besides ascorbic acid peroxidase-like activity.

 

γ

Figure 3. Scheme of PBNPs-based sandwich NLISA. The microtiter plate is coated by capture
antibody (Ab1), followed by specific binding of antigen (Ag) and formation of sandwich with the
detection PBNPs-Ab2 label. The colorimetric readout is based on PBNPs-catalyzed oxidation of TMB
in the presence of H2O2. Reproduced with permission from [30].

Cui et al. prepared a nanocomposite by growing PB on the microporous metalorganic
framework MIL-101(Fe) [35]. The KM values of the composite, PB/MIL101(Fe) with respect
to TMB and H2O2 were 0.127 and 0.0058 mM, lower than those of MIL-101(Fe) for the same
substrates (0.490 and 0.620 mM, respectively). The difference was attributed to the fact that
the presence of PB in the composite involves more active sites for peroxidase substrates.

Yang et al. modified PB nanocubes with Co3O4, a kind of transition metal oxide that
exhibits a catalytic activity towards HRP substrates [36]. Such nanoparticles (PB@Co3O4)
exhibited both intrinsic oxidase- and peroxidase-like activities, namely, they could rapidly
oxidize TMB with or without H2O2 at acidic conditions. In this way, a colorimetric method
for the detection of glutathione (GSH) by using PB@Co3O4 nanoparticles as oxidase mim-
ics was developed. GSH produced the fading of the color generated by oxidized TMB
(reduction of the absorbance at 652 nm).

He et al prepared hybrid composites formed by PB and Ti3C2Tx, in which this latter
acted as a reducing agent, and the multilayer 2D nanostructure could effectively keep the
PB nanoparticles away from aggregation. The composite was used as a colorimetric sensor
for H2O2, dopamine, and glucose detection [37].
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In a study conducted by Sahar et al., a hybrid organic/inorganic hydrogel, which has
the potential to mimic multiple enzymes (POD, SOD, and CAT) in a natural cascade-like
system was prepared [38]. PB was partially oxidized to Berlin green (BG) and this was
mixed with sodium trioxovanadate (NaVO3) in the presence of polyvinylpyrrolidone (PVP).
After stirring and heating, a hybrid hydrogel (VOxBG analogue) was formed. This hydrogel
was used as a cascade-like system in the detection of glucose, hydrogel photolithography,
oxidation of dopamine, and photocatalytic oxidative degradation of recalcitrant substrates
in aqueous media.

An increase in the enzymatic activity was achieved in PBA nanocages doped with
molybdenum [14]. This doping successfully tailored the size, morphology, composition,
and complex structure of the nanocage. The associate POD-like activity was enhanced by
over 37 times compared with pristine PBA.

The POD-like activity of PB/PBA has been used for the detection of several substances
such as glucose, glutathione, hydrogen peroxide, or ethanol. In some PBA, which addi-
tionally possess oxidase-like activity, this is used to detect glutathione or hydrogen sulfide
(Table 1). In the majority of cases, these assays are based on the oxidation of a substrate by
hydrogen peroxide. For instance, the aerobic oxidation of glucose in the presence of glucose
oxidase (GOx) yields gluconic acid and H2O2. The oxidation of a substrate by H2O2 gives
a product usually readable by spectrophotometry. In the research by Vázquez-González
et al. [28], after the oxidation of glucose, the oxidation of luminol as substrate generates a
light of ~428 nm, providing a quantitative readout signal for the concentration of glucose
(Figure 4).

Table 1. Prussian blue nanoparticles used as sensors. LOD = limit of detection.

Nanoparticles Size/nm Analyte Linear Range LOD Ref

PB <50 Glucose 0.1–50 µM 0.03 µM [26]

PB <50 Hydrogen
peroxide 0.05–50 µM 0.031 µM [26]

Biotinylated-PB 15
Human
serum

albumin
0.35–??? 0.27 µg/mL [27]

PBA (FeCo) 100–200 Glucose Not indicated Not indicated [28]

PBA nanocages 60 Hydrogen
sulfide 0.1–15 µM 33 nM [14]

Antibody modified PB 24
Human
serum

albumin
1.2–1000 ng/mL 1.2 ng/mL [30]

PS@Au@PB 20 Glucose 15.6–250.0 µM 3.9 µM [33]
Co3O4-modified PB ~200 Glutathione 0.1–10 µM 0.021 µM [36]

PB-T13C2Tx Hydrogen
peroxide 2–240 µM 0.4667 µM [37]

PB Dopamine Not indicated Not indicated [37]
PB-T13C2Tx Dopamine 5–120 µM 3.36 µM [37]
PB-T13C2Tx Glucose 10–350 µM 6.52 µM [37]

VOxBG hydrogel 250 Glucose 1–50 µM 0.046 µM [38]
Hollow PB ~20 Glucose 0.05–7.3 mM 40 µM [39]

Hollow PB nanocubes 80 Ethanol 2–500 µg/mL 1.41 µg/mL [40]

PB/Polypyrrole Hydrogen
peroxide 5–2775 µM 1.6 µM [41]
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Figure 4. Coupling of the PBFeCo-catalyzed chemiluminescence generation system to the GOx-
mediated aerobic oxidation of glucose to gluconic acid and H2O2 for the development of a glucose
sensor. Reproduced with permission from [28].

Figure 5 illustrates the main reactions implied in the use of PBNPs as POD-like
nanozymes. Despite many nanocomposites based on PB/PBA with POD-like activity
have been reported until now, their catalytic mechanisms have rarely been investigated.
Chen et al. have proved for the first time, by comparing their POD-like activity with
that of a series of PBA, in which Fe atoms were replaced by Ni, Cu, and Co [42]. They
have demonstrated that the catalytic-like properties can be ascribed to the FeNx (x = 4–6).
Inspired by the plane quadrilateral structure of heme, they have proposed that the catalytic
mechanism was also similar to that of the heme enzymes (HRP, cytochrome P450).

≡

→

Figure 5. Reactions of the main analytes detected by using PB/PBA as POD-like nanozymes. Inside, the structure of FeNx

band according to [42]; the blue bands represent the macrocyclic assembly of four N ≡ C in the same plane.

From the above, it is evident that PBNPs, as a POD-like nanozyme, can be used as a
universal vehicle to build cascades of catalytic reactions. For an efficient action of PBNPs as
sensors, such nanoparticles must meet certain requirements such as high surface/volume
ratio, compatibility with the other enzymes present in the reaction (in tandem reactions),
optimal pH for both enzymes, and the same chemical substrates as natural enzymes.

4. Catalase-Like Activity

Catalases (EC 1.11.1.6) are common enzymes that catalyze the decomposition of
hydrogen peroxide into water and oxygen (2 H2O2 → H2O + O2). In consequence, the
catalytic activity of CAT can be quantitatively analyzed by measuring the concentration of
oxygen produced. Due to H2O2 being a main indicator of inflammation, the evaluation of
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generated O2 is important to evidence any inflammatory process, such as that produced
after photothermal therapy. It is habitual for nanozymes to present POD-like activity at
low pH and CAT-like activity at high pH. Thus, depending on the pH conditions, H2O2
can be adsorbed or decomposed on the surface of the nanozymes, and this fact determines
their catalytic activity.

The group led by Zhang and Gu demonstrated that PBNPs could serve as promising
CAT candidates in a redox-state-dependent manner under neutral conditions (optimum
pH = 7.4) [31]. This group observed that after incubating PBNPs with H2O2 in an alkaline
environment the nanoparticles were inactive, as the POD-like activity is concerned, but
bubbles of oxygen appeared in the solution. The amount of gas increased at higher
pH levels. The group verified that the CAT-like activity was linearly dependent on the
concentration of PBNPs. This study is extremely important because it demonstrated
why PB can show POD-like or CAT-like activity as a function of pH. PB, as efficient
electron transporter, can present one or another enzymatic activity depending on the redox
potentials. For instance, at higher pH, the redox potential of H2O2/O2 is very low, and
H2O2 can be more easily oxidized into O2. The same group evidenced the effect of pH on
the enzymatic activity of PS@Au@PB nanocomposites [33]. Whereas the POD-like activity
was maximal at pH 5.2, the CAT-like activity was remarkable in an alkaline buffer.

The incorporation of a chemical element can modify the pH dependence of the CATlike
activity of PB. In this way, PB nanocubes doped with platinum prepared by in situ reduction
of PtCl62− on the surface of PB showed prominent CAT-like activity at pH 6.5: the dissolved
O2 concentration rose from 4.41 mg/L for PB alone to 38.25 mg/L for a PB with a high
content in Pt [43].

It is interesting to cite the study carried out by Zhou et al. [44]. They designed a tumor-
targeted redox-responsive nanocomposite that may combine tumor starvation therapy
and low-temperature photothermal therapy for the treatment of oxygen-deprived tumors.
The nanosystem was prepared by loading porous hollow PBNPs with GOx. After this,
their surface was coated with hyaluronic acid, therefore allowing the nanocarrier to bind
specifically with tumor cells overexpressed in the tumor. Once the nanosystem was intro-
duced into the cell by endocytosis, the GOx was released and oxidized the glucose. As the
growth of tumors is highly dependent on glucose supply, this provokes tumor starvation.
However, the oxygen concentration in most solid tumors is significantly lower than in
normal tissues, which would severely limit the catalytic efficiency of GOx. Consequently,
the catalase-like activity of PBNPs can be used to catalyze the intratumoral H2O2 for rapid
reoxygenation, which may help to circumvent the tumor-hypoxia-related tissues.

The oxygen produced by PBNPs’ catalysis has been utilized in some applications
for the diagnosis of diseases. Yang et al. developed an oxygen bubble nanogenerator for
ultrasound (US) and magnetic resonance (MR) imaging [45]. First, PBNPs decomposed
H2O2 into O2 in neutral conditions; then, the nucleated O2 molecules could act as gas-
bubble US contrast agents. When the oxygen concentration reached supersaturation in
tissues, the bubbles could be observed, and an enhanced ultrasound image could also be
detected by an acoustic measuring system. Moreover, the paramagnetic oxygen bubbles
could shorten the T1 relaxation time, acting as an MRI contrast agent. In summary, PBNPs
could be an excellent ultrasound (US) and magnetic resonance (MR) dual-modality imaging
probe for in vitro and in vivo diagnosing H2O2 with excellent sensitivity and resolution.

The CAT-like activity has been used to enhance chemotherapy/photothermal therapy.
In this way, a possible synergy between catalytic activity exploited as a photodynamic
tool and photothermal effects could be spent. As indicated above, when a tumor grows,
there are some portions of the tumor with regions where the oxygen concentration is
significantly lower than in healthy tissues. These hypoxic microenvironments in solid
tumors are a result of the consumption of available oxygen by rapidly proliferating tumor
cells. Moreover, cancer cells produce large amounts of lactate, and this acidic environment
promotes tumor cell invasion of adjacent non-cancerous tissue. The indicated hypoxia in
solid tumors extremely limits the antitumor of photodynamic therapy. However, the tumor
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microenvironment also presents high levels of H2O2, and this can be a source of O2. The
CAT-like activity of PBNPs can deliver oxygen to the tumor. The generated O2 can support
the photodynamic therapy of tumors and reduce tumor growth [46].

Peng et al. prepared a PB/manganese dioxide (PBMn) nanoparticle coated by ery-
throcyte membrane to carry doxorubicin and prolong the circulation time in vivo [47]. The
generated oxygen from H2O2 under the catalysis of PBMn relieved the hypoxia of tumors,
and its expansion disrupted the erythrocyte membrane coated on the PBMn surface, which
accelerated the release of doxorubicin from the nanoparticles. This made such nanoparticles
an H2O2-responsive activated drug release nanosystem and enhanced the chemotherapy
by PBMn. In addition, PBMn, as any PB/PBA, has strong absorption in the infrared region,
with high photothermal conversion efficiency, and can be used as an ideal photothermal
therapeutic agent [48].

Similar to the observed POD-like activity, the CAT-like activity is also size-dependent.
Ultrasmall PBNPs tend to be more effective and exhibit higher enzyme-like catalytic activity
than PBNPs of higher size [19]. The initial catalytic rate of the ultrasmall nanoparticles was
5.3 mg L−1 min−1 compared to 0.77 mg L−1 min−1 of PBNPs [31].

5. Superoxide Dismutase-Like Activity

Superoxide dismutase (SOD, EC 1.15.1.1) is an enzyme that catalyzes the dismutation
of the superoxide (O2

•−) radical into ordinary molecular oxygen and hydrogen peroxide,
two less damaging species. The reaction is: 2 O2

•− + 2 H+ → O2 + H2O2. Superoxide is
produced as a by-product of oxygen metabolism and, if not regulated, causes many types
of cell damage [49].

As indicated, PBNPs display SOD-like activity [14]. Moreover, the H2O2 produced by
the disproportionation of superoxide can be transformed into H2O or O2 by PBNPs acting
as POD- or CAT-like nanozymes. The standard redox potential values of O2/ O2

•− (0.73 V)
and O2

•−/ H2O2 (1.5 V) indicate that the PBNPs are capable of catalyzing the following
half-reactions (see Figure 1):

2HO2
• + 2H+ + PB+ 2e− → 2H2O2 + BG (5)

2HO2
• + BG → 2O2 + 2H+ + PB + 2e− (6)

2HO2
• + 2H+ + BG + 2e− → 2H2O2 + PY (7)

HO2
• + PY → O2 + H+ + BG + e− (8)

The ability of PBNPs to undergo the dismutation of superoxide radical ions can be
assessed by the Fridovich assay [50]. In this assay, the oxidation of xanthine by xanthine
oxidase generates superoxide radical ions. Such radical ions reduce nitroblue tetrazolium
(NBT) giving diformazan. In this way, the reduction of NBT, yellow-colored, by the
generated superoxide radical ions implies the formation of the blue-colored diformazan. In
the presence of PB/PBA, the generated radicals are totally or partially scavenged reducing
the amount of diformazan and, thus, the intensity of blue color. This reduction can be
monitored spectrophotometrically (Figure 6) [20].

Another way to verify the ability of PBNPs for scavenging superoxide anions is
by using the xanthine/xanthine oxidase system with 5-tert-butoxycarbonyl 5-methyl-1-
pyrroline-N-oxide (BMPO) as a spin trap to form the adduct BMPO/OOH•. In the presence
of SOD or PBNPs, the signal of the electron spin resonance (ESR) spectrum declined [31,51].

In one study, PB was immobilized on amidine functionalized polystyrene latex (AL)
particles [20]. The ability of PB and PB-AL materials in dismutation of superoxide radical
ions was determined colorimetrically [49]. The PB did not lose the SOD activity upon
immobilization on AL. However, because of the inevitable hindrance of some catalytic
sites on the surfaces of PBNPs upon attachment to the AL surface, the maximum inhibition
values decrease for PB-AL. In this way, KM = 2.19 mM for PB in comparison to 2.92 mM
for PB-AL, and vmax = 6.71 × 10−6 M s−1 for PB and 4.09 × 10−6 M s−1 for PB-AL. As
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an important advantage of these hybrid nanoparticles, the authors indicate their high
colloidal stability.

→

→

→

→

Figure 6. The conversion of xanthine and O2 to uric acid and H2O2 by XOD generates superoxide radicals. The superoxide
anions reduce the nitroblue tetrazolium [NBT] to a colored formazan product that absorbs radiation at 560 nm. PBNPs
scavenge superoxide anions, thereby reducing the rate of formazan formation.

The VOxBG analogue aforementioned [38] has multiple oxidation states and this
confers it a multi-enzymatic activity. The SOD-like activity of this analogue was determined
by the transformation of NBT.

The platinum-doped PB nanoparticles presented an increased enzyme-like activity in
comparison to plain PB nanoparticles [42]. The activity was enhanced with increasing Pt
content. Under the same condition, Pt nanoparticles presented a slight SOD-like activity,
which contributed to the increased enzyme-like activity of Pt-doped PB nanoparticles.

6. ROS-Scavenging or ROS-Generating Activity

The term ROS describes reactive oxygen-derived free radicals such as hydroxyl (OH•),
superoxide anion (O2

•−), nitric oxide (NO•), and peroxyl (RO2
•), as well as nonradical

reactive oxygen derivatives such as H2O2. ROS is a double-edged sword because, although
the biological antioxidant system controls the levels of ROS, an excess of them leads to
oxidative stress damage and dysfunction related to many human diseases (Alzheimer’s
disease, Parkinson’s disease, and diabetes). However, ROS can also play a positive role,
since they can induce the activation of apoptosis in cancer cells.

PB and PBA can generate or scavenge ROS depending on their catalytic properties. In
this way, PB/PBA with POD- or oxidase-like activity generates abundant ROS; PB/PBA
with CAT-like and/or SOD-like activity can remove ROS. In both cases, one can find
important biomedical applications, as will be indicated below.

The formation of ROS by PBNPs follows the Fenton reaction [51]. The conventional
Fenton process is associated with the electron transfer from Fe2+ to H2O2 to generate highly
active OH•, which is capable of effectively attacking the target pollutants and decomposing
them into harmless species. The reaction pathway can be illustrated by the following
equations:

Fe2+ + H2O2 → Fe3+ + OH− + OH• (9)

Fe3+ + H2O2 → Fe2+ + OOH• + H+ (10)

OH• + substrates → intermediates → CO2 + H2O (11)
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Over the years, several approaches have been carried out to use PB/PBA as Fenton
reagents to break down various organic contaminants [52–56]. For instance, Liu et al.
employed PB as a photo-Fenton-like reagent and investigated its high catalytic efficiency
for rhodamine B (RhB) degradation under visible irradiation in neutral conditions [52]. Li
et al. performed PB/TiO2 micro composites as a heterogeneous photo-Fenton catalyst to
enhance the Fe (II) improvement in destroying organic contaminants [53]. Furthermore,
the same group also prepared two kinds of PBA, based on Co and Fe, with different
iron valence states and examined their heterogeneous photo-Fenton catalytic mechanism
and their use in the oxidation of bisphenol [54,55]. Bu et al. used ultrathin nanosheets
of PB to achieve the degradation of methylene blue (MB), one of the most used dyes in
various industries [56]. In this study, it was found that, by means of the peroxidase-like
activity, 73% of MB had been removed within 1 min in the presence of nanosheets. In the
same study, cubic PB only removed 25% of MB. These preliminary studies elucidated that
PB/PBA are promising alternatives to conventional transition metals and metal oxides
for more efficient catalysis. More recently, the study by Wang et al. focused on the
structural control and design of micro/nanocrystals and investigated the relationship
between structure and performance of PB [57]. To this end, the authors synthesized a
series of PB microcrystals with morphology evolution from microtubes to hexapod stars by
adjusting the concentration of chloroplatinic acid in the reaction system (Figure 7).



 −

 



Figure 7. SEM images of PB crystals of different morphology obtained increasing the concentration
of chloroplatinic acid. (a) PB-cubs: microcubes; (b) PB-mcts: PB cubs with truncated corners; (c)
PB-mtes: PB cubs with truncated edges; (d) PB-mpfs: PB cubs with protrusive faces; (e) PB-hpds:
hexapods; and (f) PB-hpss: hexapod stars. Reproduced with permission from [57].

Results showed that the degradation efficiency of RhB was closely related to the mor-
phology of PB, where the pristine PB-cubs only account for 16.6% of RhB removal within 60
min and PB-hpds enhance that to 97.1% under the same conditions. PB-hpss also presented
superior catalytic performance compared to PB-cub and other PB intermediates. The reason
was the high specific surface areas and adequate exposure of FeIII-NC coordination active
sites of PB-hpds and PB-hpss.

The hybrid hydrogel constituting VOx incorporated BG analogue complex was ex-
plored as a potential catalyst for photocatalytic degradation of organic pollutants for
wastewater treatment purposes [38]. Unlike other photocatalysts, this complex hydro-
gel followed an unusual catalytic mechanism of OH• radical generation, which in this
case function as entrapped holes rather than free radicals in the reaction system. This
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ability accompanied by the simultaneous generation of OO•− contributed to a superior
multicatalytic performance of VOxBG.

By modulating ROS production, PB/PBA can be exploited for disease therapeutics.
For instance, by catalytically generating abundant ROS selectively in a tumor microenvi-
ronment, PB/PBA can be used for antitumor therapeutics, since excessive intracellular
levels of ROS may damage lipids, proteins, and DNA. However, the antitumor effect can
be reverted by PB itself in some conditions. It is known that ascorbic acid (AA) is able to
induce cancer cell death by improving the intracellular ROS level [58]. Although iron is
considered to be able to reinforce the anti-cancer effect of AA via Fenton reaction, PBNPs,
despite being an iron-based nanomaterial, can inhibit the anti-cancer effect of AA. Zhang
et al. have inferred that PBNPs may play as an AA-related nanozyme that can catalyze the
oxidation of AA without producing H2O2 [34]. Moreover, this study showed that PBNPs
could catalyze the oxidation of AA in the absence and presence of H2O2, indicating PBNPs
possess ascorbic acid oxidase-like activity besides ascorbic acid peroxidase-like activity.
Both enzymatic activities are ROS-scavengers.

PBNPs, after being taken up by cells, can be found in different intracellular microen-
vironments, where may exert differential enzyme-like activities. PBNPs mainly function
as SOD-mimetics, high-activity CAT mimetics, and low-activity POD-mimetics when
distributed in the cytosol. In lysosomes, PBNPs unlike other iron-based nanoparticles
can inhibit the production of OH• [31]. Without the Fenton reaction, PBNPs could effec-
tively eliminate ROS such as hydrogen peroxide, hydroxyl radicals (OH•), and superoxide
radicals (OH•). With these unique performances, PBNPs have great potential as an anti-
inflammatory agent to protect cells from ROS damage. To demonstrate the ROS scavenging
ability of PBNPs, Zhang et al. established an in vivo inflammation model [31]. Mice with
an inflammation induced by lipoproteins were treated with PBNPs. Results showed that
PBNPs could protect the animals from oxidative damage and slow down the inflammatory
response. Zhao et al. also showed the ROS-scavenging ability of PBNPs when mice with
inflammatory bowel disease were treated with PBNPs administered intravenously [59].
Zhao et al. developed a PBA (based on Mn) to treat inflammatory bowel disease in mice
with induced colitis [60]. The prepared PBA accumulated at inflamed sites after oral admin-
istration. PBA significantly improved colitis via a primary effect on the toll-like receptor
signaling pathway without causing adverse side effects.

Zhang et al. studied the ability of hollow PB to scavenger ROS and reactive nitrogen
species, such as nitric oxide (NO•) and peroxynitrite (ONOO−), in a rat model of ischemia
stroke [15]. Apart from attenuating oxidative stress, PB also suppressed apoptosis and
counteracted inflammation both in vitro and in vivo, thereby contributing to increasing
brain tolerance of ischemic injury with minimal side effects.

The reduction of the size of PBNPs obtained by using a mixture of water and ethanol [17]
increased the ability to break down H2O2 to generate oxygen, scavenging free radicals
and protecting cells from oxidation. The scavenging ability was related to the results of
the catalytic activity of the nanozyme. This activity increased by reducing the size of the
nanoparticles due to the fact that the catalytic activity is size-dependent. The catalytic ac-
tivity of PBNPs mainly emanates from the electron transfer between Fe ions with different
valences [31], and since these catalytic sites are mostly situated at the FeNx (x = 4–6 units),
the reduction of the size of PBNPs results in the increase of their specific surface area and
allows for the maximization of the exposed FeNx sites.

7. Conclusions and Future Perspectives

PBNPs and their analogues have gathered increasing research interest since their
first discovery as nanozymes just over ten years ago [25,26] because they exhibit catalytic
properties as peroxidase, catalase, and superoxide dismutase. In this review, we system-
atically summarized the enzyme-like activities and the catalytic applications of PB and
PBA. Compared to natural enzymes, PBNPs overcome their main disadvantages such as
the high cost of production and purification. Moreover, PBNPs offer improved tolerance to
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harsh conditions and higher stability. PBNPs have an added value: their different states
of oxidation can be changed by regulating external potentials (PB presents low redox
potentials) and this fact is responsible for their multicatalytic properties. Depending on
the type of enzymatic-like activity, PB/PBA can be used to remove excess ROS from the
body to treat ROS-related diseases and decompose the H2O2 into oxygen to overcome the
hypoxia of solid tumors. However, the same PB/PBA can generate abundant ROS and this
property serves for the remediation of environmental pollutants.

Although great progress has been made, the development of PB/PBA as nanozymes
with desired properties is still limited by some challenges, and an in-depth understanding
of the fundamental principles of these nanoparticles as nanozymes remains limited. It is
still necessary to define exactly the influence of size, how the surface modification affect
the enzyme-like properties beyond acting as a stabilizer, which is the maximal density and
thickness of the coating layer to avoid that the interaction between the nanoparticles and
the substrate is masked, which elements are optimal to dope the chemical structure, and so
on. Finally, in spite of the safety of PB, the preparation of new analogues, or new hybrid
nanocomposites should be accompanied by studies about the potential nanotoxicity of
these nanosystems on living beings well as the toxicity in the environment.

Author Contributions: Conceptualization, writing—original draft preparation J.E.; writing—review
and editing, M.A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huang, Y.; Ren, J.; Qu, X. Nanozymes: Classification, catalytic mechanisms, activity regulation, and applications. Chem. Rev.

2019, 119, 357–4412. [CrossRef] [PubMed]
2. Liang, M.; Yan, X. Nanozymes: From new concepts, mechanisms, and standards to applications. Acc. Chem. Res.

2019, 52, 2190–2200. [CrossRef] [PubMed]
3. Stasyuk, S.; Smutok, O.; Demkiv, O.; Prokopiv, T.; Gayda, G.; Nisnevitch, M.; Gonchar, M. Synthesis, catalytic properties and

application in biosensorics of nanozymes and electronanocatalysts: A review. Sensors 2020, 20, 4509. [CrossRef] [PubMed]
4. Gao, L.; Zhuang, J.; Nie, L.; Zhang, J.; Zhang, Y.; Gu, N.; Wang, T.; Feng, J.; Yang, D.; Perrett, S.; et al. Intrinsic peroxidase-like

activity of ferromagnetic nanoparticles. Nat. Nanotechnol. 2007, 2, 577–583. [CrossRef] [PubMed]
5. Wang, Z.; Zhang, R.; Yan, X.; Fan, K. Structure and activity of nanozymes: Inspirations for de novo design of nanozymes.

Mater. Today 2020, 41, 81–119. [CrossRef]
6. Thompson, D.F.; Callen, E.D. Soluble or insoluble Prussian blue for radiocesium and thallium poisoning. Ann. Pharmacother.

2004, 38, 1509–1514. [CrossRef] [PubMed]
7. Ishizaki, M.; Kanaizuka, K.; Abe, M.; Sakamoto, M.; Kawamoto, T.; Tanaka, H.; Kurihara, M. Preparation of electrochromic

Prussian blue nanoparticles dispersible into various solvents for realisation of printed electronics. Green Chem. 2012, 14, 1537–1544.
[CrossRef]

8. Ware, M. Prussian blue: Artists’ pigment and chemists’ sponge. J. Chem. Educ. 2008, 85, 612–620. [CrossRef]
9. Guari, Y.; Larionova, J. (Eds.) Prussian Blue-Type Nanoparticles and Nanocomposites. Synthesis, Devices and Applications; Pan Stanford:

Singapore, 2019.
10. Busquets, M.A.; Estelrich, J. Prussian blue nanoparticles: Synthesis, surface modification and biomedical applications.

Drug Discov. Today 2020, 25, 1413–1443. [CrossRef] [PubMed]
11. Taglietti, A.; Pallavicini, P.; DaCarro, G. Prussian blue and its analogs as a novel nanostructured antibacterial materials. Appl. Nano

2021, 2, 85–97. [CrossRef]
12. WHO Model List of Essential Medicines, 3rd ed.; World Health Organization: Geneva, Switzerland, 2013; p. 4. Available online: https:

//www.who.int/groups/expert-committee-on-selection-and-use-of-essential-medicines/essential-medicines-lists (accessed on
22 April 2021).

13. Estelrich, J.; Busquets, M.A. Prussian blue: A safe pigment with zeolitic-like activity. Int. J. Mol. Sci. 2021, 22, 780. [CrossRef]
[PubMed]

74



Int. J. Mol. Sci. 2021, 22, 5993

14. Wang, C.; Wang, M.; Zhang, W.; Liu, J.; Lu, M.; Li, K.; Lin, Y. Integrating Prussian blue analog-based nanozyme and online visible
light absorption approach for continuous hydrogen sulfide monitoring in brains of living rats. Anal. Chem. 2020, 92, 662–667.
[CrossRef] [PubMed]

15. Zhang, K.; Tu, M.; Gao, W.; Cai, X.; Song, F.; Chen, Z.; Zhang, Q.; Wang, J.; Jin, C.; Shi, J.; et al. Hollow Prussian blue nanozymes
drive neuroprotection against ischemic stroke via attenuating oxidative stress, counteracting inflammation, and suppressing cell
apoptosis. Nano Lett. 2019, 19, 2812–2823. [CrossRef]

16. Ming, H.; Torad, N.L.K.; Chiang, Y.-D.; Wu, K.C.-W.; Yamauchi, Y. Size- and shape-controlled synthesis of Prussian blue
nanoparticles by a polyvinylpyrrolidone-assisted crystallization process. CrystEngComm 2012, 14, 3387–3396. [CrossRef]

17. Azhar, A.; Li, Y.; Cai, Z.; Zakaria, M.B.; Masud, M.K.; Hossain, M.S.A.; Kim, J.; Zhang, W.; Na, J.; Yamauchi, Y.; et al. Nanoarchi-
tectonics: A new materials horizon for Prussian blue and its analogues. Bull. Chem. Soc. Jpn. 2019, 92, 875–904. [CrossRef]

18. Dacarro, G.; Taglietti, A.; Pallavicini, P. Prussian blue nanoparticles as a versatile photothermal tool. Molecules 2018, 23, 1414.
[CrossRef] [PubMed]

19. Qin, Z.; Chen, B.; Mao, Y.; Shi, C.; Li, Y.; Huang, X.; Yang, F.; Gu, N. Achieving ultrasmall Prussian blue nanoparticles as
high-performance biomedical agents with multifunctions. ACS Appl. Mater. Interfaces 2020, 12, 35068–35078. [CrossRef] [PubMed]

20. Alsharif, N.B.; Samu, G.F.; Sáringer, S.; Muráth, S.; Szilagyi, I. A colloid approach to decorate latex particles with Prussian blue
nanozymes. J. Mol. Liq. 2020, 309, 113066. [CrossRef]

21. Shokouhimehr, M.; Soehnlen, E.S.; Khitrin, A.; Basu, S.; Huang, S.D. Biocompatible Prussian blue nanoparticles: Preparation,
stability, cytotoxicity, and potential use as an MRI contrast agent. Inorg. Chem. Commun. 2010, 13, 58–61. [CrossRef]

22. Mo, W.; Yu, J.; Gao, L.; Liu, Y.; Wei, Y.; He, R. Reversible inhibition of iron oxide nanozyme by guanidine chloride. Front. Chem.

2020, 8, 491. [CrossRef]
23. Pham-Huy, L.A.; He, H.; Pham-Huy, C. Free radicals, antioxidants in disease and health. Int. J. Biomed. Sci. 2008, 4, 89–96.

[PubMed]
24. Komkova, M.A.; Karyakina, E.E.; Karyakin, A.A. Catalytically synthesized Prussian blue nanoparticles defeating natural enzyme

peroxidase. J. Am. Chem. Soc. 2018, 140, 11302–11307. [CrossRef] [PubMed]
25. Zhang, X.Q.; Gong, S.W.; Zhang, Y.; Yang, T.; Wang, C.Y.; Gu, N. Prussian blue modified iron oxide magnetic nanoparticles and

their high peroxidase-like activity. J. Mater. Chem. 2010, 20, 5110–5116. [CrossRef]
26. Zhang, W.; Ma, D.; Du, J. Prussian blue nanoparticles as peroxidase mimetics for sensitive colorimetric detection of hydrogen

peroxide and glucose. Talanta 2014, 120, 362–367. [CrossRef] [PubMed]
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Abstract: Immunotherapy has been a breakthrough in cancer treatment, yet only a subgroup of
patients responds to these novel drugs. Parameters such as cytotoxic T-cell infiltration into the tumor
have been proposed for the early evaluation and prediction of therapeutic response, demanded
for non-invasive, sensitive and longitudinal imaging. We have evaluated the feasibility of X-ray
fluorescence imaging (XFI) to track immune cells and thus monitor the immune response. For
that, we have performed Monte Carlo simulations using a mouse voxel model. Spherical targets,
enriched with gold or palladium fluorescence agents, were positioned within the model and imaged
using a monochromatic photon beam of 53 or 85 keV. Based on our simulation results, XFI may
detect as few as 730 to 2400 T cells labelled with 195 pg gold each when imaging subcutaneous
tumors in mice, with a spatial resolution of 1 mm. However, the detection threshold is influenced by
the depth of the tumor as surrounding tissue increases scattering and absorption, especially when
utilizing palladium imaging agents with low-energy characteristic fluorescence photons. Further
evaluation and conduction of in vivo animal experiments will be required to validate and advance
these promising results.

Keywords: XFI; X-ray fluorescence imaging; T cell; immunotherapy; nanoparticles; gold; palla-
dium; simulation

1. Introduction

Over the past decades the field of cancer therapy has seen major breakthroughs by
the implementation of novel therapeutic approaches. Most prominently, the idea of not
targeting tumor cells directly but rather harnessing the body’s immune response has
revolutionized the way neoplastic diseases are looked upon [1]. While this concept itself
is not particularly new, it has been majorly restrained by malignant cells’ capabilities
of evading immune response. This immune evasion is based on multiple mechanisms,
mostly either inhibiting effector cells or disguising themselves by downregulating surface
proteins [2]. Three major approaches regarding immunotherapy have been pursued,
namely cancer vaccines [3], adoptive T cell transfer [4] and checkpoint inhibition [5]. The
latter, working through inhibiting the activation of cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) or programmed cell death protein 1 (PD-1), T cell membrane proteins
suppressing immune response, have shown unprecedented anti-tumor response in clinical
trials [6,7], but only in a subgroup of patients. With a multitude of immune checkpoint
inhibitors entering the market and multimodal therapeutic concepts being introduced,
early evaluation and even prediction of treatment response is indispensable to improve
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the patients’ outcome [8]. Nevertheless, traditional methods of assessing tumor response
mostly relying on change in tumor size were shown to be inadequate in this context due to
the presence of atypical tumor responses [9]. As one of multiple markers being proposed,
cytotoxic T cells (CTL) infiltrating the tumor were discovered to correlate with tumor
response under these novel therapeutics and could thus be used to quickly assess and
monitor the immune reaction [10]. While early investigations of T-cell distribution were
limited to highly invasive biopsies not suited for routine clinical implementation [11], the
emergence of molecular imaging has paved the way for non-invasive monitoring of cellular
targets [12]. Four imaging modalities have been of particular interest for observing CTLs
in the context of immunotherapy, either imaging injected cells or the endogenous T-cell
population. The majority of the research groups apply PET and SPECT imaging due to their
high sensitivity. However, as a significant efflux of radionucleotides has been observed
when directly labelling T cells, the majority of PET studies has subsequently utilized
radioactively labelled CD8 antibody fragments [13], with the first human trials being
conducted [14]. Nevertheless, imaging of in vitro-labelled, injected T cells has also been
studied using magnetic resonance imaging (MRI) [15], computed tomography (CT) [16]
and bioluminescence imaging (BLI) [17]. Whereas all four approaches show promising
results in either sensitivity or spatial resolution and some even allow for longitudinal
imaging, none has been able to combine all aspects, with each modality having its specific
drawbacks. Due to this reason, neither approach has been implemented in a clinical setting
as of yet, albeit being urgently needed. Thus, we want to introduce a further imaging
modality—X-ray fluorescence imaging (XFI)—and discuss the expected limits.

Ever since their discovery in 1895 [18], X-rays have been extensively studied as a
way to non-invasively visualize body structures and processes. However, the possible
applications of medical X-rays are far beyond the scope of established attenuation-based
imaging [19]. When a photon in the X-ray energy range collides with matter, multiple
interactions with the atom are possible. Regarding XFI, two effects are of major im-
portance, namely the photoelectric effect and Compton scattering. Photons above an
element-dependent energy (the so-called “absorption-edge”) have the ability to ionize
atoms by removing an electron from one of their shells [20]. While the primary photon
is absorbed in this process, the resulting empty position in the atom’s shell is filled by an
outer shell electron, releasing energy isotropically in the form of a secondary photon. Such
emissions of high energy are called X-ray fluorescence (like an “X-ray echo”) and have
a characteristic energy based on the interacting atomic element. Materials with a higher
atomic number Z provide higher photon emission energies [21], increasing the probability
of traversing even larger targets [19]. However, detected fluorescence signal derived from
these interactions is impeded by other photons, mainly originating from multiple Compton
scattering, which is dependent on the target size but even applies to objects as small as
a mouse. Compton scattering similarly describes the excitation of an electron through
photon–atom interactions, without absorbing the primary photon but rather diverting its
path. During this process, the photon loses a fraction of its energy by passing it on to an
electron, depending on its energy prior to scattering and the scattering angle.

The challenge for XFI lies in differentiating the fluorescence signal from detected
background photons. As multiple Compton scattering results in a shift of the incident
photon energy down into the fluorescence signal region, the detection of fluorescence sig-
nals of medically feasible tracer concentrations in large targets becomes nearly impossible.
However, the intrinsic problem of high Compton background has been partially overcome
through the so-called spatial filtering as described in previous work by our group [22],
showing the principal feasibility of XFI even for human-sized objects.

In contrast to established imaging modalities, XFI has the potential to provide both
high sensitivity and excellent spatial resolution while simultaneously allowing for serial
imaging to monitor targets longitudinally.

For the visualization of certain structures, specific materials with known fluorescence
photon energies are used as imaging agents, commonly delivered in the form of molecular
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tracers or metallic nanoparticles (NPs). Nanoparticles are chosen because of their high
customizability regarding size, shape and surface characteristics as well as possible func-
tionalization, each influencing cell labelling efficiency [23,24]. NPs have been extensively
studied in the context of immunotherapy, not only for imaging cellular targets [25] but
also as an approach of treatment [26] and a way to specifically deliver drugs [27]. While
NPs are passively accumulated in tumors due to enhanced permeability and retention
(EPR) effects [28], more specific targeting is required when utilizing them in diagnostics
and therapy. This can be achieved by functionalizing them through coating, change of
surface structures or binding to ligands, depending on the target to be investigated [29].

Most prominently, gold nanoparticles (GNP) have been thoroughly evaluated due
to their high atomic number Z (Z = 79) resulting in high X-ray absorption levels, making
them well suited as a CT contrast agent [30]. GNPs have gained high popularity due to
their simplicity in production and excellent customizability as well as being regarded to
be of little toxicity [31]. Immune cell labelling with GNPs is usually performed ex vivo,
such that only injected cells can be monitored. While cellular uptake was evaluated for
a multitude of immune cells such as macrophages, monocytes and dendritic cells, T-cell
labelling has rarely been performed [30]. Whereas in first studies utilizing GNPs for T-cell
imaging, nanoparticles were used to deliver radionucleotides for PET imaging rather than
imaging GNPs themselves [32], imaging of GNP-labelled T cells using CT was shown
to be feasible [16,33]. Furthermore, the effects of GNP size, labelling duration and Au
concentration on cell viability and labelling efficiency were investigated by Meir et al.,
achieving up to 195 pg gold per cell [23,34].

Another element that is of particular interest in cancer research is palladium nanopar-
ticles (PdNPs). Whereas T-cell labelling has, to our knowledge, not been performed as
of yet, PdNPs have been extensively researched in the context of tumor therapy, imag-
ing and drug delivery [35]. However, there are concerns about potential toxicological
and immunomodulatory effects in applications of PdNPs; hence, further investigation is
needed [36]. While PdNPs have been deployed in various imaging modalities including
photoacoustic imaging, SPECT and MRI are nonetheless not ideally suited for CT imaging
in large objects due to the comparatively low atomic number (Z = 46) of palladium [37].
However, hybrid NPs consisting of gold-coated PdNPs have been successfully utilized
in CT imaging. Regarding XFI, a reduction in tissue penetration depth is to be expected,
yet it can be compensated through differing background characteristics in comparison to
GNPs, as discussed in our work. Whereas gold nanoparticles have been frequently used in
X-ray fluorescence studies [22,38,39], palladium is not commonly considered as an X-ray
fluorescence agent.

In this work, we thus investigate the feasibility of imaging GNPs and, as a com-
plementary approach, also PdNPs using XFI in the context of immunotherapy. For this
purpose, we conducted multiple simulations using the software toolkit Geant4 v.10.5.1 [40],
implementing a tumor-bearing mouse voxel model [41] irradiated by a monochromatic
X-ray beam. The tumors were placed either subcutaneously, in the kidney, or in the center
of the abdomen and enriched with gold or palladium nanoparticles. The software Geant4
is designed to simulate interactions of particles passing through matter using Monte Carlo
methods [42,43]. Geant4-based simulations were shown to be consistent with first ex
vivo and in situ experiments in previous work of our group [22,44,45] and can thus be
used to explore diverse applications of XFI without the need of extensive animal research.
As a result of our simulations, we intend to illuminate both prospects and challenges of
implementing X-ray fluorescence in the highly topical area of cancer research to lay the
foundation for future in vivo experiments.

2. Results

2.1. Subcutaneous Targets

In a first series of simulations, we mimicked imaging conditions found in several
small animal imaging studies, in particular referencing a study by Meir et al. [16] utilizing
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GNP-labelled cytotoxic T cells for CT imaging. A tumor of 5.5 mm in diameter was placed
at a subcutaneous position on the dorsolateral abdomen of the mouse voxel model, as
many small animal studies investigating tumor imaging make use of artificially grown
subcutaneous tumors for convenient handling. In our study, the beam enters the mouse
either through the front, the back, or at a 45◦ angle to minimize tissue along the beam. This
is achieved by rotating and repositioning the mouse, thereby influencing the amount of
tissue the photons have to pass prior to and after hitting the target; however, the same
effect can be achieved by repositioning of the X-ray source and detectors.

In each of the three scenarios, the significance Z was observed to be highly influenced
by the detector angle. While fluorescence photons show isotropic emission, background
photons predominantly composed of multiple Compton scattering are considerably in-
fluenced by the detector position. While Kα significance, with a signal region below the
initial Compton peak, is increasingly impaired at higher detector angles through rising
background, Kβ significance does thrive with Compton energy being shifted below its
signal range, as displayed in Figure 1. Moreover, the target position within the mouse has
to be considered because of the influence of additional tissue between target and detector,
increasing the probability of additional scattering to occur, which further reduces photon
energy. When rotating the phantom to keep the tissue depth along the beam propagation
axis as low as possible, the significance is further improved through an overall reduction
of the Compton background. In this scenario, Kα-fluorescence yields substantially higher
significance values than Kβ as the Compton background is less shifted towards the Kα

region. In addition, L-shell fluorescence was examined, which will not be further discussed
because of consistently performing below K-fluorescence regions. For all scenarios and
signal regions, it can be observed that the significance values for gold do scale with the
agent concentration, as can be seen in Figure 2. The detection thresholds for Au imaging
were extrapolated to be 0.1 mg/mL for the front and back scenario and between 0.1 to
0.033 mg/mL for optimized rotation.

Figure 1. Au fluorescence significance and photon counts as simulated for an agent concentration of 1mg/mL. (a) Signifi-
cance values for both Kα and Kβ plotted for each of the 9 detector angles. (b) Box chart displaying the detected photon
counts for both Kα and Kβ fluorescence photons and background photons at the different detector angles.

As can be seen in Figure 2, the Pd simulations conducted herein show superior
significance across all scenarios when compared to equally enriched Au targets. However,
signal intensity is substantially limited by the penetration depth of fluorescence photons
emitted by Pd atoms, as can be assessed for detector angles in which the fluorescence
photons have to pass the mouse’s body. When lifting these restrictions through phantom
rotation, the best significance can be achieved with the detectors orthogonal (90◦) to the
beam direction where Compton scattering is suppressed. Derived from the dilution series,
the detection threshold for Pd is estimated to be around 5 µg Pd/mL for front/back beam
direction, and <3.3 µg Pd/mL for optimized rotation. The effect of Pd fluorescence being
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able to achieve noticeably higher significance than their Au equivalents is most prominent
when the tissue thickness is as small as possible.

Figure 2. Significance comparison for a subcutaneous target at (1) optimized rotation, (2) beam
hitting the mouse from the front or (3) beam entering the mouse from the back. Gold fluorescence
significances are displayed in red, palladium fluorescence significances in blue.

2.2. Kidney and Central Target

It was further evaluated whether this imaging technique is feasible for deep tumor
imaging in small animals. This challenge was addressed by both simulating a spherical
kidney lesion of 5.5 mm diameter as well as exploring the worst-case scenario, namely a
similar-sized lesion in the center of the mouse with surrounding tissue of approximately
12–15 mm.

It is observed that kidney and central targets perform similarly, with the tendency of
the central target position being slightly inferior. A limitation of Kα significance can be seen
due to the shift in Compton background described before, thus lowering the maximum
significance that can be achieved in these scenarios compared with previous simulations.
However, when only one of both signal regions is to be examined, Kα remains the signal
region of choice. Angular dependence is critical, with the same behavior of Kα and Kβ

fluorescence significance as described before. The resulting Au detection threshold for both
scenarios is estimated to be between 0.33 and 0.1 mg/mL.

When utilizing Pd as an imaging agent, significance in deeper targets noticeably de-
creases in comparison to subcutaneous scenarios. Nevertheless, as is displayed in Figure 3,
Pd does still offer higher significance than Au when comparing similar concentrations,
with an observed detection limit of around 0.01 mg/mL, ergo performing at least one order
of magnitude better. This is due to the different background behavior in the simulated
X-ray spectra: the background in the Kα Pd-signal region is much less than in the Kβ-
region of Au. Angular dependencies are once again mostly influenced by the thickness of
surrounding tissue, performing worst for orthogonal detector positions.
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Figure 3. Comparison of a subcutaneous, a kidney and a centered target regarding Au-fluorescence
(red) and Pd-fluorescence (blue) significances.

2.3. Influence of Target Size

In further simulations utilizing the same center target scenario, the target diameter
was varied between sizes of 10, 5, 2.5, and 1.25 mm. For better comparability, the simulated
agent concentrations were adjusted such that the amount of fluorescence marker within
the beam volume is nearly consistent for different target sizes.

The agent mass is the determining factor for the fluorescence yield; hence, the signal
strength and significance Z, as scenarios differing in target size and concentration, but con-
taining the same amount of agent mass, achieve similar results (see Figure 4). Nevertheless,
it is noticed that the calculated significance does also scale with target size, albeit to a much
lesser extent, as larger targets do perform slightly better than smaller ones containing the
same agent mass, presumably due to the decrease of surrounding tissue. However, when
looking upon the smallest target diameter, a steep decrease in significance is present, with
two effects most likely contributing to this finding. On the one side, changing the shape of
the beam-target intersection from cylindrical in larger targets to spherical in targets with
a size approaching the beam diameter does influence the amount of fluorescence marker
contributing to the observed signal. On the other hand, imperfections of beam alignment
only detectable for small targets cannot be excluded.

2.4. Dose

Furthermore, we evaluated the deposited dose utilizing a dose tracker specified in the
methods section (see Figure 5). The dose for an ideally positioned tumor is estimated to
be 25.5 mGy within the tumor and 0.1 mGy of full body dose for a single beam position.
When imaging a centrally placed target 5 mm in diameter, we found the organ dose to
be 28.38 mGy for Au imaging and 24.45 mGy for Pd imaging with respective full body
doses of 0.34 mGy (Au) and 0.33 mGy (Pd) for a single beam position. A planar scan of
this 5 mm target would require 25 scan positions utilizing a 1 mm beam; thus, the full
body dose for a scan is estimated to be 8.5 mGy (Au) and 8.25 mGy (Pd). As the tumor
location may not always be known a priori, we also extrapolated the dose applied through
a whole-body scan. When an entire mouse is scanned by a photon beam, the full-body
dose roughly approaches the local dose seen within the beam volume. Applying this
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rationale, we estimate the full body dose to be between 250 and 350 mGy at 53 keV and 300
to 400 mGy for 85 keV.

Figure 4. Significance Z at varying agent concentration and target size with Au-fluorescence (a) and
Pd-fluorescence (b).

Figure 5. Dose deposition when imaging Au-labelled subcutaneous (a–c) and central (b–d) targets.
(a,b) Organ doses and full body dose. (c,d) Transversal slice of the mouse voxel model showing the
local dose at beam level. The target is highlighted by a green circle.
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3. Discussion

Based on the determined agent concentration detection limits, possible cell detection
thresholds can now be estimated. As reported in the literature, 195 pg/cell Au T-cell
labelling is feasible [34], whereas for Pd labelling, no reference could be found. Therefore,
only the cellular detection threshold of Au is calculated, assuming a homogenous distri-
bution of cells within the tumor. Based on our simulations of a 5.5 mm diameter tumor,
the detection threshold for a subcutaneous target is estimated to be between 1.5 × 104

and 4.5 × 104 cells/mL (Au) for a best-case scenario and 4.5 × 104 cells/mL (Au) without
optimized rotation. When simulating a kidney and centered lesion, detection thresholds
are extrapolated to be between 4.5 × 104 and 1.5 × 105 cells (Au).

When only considering the tumor volume intersecting with the 1 mm2 beam, it
can be estimated that as little as 730 to 2400 T cells can be detected in a subcutaneous
target when using gold as a fluorescence marker. For both the kidney and central target,
these values increase to 2200 to 7250 cells. As shown by our simulations, the absolute
mass of fluorescence marker, correlating with the number of cells within the beam, is of
supreme importance. At the same time, the volume in which these cells are distributed
is of minor relevance. This fact can be explained with the intrinsic strength of XFI, as
the spatial resolution that can be achieved is solely limited by the beam diameter. Hence,
according to our simulation study, XFI is able to detect lesions in the sub-millimeter
range for scenarios in which a high cell concentration is present, with comparable spatial
resolution to computed tomography and MRI, vastly surpassing the resolution achieved
by PET and SPECT imaging. While this opens up promising possibilities in molecular
imaging as synchrotrons are able to generate photon beams of only a few µm in diameter or
even less, the size of the beam does inversely affect image acquisition times when scanning
objects and more scanning positions result in increased radiation dose; thus, it cannot be
shrunk ad libitum. However, when only scanning small objects and using high photon flux
X-ray sources, this drawback is of minor importance.

Based on the fundamental research performed by Tumeh et al. [46], investigating the
CD8+ T-cell infiltration in melanoma patients receiving immunotherapy through serial
biopsies, we extrapolated the difference in T-cell abundance between responding and non-
responding patients to estimate the required cell labelling efficiency needed for detection
through XFI. With the data given in Figure 3 of [46], we estimate the difference of the groups
to be between 1500 and 2500 CD8+ T cells per mm2, equaling 5.8–12.5 × 104 cells/mm3 or
3–6.5 × 107 cells in a 1 cm diameter circular tumor, assuming homogenous cell distribution.
Subsequently, we calculate the required labelling efficiency to be between 0.286 and 0.044 pg
Au/T cell as well as between 0.009 and 0.004 pg Pd/T cell. In a subcutaneous target, these
values increase to between 0.945 and 0.133 pg Au/cell and between 0.029 and 0.013 pg
Pd/cell, highlighting the potential benefit of utilizing Pd as an imaging agent due to
its reduced requirements on labelling efficiency. Moreover, while these estimations only
include one tumor entity and endogenous T cells; they suggest that the labelling values lie
well within currently achievable Au labelling efficiencies of up to 195 pg/cell.

Furthermore, when comparing our results with established imaging modalities, the
solid angle covered by the detector has to be considered. Herein, a single detector with
a detection area of 25 mm2 (Au) or 50 mm2 (Pd) and a detector to target distance of 6 to
6.5 cm is used, thus only covering approximately 0.06% (Au) and 0.11% (Pd) of the full
(4 π) solid angle. In comparison, modern PET, SPECT or CT detectors do feature much
higher coverage, even investigating full body scanners [47]. Nevertheless, based on the
observed anisotropy of the Compton background, covering the entire solid angle would
not necessarily be the ideal solution for all scenarios. A detector covering 30–40% of the
solid angle would be ideal for human sized targets, when targeting the Kα signal region of
gold fluorescent agents [48], as it was previously investigated by our group.

Based on these considerations, we can assess our sensitivity data in the context of
current literature regarding other imaging modalities. As mentioned above, our setup
was designed such that it can provide results comparable with other studies monitoring
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T-cell distribution. Research performed by Meir et al. utilizing gold nanoparticles as a CT
contrast agent [16] was of particular interest because the GNP-labelled cells could also be
imaged using XFI. The group reported successful monitoring of injected T cell abundance
in a tumor containing 8 × 104 to 4.6 × 105 T cells. However, no detection threshold is
provided for this particular study.

Whereas this approach of injected T cells directly labelled with nanoparticles has been
proven feasible, labelling endogenous cells with antibodies or antibody fragments, as has
been performed in PET imaging [14], is yet to be investigated. The PET sensitivity levels
that have been achieved utilizing radionucleotide-labelled anti CD8+ antibody fragments
range from 2 × 104 CD8+ T cells per milligram in lymphoid organs [13] to 1.6–4 × 106 CD8+
lymphocytes in a tumor volume of ~480 mm3 [49], equaling 3.3–8.3 × 106 cells/mL. Based
on this data, it is to be assumed that XFI could deliver comparable detection thresholds,
while simultaneously providing substantially higher spatial resolution. However, even
though binding of GNPs to antibodies has been conducted in literature [50], there is a lack
of studies regarding T-cell labelling using GNP-conjugated antibodies.

Direct ex vivo cell labelling of T cells has been examined in MRI studies utilizing
superparamagnetic iron oxide [15,51], showing sensitivity levels of <3 labelled cells/voxel
in vivo [51], with the voxel size being 75 µm × 75 µm × 500 µm, equaling <1 × 106 cells/mL.
However, all these publications suffered from imaging only being feasible within 48–72 h
post injection, due to the fast biodegradability seen in SPIO labelling [52]. The same
limitations apply for PET and SPECT imaging due to the inevitable tradeoffs made for
radionuclide halftime, balancing longitudinal imaging against potential reductions in cell
viability of radiosensitive lymphocytes [53]. In contrast, XFI is ideally suited for longitu-
dinal imaging, experiencing no intrinsic decrease in signal over time. While longitudinal
studies for other cell types labelled with GNPs show that imaging is feasible for at least
4 weeks [54], this number may vary for different types of cells due to variations in ef-
flux, proliferation and cell longevity. As a fourth approach, optical imaging of T cells has
achieved promising sensitivities of up to 104 cells [17]; however, the translation into a
clinical setting has proven difficult due to strong limitations in the tissue penetration depth
as well as the complexity of cell preparation due to the required genetic cell modifications
being necessary. The issue of limitations in penetration depth in XFI has been discussed
in this work, endorsing previous research by showing a substantial dependance on the
fluorescent agent. While palladium is limited to small animal imaging studies or the exami-
nation of superficial lesions due to its low energetic fluorescence photons, gold fluorescence
in the Kα and Kβ region was shown to be feasible in human-sized objects in previous
investigations by our group [48,55]. However, most of these setups rely on a brilliant,
monochromatic pencil beam X-ray source providing a high photon flux, features currently
only achieved by synchrotron facilities, too large and too expensive for a clinical imple-
mentation. Aiming at narrowing the gap between traditional X-ray tubes and synchrotron
facilities, inverse Compton X-ray sources (ICS) have been thoroughly studied over the
last decades [56]. While offering quasi-monochromatic photon beams and a significantly
increased photon flux in an affordable and compact size, they are often limited to lower
energies [57]. To overcome these limits, our group also works on ultra-compact laser-driven
Thomson X-ray sources [58], an approach envisaged for clinical use in the future.

Other approaches of achieving X-ray fluorescence imaging in a compact setup using
a high-energy polychromatic X-ray tube, either as a cone or a pencil beam, have been
surveyed to image tumor bearing mice [38,39,59]. In contrast to setups utilizing a pencil
beam, the position of fluorescent agents in cone-beam imaging is determined using pinhole
collimation, theoretically offering faster scanning times when using parallel signal attenua-
tion in a detector array [38]. However, as such a setup that can provide a sufficient flux and
narrow energy spectrum is not yet available, those methods currently suffer from the same
limitations of long measurement times and a higher dose as presented in our approach.
Nevertheless, great sensitivity has been achieved, even reaching synchrotron-like detec-
tion thresholds of 0.007 mg Au/mL; however, for ex vivo imaging of small targets [60],
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whereby using high radiation dose not suited for in vivo imaging. These drawbacks could
be vastly improved in a study by Larsson et al. [39], pointing out the advantages of a pencil
beam driven approach and indicating clinical applicability for molecular imaging in the
sub-millimeter range for small targets.

The estimated full-body dose in the present study ranges from 0.1 to 0.34 mGy for a
single beam position to 250 to 400 mGy for a whole-body scan. These doses lie markedly
below the median lethal dose of 9.25 Gy after 30 days described for mice in the literature [61].
Furthermore, studies indicate that mice exposed with around 300 mGy can repair the
damages within hours after exposure [62]. However, through improvements in labelling
efficiency and detector size, the dose of our approach may be vastly reduced. Moreover,
it should be feasible to initially locate primary and larger metastatic tumor sites by other
imaging methods such as CT or MRI scans, which would then facilitate targeted XFl
analysis of those specific locations.

While passive GNP attenuation in tumors has been thoroughly investigated, no study
specifically targeting T cells through X-ray fluorescence has been reported as of yet, to
the best of our knowledge. However, the findings presented here indicate that X-ray
fluorescence imaging can be of great value in future applications of molecular imaging,
specifically cell tracking. Providing similar sensitivity to established functional imaging
modalities such as PET and SPECT imaging while at the same time achieving spatial
resolutions usually only seen for morphological imaging in MRI and CT, XFI is ideally
suited for the application of monitoring the intratumoral cell abundance. Moreover, a
huge benefit over radioisotope-based approaches lies in improved longitudinal evaluation
through serial imaging.

While our findings indicate a promising future for X-ray fluorescence-based imaging,
its scope is a feasibility pre-study without animal research, but will be of help for test animal
proposals. Hence, we believe that this pre-study paves the way for future XFI-based cell
tracking research. When additional research in all areas of XFI, ranging from X-ray sources
to novel labelling techniques to detector improvements, adds to the already promising
capabilities of this method and allow for clinical implementation, it may play a decisive
role in tumor imaging and a variety of other applications.

4. Materials and Methods

4.1. Geant4

The setup used herein consists of 3 major elements: the mouse model, detectors and
additional elements modelling a beam line at PETRA3 at DESY [63]. The general setup is
illustrated in Figure 6.

Figure 6. Illustration of the simulation setup as seen from above. (a) Rotational mouse voxel model
enclosed in a plexiglass tube; (b) stage inlay + stage plate; (c) front plate.
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4.1.1. Mouse Model

We utilized a segmented 3D-voxel model published and described by Dogdas et al. [41],
derived through co-registration of CT and cryosection mouse data, dividing a 28 g nude
male mouse into 78.4 × 106 cubes. Each voxel is assigned to structures/organs with defined
chemical composition and properties such as density. This material data for both the mouse
voxels as well as for other objects was derived from the integrated Geant4 database. The
mouse model is available free of charge and can be downloaded at the website of the
Biomedical Imaging Group at the University of Southern California [64]. The model was
implemented using half the maximum resolution, with 104 × 496 × 190 = 9,800,960 cubic
voxels and a voxel size of 0.2 mm. The mouse position was adjusted based on the target
position, such that the target always remained at the center of the setup.

4.1.2. Detectors

A total of 9 detectors were added horizontally at the target height, ranging from 10 to
170 degrees with respect to the beam direction with a spacing of 20 degrees, thus covering
the entire semicircle. The detector-to-target distance was 6 cm in a subcutaneous scenario
and 6.5 cm in a kidney and center scenario to avoid geometric interferences between the
detectors and the tube.

For the simulations targeting Pd, a GEANT4 implementation of an Amptek silicon
drift diode detector was modeled (70 mm2 FAST SDD®; Amptek Inc., Bedford, MA, USA).
This detector offers an active detector area of 70 mm2 collimated to 50 mm2 with a silicon
sensor thickness of 500 µm, providing a superior energy resolution to planar detectors [65].
The energy resolution in the region of Pd K-shell fluorescence is on the order of 120 eV
(rms). However, for higher energy X-rays, the active area made of silicon does not offer
enough stopping power; thus, Amptek only recommends detector usage for energies up to
30 keV [66].

For gold simulations, a Cadmium-Telluride Detector by Amptek (XR-100CdTe; Amptek
Inc., Bedford, MA, USA) was implemented with an active region of 25 mm2 and 1 mm
thickness. CdTe detectors offer a higher quantum efficiency, with the downside of a lower
energy resolution of 530 eV (rms) at 14.4 keV [67]. For both detector types, multiple
detector-specific effects are considered which influence their performance [68].

4.1.3. Additional Geometry

The mouse model was embedded in a plexiglass tube of 2 mm thickness and of an
outer diameter of 30 mm. Moreover, a vague display of a typical beamline setup was
added, consisting of an aluminum stage mounting plate. In its center, an inlay made of
iron is placed to reduce scattering contributions. A stainless-steel front plate is added to
block scattering of air molecules along the beam path.

4.2. Parameters

4.2.1. Target Position

Three distinctive positions of a spherical target were simulated through specify-
ing its center and adding agent material to each voxel containing soft tissue (density
ρ = 1035 mg/mL) within a defined radius. In the case of the tumor protruding the model
(subcutaneous position), an additional 0.5 mm thick layer of soft tissue was added to
mimic skin.

4.2.2. Agent Concentration

The agent material was chosen to be either gold or palladium. A dilution series with an
agent concentration of (1, 0.33, 0.1, 0.033, 0.01, 0.0033) mg/mL inside the simulated tumor
volume was performed in each scenario to cover a broad range of concentrations. For the
variation of the target size, a different dilution series was chosen to improve comparability
between data points (1, 0.5, 0.25, 0.125, 0.0625, 0.03125, 0.015675, 0.0078375) mg/mL, as the
target diameter was also altered by a factor of 2.
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4.2.3. Beam

A monoenergetic photon X-ray beam of 0.5 mm radius, horizontally polarized relative
to the lab frame and containing a total photon number of 1010, was used to keep the applied
dose low while maintaining sufficient signal intensity. Optimum beam energy and detector
type depend on the agent material as a tradeoff between signal intensity and background
behavior, as seen in previous work of our group examining ideal beam energy [48]. In
the case of Au, a beam energy of 85 keV was chosen, and for palladium we have selected
53 keV.

4.3. Simulation and Analysis

4.3.1. Histogram Generation and Analysis

The entire spectrum is not evaluated but only predefined signal regions around the
distinct fluorescence peaks. The width of these regions is defined as (EFluo − 3σ; EFluo + 3σ),
with well-known fluorescence line energies EFluo specific for the target material [21] and
the standard deviation σ equivalent to the energy resolution at EFluo depending on the
used detector model [66,67]. Due to limitations in detector resolution as of today, certain
fluorescence peaks being close together such as Pd Kα1 and Kα2 cannot be effectively
discriminated and are therefore analyzed as one peak.

Within these defined signal regions, the significance of a fluorescence signal can be
calculated by analyzing both signal and background photons and performing a one-tailed
hypothesis test. The null hypothesis H0 is defined as the non-existence of fluorescence
photons in an observed spectrum, stating that the observed behavior is entirely explainable
through background characteristics [48]. As it is also discussed in [48], the total number
of photons counted when adding a fluorescent agent is not expected to be less than for
Compton background alone; thus, a one-tailed test can be performed. The resulting p-value
states the probability that an effect; herein, an increase in photon counts, is observed, albeit
H0 being true. However, as small p-values are inconvenient to handle, it is converted to
the significance Z, expressed as the number of standard deviations σ, stating by which
probability the null hypothesis H0 is to be discarded. It can be approximated using:

Z ≈

(
nobserved − nexpected

)

√(
nexpected

) =
Nsignal√

Nbackground

, (1)

with Nsignal as the number of observed fluorescence photons and Nbackground as the detected
background photons [55]. In the context of this research, a significant signal is defined as
Z ≥ 5σ, often considered as the significance required for discovery in particle physics [69],
as previous experiments conducted by our group indicate that this value is sufficient for the
detection of simulated fluorescence in experiments, indicating that even Z ≥ 3σ could be
satisfactory [48,55]. Z ≥ 5σ is equivalent to a type 1 error probability of p ≤ 2.867 × 10−5%.

4.3.2. Dose

A dose tracker was implemented in our simulations, storing the deposited energy for
all voxels of the mouse model. Therefore, we are able to determine the dose for each organ
segmented in the model as well as for each material individually.
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Abstract: The synthesis of ester compounds is one of the most important chemical processes. In
this work, Zn-Mg-Al mixed oxides with different Zn2+/Mg2+ molar ratios were prepared via co-
precipitation method and supported gold nanoclusters to study the direct oxidative esterification
of aldehyde and alcohol in the presence of molecular oxygen. Various characterization techniques
such as N2-physical adsorption, X-ray diffraction (XRD), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS) and CO2 temperature programmed desorption (TPD) were
utilized to analyze the structural and electronic properties. Based on the results, the presence of
small amounts of Zn2+ ions (~5 wt.%) provoked a remarkable modification of the binary Mg-Al
system, which enhanced the interaction between gold with the support and reduced the particle
size of gold. For oxidative esterification reaction, the Au25/Zn0.05MgAl-400 catalyst showed the best
performance, with the highest turnover frequency (TOF) of 1933 h−1. The active center was believed
to be located at the interface between metallic gold with the support, where basic sites contribute a
lot to transformation of the substrate.

Keywords: gold catalyst; cluster; hydrotalcite; oxidative esterification; methyl isobutyrate

1. Introduction

Ester compounds are one of the most important raw materials in chemical indus-
try and organic synthesis and constitute numerous artificial fragrances, flavoring agents,
solvent extractants and chemical intermediates [1]. The traditional synthetic method for
preparation of esters involves a two-step procedure, including the oxidation of aldehyde
and/or alcohol and the subsequent esterification between carboxylic acid and its activated
derivatives with alcohols [2–4]. The multistep process involves the production of large
amounts of toxic wastes and irremovable byproducts, which is not conducive to the devel-
opment of green chemistry. Therefore, the synthesis of esters through one-step oxidative
esterification from aldehydes and alcohols has attracted great interest in recent years.

Traditionally, the direct oxidative esterification requires homogeneous stoichiomet-
ric reagents, such as KMnO4 [5], CrO3 [6], H2O2 [7], etc., while the strong oxidants not
only call for harsh conditions but also cause separation difficulties. Therefore, the green
oxidants such as air and dioxygen over heterogeneous catalysts under mild conditions
are highly desirable. The supported noble metal Pd-based catalysts have been reported
to be efficient for one-step oxidative cross-esterification reaction between aldehyde and
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alcohol in the presence of molecular oxygen [8–12]. However, the selectivity of the corre-
sponding esters is typically low and this process requires the addition of environmentally
unfriendly heavy metals, such as Pb and Bi [8–10]. Furthermore, the utilization of liquid
base additives is needed for Pd-based catalysts, which makes the process less green and
not cost-effective [11,12].

Supported gold catalysts are a great promising candidate for this kind of reaction
due to their unique selectivity under mild conditions [13–18]. Various transition-metal-
oxides and mixed oxides were explored as supports for synthesis of the supported gold
catalysts [15–18]. Nevertheless, their catalytic performances were largely dependent on the
particle size of gold [15], the interaction between gold and the carrier [16], as well as the
acidic-basic properties of the supports [15,17]. Thus, preparation of highly efficient gold
catalysts for synthesis of the corresponding esters is always considered in combination of
the size of gold and the properties of the supports.

Mg-Al hydrotalcite (HT) is a common solid base with unique layered structure, which
plays an important role in many base-catalyzed reactions, such as alcohol oxidation [19,20],
aldol condensation [21] and transesterification [22]. Their catalytic performances can be
modified by incorporating various metal ions, such as Cu2+ [23,24], Zn2+ [25,26], Ni2+ [27],
Y3+ [28], Zr4+ [29], etc. For example, Pavel et al. [28] reported yttrium-modified Mg-Al-HTs
for epoxidation of styrene with hydrogen peroxide. An increment in catalytic activity
was observed with the addition of Y3+ cations, which increased the alkalinity of catalysts
accordingly. Willinton et al. [25] prepared Mg-Zn-Al HTs and their derived mixed oxides
for the aldol condensation reaction. They found the presence of Zn2+ ions caused a clear
influence on the acidic–basic properties of the catalysts when compared to the binary
Mg-Al system, which influenced the activity and selectivity greatly.

Previously, our group reported that the Zn-Al HT-derived mixed oxides-supported
gold catalysts were highly selective and resistant for high temperature sintering in hy-
drogenation reactions of functionalized nitroarenes due to the strong interaction between
gold with the support [30]. Later, we found that the catalyst is also active and selective
for synthesis of methyl methacrylate from methacrolein and methanol [31]. Herein, in
this work, we try to incorporate Zn2+ ions into Mg-Al HTs for synthesis of stable gold
catalysts for inorganic base-free oxidative esterification of aldehyde to ester. By adjusting
the molar ratios of Mg2+/Zn2+ ions, the textural and electronic properties of supported gold
catalysts were investigated in detail, in which N2 physical adsorption-desorption, X-ray
powder diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS) and CO2 temperature programmed desorption (TPD) were successively
explored. Based on these results, a clear insight into the structure-performance relationship
over supported gold catalysts for direct oxidative esterification was provided.

2. Results

2.1. Compositional and Textural Analysis of the Catalysts

For synthesis of the Zn-Mg-Al mixed oxides-supported gold catalysts, Au25 nanoclus-
ters were firstly prepared through the sol-gel method with cysteine as the protective ligand,
defined by UV-visible spectra (Figure S1). Then, different supports with various molar
ratios of Zn2+/Mg2+ were impregnated with the solution of Au25. Before each test, the
samples were dried overnight and pretreated in muffle at 400 ◦C for 2 h to remove most of
the protective ligands. After that, various characterizations of the structural and electronic
properties of the catalysts were carried out under specific conditions. The actual metal load-
ings of gold were measured by inductively coupled plasma atomic emission spectroscopy
(ICP-AES), from which all catalysts showed similar values of ~1.5 wt.% (Table 1), which
agrees well with the nominal values.
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Table 1. Textural properties of Zn-Mg-Al mixed oxides-supported gold catalysts.

Entry Catalysts
Loadings

of Au (%) a
SBET

(m2g−1) b
Volume

(cm3g−1) b Dpore (nm) b Particle
Size (nm) c

Total Basicity
(µmol g−1) d

1 Au25/MgAl-400 1.52 221.1 0.51 0.57 2.6 158
2 Au25/Zn0.05MgAl-400 1.52 242.0 0.51 0.57 1.8 111
3 Au25/Zn0.33MgAl-400 1.52 132.4 0.37 0.56 1.9 81
4 Au25/Zn3MgAl-400 1.47 113.9 0.35 0.56 1.9 23
5 Au25/ZnAl-400 1.50 91.1 0.24 0.56 1.9 29

a: The actual loadings of gold were evaluated by ICP-AES measurement. b: Specific surface area (SBET), total pore volume and average pore
size were calculated from N2 physical adsorption–desorption. SBET were calculated from BET equation at P/P0 range of 0.05-0.3. Total pore
volumes were calculated at P/P0 = 0.98. Pore sizes were calculated from the adsorption branch of the isotherm-BJH. c: The mean particle
sizes were calculated from TEM measurement. d: Total basicity was calculated from CO2-TPD experiments.

The specific surface area, pore width and pore volume were measured by a nitrogen
adsorption–desorption test. The isothermal curves and contrastive results are shown in
Figure 1 and Table 1. In Figure 1a, Zn-Mg-Al mixed oxides-supported gold catalysts present
typically type IV isotherms according to the IUPAC classification [32]. Furthermore, the
hysteresis loops are H3 type and are located at higher relative pressures, indicating the
formation of slit-shaped holes and the presence of mesopores, which were derived from
the collapse of hydrotalcite structure after calcination [33]. To be noted, with the increase
of Zn2+ ions into the Mg-Al mixed oxides, the pore volumes and pore sizes of catalysts
declined, while the surface area of catalysts increased initially from 221.1 to 242.0 m2/g and
then decreased drastically to about 100 m2/g. This is likely derived from the variation of
phase structure of catalysts and it implies that the structural property of catalysts could be
adjusted by the addition of Zn2+ ions. Later, the structural features were further analyzed
by the following XRD results.

Figure 1. (a) N2 physical adsorption–desorption isotherms and (b) BJH-pore size distributions of
Zn-Mg-Al mixed oxides-supported gold catalysts: (1) Au25/MgAl-400; (2) Au25/Zn0.05MgAl-400;
(3) Au25/Zn0.33MgAl-400; (4) Au25/Zn3MgAl-400; (5) Au25/ZnAl-400.

2.2. Structural Analysis of the Catalysts

The phase structure of Zn-modified Mg-Al-HT supported gold catalysts before and
after thermal treatment was analyzed by X-ray diffraction (XRD). Figures 2 and 3 display the
sample diffraction peaks. Before calcination, all samples exhibited layered characteristics
of hydrotalcites, with sharp and intense lines located at 11.3◦, 22.8◦, 34.7◦, 39.1◦, 46.4◦,
60.6◦ and 61.9◦ (Figure 2), corresponding to the (003), (006), (012), (015), (018), (110) and
(113) planes (standard magnesium aluminum hydrotalcite JCPD NO. 00-035-0965, standard
zinc aluminum hydrotalcite JCPD NO. 00-048-1023), respectively. The XRD patterns of
the samples with fewer Zn2+ ions have broader reflections, which are close to that of the
Au25/MgAl-HT (Figure 2a), while the samples with more Zn2+ content present sharper
reflections that are similar to the Au25/ZnAl-HT (Figure 2e).
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Figure 2. XRD spectra of Zn-Mg-Al HT supported gold nanoclusters: (a) Au25/MgAl-HT;
(b) Au25/Zn0.05MgAl-HT; (c) Au25/Zn0.33MgAl-HT; (d) Au25/Zn3MgAl-HT; (e) Au25/ZnAl-HT.

Figure 3. XRD spectra of Zn-Mg-Al mixed oxides-supported gold catalysts: (a) Au25/MgAl-400;
(b) Au25/Zn0.05MgAl-400; (c) Au25/Zn0.33MgAl-400; (d) Au25/Zn3MgAl-400; (e) Au25/ZnAl-400.

According to the literature, characteristics of (003) and (110) reflections correspond
to basal and in-plane spacing [33,34]. Here, the lattice parameters (a and c) in Table 2
were calculated on the basis of a rhombohedral R3m space group and hexagonal cell by
the formula of a = 2 d110 and c = 3 d003 [33,34]. The parameter a represents the average
distance between metal and metal in each layer of the hydrotalcite, whereas the parameter
c reveals the distance between layer and layer [33]. From the results, the value of a remains
constant upon zinc addition, while the value of c gradually decreases with increasing of
Zn2+. This may be due to the similar ionic radius of octahedral coordinated Mg2+(0.72 Å)
with Zn2+(0.74 Å) [35]. Hence, the effect of Zn substitution on the value of a was negligible.
However, the larger electronegativity of Zn (1.66) compared to Mg (1.29) would lead to
an increase in layer charge density, which is directly related to the decrease of interlayer
distance [36]. Table 2 presents the crystal sizes of different samples that were calculated
using Scherrer’s equation. The increased crystallite sizes were consistent with the textural
analysis. That is, a higher degree of crystallinity suggests a loss in surface area [36].

Furthermore, the XRD patterns of calcined samples after heat treatment at 400 ◦C are
displayed in Figure 3. It can be clearly seen that the crystal structure of the samples exhibits
typical periclase phase of MgO and/or zincite phase of ZnO, with diffraction peaks at
37.0◦, 43.0◦, 62.3◦ (JCPD 01-077-2364) and 31.8◦, 34.4◦, 36.3◦, 47.6◦, 56.6◦, 62.9◦, 68.0◦ (JCPD
01-089-0510), respectively. When 5 wt.% of Mg2+ cations were substituted by Zn2+ ions
(Au25/Zn0.05MgAl-400, Figure 3b), the structure of the catalyst was quite similar to the
binary Au25/MgAl-400. When the replacement increased to 35.6 wt.% (Au25/Zn0.33MgAl-
400, Figure 3c), both MgO and ZnO phase appears in the patterns. Further increasing
the replacement of Zn2+ to 70.9 wt.% (Au25/Zn3MgAl-400, Figure 3d), the phase of ZnO
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dominates the structure. It implies that the addition of Zn2+ ions strongly affected the
ordered structure of catalysts. In addition, no diffraction peaks attributed to face-centered
cubic gold were observed in all heat-treated samples, indicating that the gold particles
were highly dispersed and not aggregated under high temperature calcination.

Table 2. Crystallographic parameters calculated for Zn-Mg-Al HTs supported gold nanoclusters.

Entry Catalysts d(003) (nm) d(110) (nm)
a

(nm) a
c

(nm) b

Crystallite Size (nm) c

(003) (110)

1 Au25/MgAl-400 0.772 0.153 0.306 2.316 18 26
2 Au25/Zn0.05MgAl-400 0.769 0.153 0.306 2.307 11 22
3 Au25/Zn0.33MgAl-400 0.763 0.153 0.306 2.289 9 22
4 Au25/Zn3MgAl-400 0.760 0.153 0.306 2.280 17 31
5 Au25/ZnAl-400 0.755 0.154 0.308 2.265 33 30

a: Lattice parameter: a = 2d110. b: Lattice parameter: c = 3d003. c: Average crystallite size: calculated using the Scherrer equation.

2.3. Particle Size of Gold

To further observe the dispersion of gold particles and examine the average particle
sizes, transmission electron microscopy (TEM) was performed over the above catalysts. The
TEM images and size distribution histograms are displayed in Figure 4. From the photos,
the gold particles in all samples are almost highly dispersed, with average particle sizes of
2.6 ± 0.9, 1.8 ± 0.7, 1.9 ± 0.7, 1.9 ± 0.6, 1.9 ± 0.8 nm for the Au25/MgAl-400 (Figure 4a),
Au25/Zn0.05MgAl-400 (Figure 4b), Au25/Zn0.33MgAl-400 (Figure 4c), Au25/Zn3MgAl-400
(Figure 4d) and Au25/ZnAl-400 (Figure 4e) catalysts, respectively. Obviously, the addition
of Zn2+ ions greatly reduced the particle sizes of gold from 2.6 nm to 1.8 nm, and facilitated
the dispersion, which probably derived from the strong interaction between gold with
Zn-contained carrier [30,37].

Figure 4. TEM images of Zn-Mg-Al mixed oxides-supported gold catalysts: (a) Au25/MgAl-400;
(b) Au25/Zn0.05MgAl-400; (c) Au25/Zn0.33MgAl-400; (d) Au25/Zn3MgAl-400; (e) Au25/ZnAl-400.

2.4. Electronic Property of the Catalysts

To study the chemical state of elements in different samples, X-ray photoelectron
spectroscopy (XPS) was performed on C1s, O1s, Au 4f, Zn 3p and Mg 2s, as shown in
Figures S2 and S3, and Figure 5. The binding energy of each element was calibrated by
referencing them to the energy of the C1s peak at 284.6 eV (Figure S2). All catalysts showed
distinguished peaks around at 83.3 eV and 87.0 eV, respectively, which could be assigned
to the Au 4f 7/2 and Au 4f 5/2 lines of metallic Au (Figure 5) [38]. The peak located at
88.2/88.3 eV is assigned to the peaks of Mg 2s and/or Zn 3p, which is identified by the
purple and blue bands. Obviously, with the increase in Zn2+ ions, the intensity of peaks
ascribed to Zn 3p increase, but the peaks of Mg 2s decrease correspondingly. Of note,
a slight shift to low binding energy of Au was observed over the Au25/Zn0.05MgAl-400
(83.2 eV, Figure 5b), Au25/Zn0.33MgAl-400 (83.1 eV, Figure 5c), Au25/Zn3MgAl-400 (82.9 eV,
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Figure 5d) and Au25/ZnAl-400 (83.1 eV, Figure 5e) catalysts, indicating there might be a
strong interaction between gold with Zn-contained carrier. This was consistent with the
results of TEM, which shows the reduction of sizes originated from the interaction of gold
with the Zn-contained carrier. The O 1s XPS spectra of different gold catalysts are presented
in Figure S3, which shows two peaks. One peak located at 529.7~530.2 eV was attributed to
the lattice oxygen connected with Mg2+ and/or Zn2+ [39], whereas the other peak located
at 531.3~531.6 eV was assigned to hydroxide and adsorbed water [39,40], which originated
from the interlaminar anions of hydrotalcites.

Figure 5. XPS Spectra of Au 4f-Zn 3p-Mg 2s of Zn-Mg-Al oxides-supported gold catalysts:
(a) Au25/MgAl-400; (b) Au25/Zn0.05MgAl-400; (c) Au25/Zn0.33MgAl-400; (d) Au25/Zn3MgAl-400;
(e) Au25/ZnAl-400.

2.5. Basicity of the Catalysts

Mg-Al hydrotalcite or its derived oxide is a well-known solid base, which is widely
used as a catalyst or support [19–22]. In the literature, the basicity of the catalyst was
reported to facilitate the oxidative esterification of aldols [41,42]. Our group also reported
that the strong basic sites benefit the formation of hemiacetal intermediate, which con-
tributes to the synthesis of the final product [31]. Hence, in this work, CO2-TPD was
utilized to determine the intensity of basic sites of Zn-Mg-Al mixed oxides-supported
gold catalysts. The amounts of basic sites were quantitatively measured by CO2-pulse-
adsorption experiments. The results are summarized in Table 1. It is clear that the basicity
of catalysts sharply decreased from 158 µmol·g−1 to 23 µmol·g−1 with the increase in Zn2+

ions. This implies the basicity of catalysts mainly derived from the MgO phase in the
composite oxides [21]. Furthermore, according to the desorption temperature of carbon
dioxide, the basic sites could be roughly classified into four types, namely, weak basic sites
(<250 ◦C), medium basic sites (250–400 ◦C), strong basic sites (400–620 ◦C) and super strong
basic sites (>620 ◦C) [41,43]. Generally, the weak basic sites were caused by hydroxide
groups [44]. The medium basic sites were attributed to M2+-O2- pairs and the strong basic
sites were assigned to lattice oxygen [44]. As displayed in Figure 6, the amounts of weak
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basic sites increased with the increase of Zn, but the medium basic sites and strong basic
sites reduced accordingly.

Figure 6. CO2-TPD profiles of Zn-Mg-Al mixed oxides-supported gold catalysts: (a) Au25/MgAl-400;
(b) Au25/Zn0.05MgAl-400; (c) Au25/Zn0.33MgAl-400; (d) Au25/Zn3MgAl-400; (e) Au25/ZnAl-400.

2.6. Catalytic Performances

The catalytic performances of above Zn-Mg-Al mixed oxides-supported gold catalysts
were investigated in direct oxidative esterification of isobutyraldehyde with methanol
for synthesis of methyl isobutyrate (Scheme 1). The results are displayed in Table 3 and
Figure S4. From the results, the Au25/MgAl-400 catalyst showed good performance with
conversion of 78.5% and selectivity of 96.8% (Table 3, entry 1). When 5% of Zn2+ ions
were added into the Mg-Al binary system, the conversion of isobutyraldehyde increased
to 88.6%, with the selectivity of 96.6%. Meanwhile, the turnover frequency (TOF) of gold
catalysts increased from 1499 to 1933 h−1 (Table 3, entry 2), suggesting that the catalytic
performance could be well improved by the addition of Zn. However, further increase
in the content of Zn2+ ions would not enhance the catalytic performances. On the con-
trary, the activity and selectivity would reduce consecutively. For example, over the
Au25/Zn0.33MgAl-400 catalyst, the conversion and selectivity are 68.0% and 95.9%, respec-
tively. Over the Au25/Zn3MgAl-400 catalyst, the conversion and selectivity decreased to
65.2% and 95.0%. On the Au25/ZnAl-400 catalyst, the conversion reduced to 59.0% and the
selectivity decreased to 93.0%. This meant the optimum addition amount of Zn follows
the volcanic curve, and only small amount of Zn promotes the catalytic reactivity. To
further affirm the result, we also performed the reaction under the same conditions three
times and plotted the histogram with error bar, as displayed in Figure 7. It is clear that the
Au25/Zn0.05MgAl-400 catalyst indeed shows the best performance.

Scheme 1. Reaction pathway of isobutyraldehyde with MeOH to form methyl isobutyrate.

To further study the evolution of product distributions during the reaction process,
dynamic experiments were conducted over the Au25/ZnxMgAl-400 catalysts. The yields
of methyl isobutyrate and by-products of acetal and isobutyric acid with reaction time are
plotted in Figure S4. From the curves, the trends on product distributions over different
catalysts were somewhat different. In the process of reaction, methyl isobutyrate was
formed as the sacrifice of isobutyraldehyde. At the same time, acetal, isobutyric acid and
other ester compounds appeared as the by-products. Of note, the content of acetal and
isobutyric acid are more with the Au25/ZnAl-400 catalyst than the others, implying the
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transformation of isobutyraldehyde to its final target product is harder on the Au25/ZnAl-
400 catalyst than that of the Au25/ZnxMgAl-400 catalysts.

Table 3. Catalytic performances of Zn-Mg-Al mixed oxides-supported gold catalysts for synthesis of methyl isobutyrate
from isobutyraldehyde and methanol.

Entry Catalysts Conversion% a

Selectivity % a

TOF
(h−1) cMethyl

Isobutyrate
Isobutyric

Acid
Acetal Others

1 Au25/MgAl-400 78.5 96.8 0.54 0.27 2.43 1499
2 Au25/Zn0.05MgAl-400 88.6 96.6 0.73 0.20 2.45 1933
3 Au25/Zn0.33MgAl-400 68.0 95.9 0.29 0.49 3.32 1790
4 Au25/Zn3MgAl-400 65.2 95.0 0.38 0.74 3.93 1713
5 Au25/ZnAl-400 59.0 93.0 0.23 1.28 5.48 1252
6 Au25/Zn0.05MgAl-400 b 2.12 Trace - - - -
7 Zn0.05MgAl-400 5.26 Trace - - - -

Reaction conditions: Amounts of catalyst: 40 mg; isobutyl aldehyde: 5 mmol; methanol: 5 mL; o-xylene (interior standard): 1 mmol;
reaction temperature: 80 ◦C; pressure of O2: 4 atm; reaction time: 2 h. a: Conversion and selectivity were calculated by the results of gas
chromatography; b: O2 was replaced by N2 (4 atm); c: TOF was calculated by moles of converted aldehyde per mole of gold per hour, the
reaction rate was calculated below 20% conversion.

Figure 7. Catalytic performances of Zn-Mg-Al mixed oxides-supported gold catalysts for synthesis of
methyl isobutyrate with error bar. Reaction conditions: catalyst: 40 mg; isobutyl aldehyde: 5 mmol;
methanol: 5 mL; reaction temperature: 80 ◦C; pressure of O2: 4 atm; reaction time: 2 h.

3. Discussion

According to our previous characterizations, the small amounts of Zn2+ ions (~5 wt.%)
would lead to the reduction of gold particle size to below 2 nm (Figure 4) and enhance
the interaction between gold with the support (Figure 5). Hence, we have a reason to
believe that the improved activity is connected with the decreased sizes ascribed to the
addition of Zn. In fact, many investigations have demonstrated that the activity of gold
catalyst is markedly dependent on the particle size [45,46], since small gold particles
possess more coordinated-unsaturated gold species, which supply more adsorption sites for
reactants [46]. However, based on the results of catalytic performances, further increasing
the content of Zn2+ ions would decrease the activity, even though the particle size of gold
is still below 2 nm. Thus, this strongly suggests the size of gold was not the only factor that
influences the catalytic performance.

Previously, we have proposed that the basicity of catalysts is critical for oxidative es-
terification [31]. Various works also suggest that the basic sites can accelerate the formation
of hemiacetal intermediate, thus contributing to the formation of target esters [47,48]. To
examine the basic sites of our catalysts, CO2-TPD experiments were then carried out on the
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above catalysts. From the results, it is clear to see the total basicity of catalysts decreased
gradually with the increase of Zn2+ ions (Table 1). Meanwhile, the intensity of strong basic
sites decreased correspondingly (Figure 6). Based on the previous literature, the strong ba-
sic sites are proposed to be the key sites for enhancement of the intermediate [47,49]. Thus,
with the decrease of intensity assigned to strong basic sites, the catalytic performances
would be decreased. This is consistent with our result. Therefore, the activity of Zn-Mg-Al
mixed oxides-supported gold catalysts were supposed to be sectionally influenced by the
particle size of gold and the basicity of supports.

Furthermore, to clarify the effect of loading gold particles, comparison experiments
were conducted on Zn0.05MgAl-400 catalyst or with N2 as the source gas (Table 3, entry 7, 6).
Both situations give no products after reaction under the same conditions, suggesting that
the gold particles were the critical components for oxidative esterification. Our previous
work demonstrated that a calcination temperature above 300 ◦C was sufficient to remove
most of the protective ligands [30], so that bare gold particles could be exposed on the
surface of catalyst. Besides, it has been reported that the gold clusters below 2 nm could be
active for dissociation of the molecular oxygen [50,51]. Hence, with respect to this work,
we speculate that the role of gold is probably activating and dissociating oxygen so the
oxidative esterification could be progressed successfully.

Considering the effect of basic sites for transformation of isobutyl aldehyde and the
large role of dissociation of oxygen on the gold particles, the active center is believed
to be located at the interface between metallic gold with the support. Therefore, the
reaction mechanism over the above catalysts could be proposed based on the results and
the literature [31,49,52]. That is, oxygen was dissociated into the adsorbed atoms on gold
particles and reacts with methanol to form methoxy groups [46,50]. Then, the isobutyl
aldehyde molecules were oxidized by atomic oxygen to form isobutyric acid or underwent
nucleophilic attack by methoxy groups to form the surface hemiacetal intermediate. Later,
during the oxidation of intermediate hemiacetal, the hemiacetal transforms to the target
ester via β-H elimination with the assistant of atomic oxygen or forms the acetal by-product
by reacting with methoxy groups.

4. Materials and Methods

4.1. Materials

Sodium hydroxide (NaOH, AR), sodium carbonate (Na2CO3, AR), hydrogen tetra-
chloroaurate hydrate (HAuCl4·3H2O), methanol (AR) and aluminum nitrate hydrate
(Al(NO3)3·9H2O), 99%) were purchased from Sinopharm. Sodium borohydride (NaBH4,
97%) and magnesium nitrate hexahydrate (Mg(NO3)3·6H2O), 99%) were purchased from
Shanghai Lingfeng Chemical Reagent Company. Isobutyl aldehyde (98%), cysteine (99%),
methyl isobutyrate (99%), ortho-xylene (CP) and zinc nitrate hydrate (Zn(NO3)2·6H2O),
99%) were purchased from Aladdin Industrial Corporation. All chemicals were used
directly without any purification. All glassware was washed with Aqua Regia and rinsed
with ethanol and ultrapure water (18.2 MΩ).

4.2. Catalyst Preparation

The Zn-Mg-Al hydrotalcites (HTs) with different Zn2+/Mg2+ molar ratios were pre-
pared by a co-precipitation method. Typically, specific amounts of Zn(NO3)2·6H2O (0,
0.03, 0.2, 0.42, 0.63 mol), Mg(NO3)2·6H2O (0.63, 0.6, 0.42, 0.2, 0 mol) and Al(NO3)3·9H2O
(0.21 mol) were mixed with 200 mL of ultrapure water to obtain a solution (denoted as
solution A). Na2CO3 (0.113 mol) and NaOH (0.438 mol) were mixed with 200 mL of ultra-
pure water in a 500 mL round-bottom flask to obtain solution B. Under vigorous stirring
in a water bath at 70 ◦C, solution A was pumped into solution B very slowly. Then, the
obtained mixture was aged at 70 ◦C for about 24 h with constant stirring. Following
filtering, washing and drying overnight, the Zn-Mg-Al HTs were obtained, which were
denoted as MgAl-HT; Zn0.05MgAl-HT; Zn0.33MgAl-HT; Zn3MgAl-HT and ZnAl-HT (0.05,
0.33 and 3 denote the molar ratio of Zn2+/Mg2+).
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Zn-Mg-Al mixed oxides-supported gold catalysts were prepared as follows. Firstly,
gold clusters protected by thiolate-ligands (cysteine) were prepared by a NaBH4 reduction
method according to our previous work [30]. Typically, 1.485 mL of HAuCl4 (19.12 gAu/L)
was dissolved in 25 mL of ultrapure water under vigorous stirring for 5 min. Then, 37.5 mL
of cysteine solution (5.61 mM) and 7.5 mL of 1 M NaOH solution were successively added
into the solution. After about 1 h, excessive and fresh prepared NaBH4 solution was poured
into the solution quickly and we continued to stir for 3 h. UV-Vis spectra were analyzed
to define the products as Au25 nanoclusters. Then, about 2.5 g of powder of support was
added into the aqueous solution of Au25 clusters. Then, 2 h later, the resulting mixture was
filtered, washed and dried to obtain the precursor of the catalyst. Before catalytic testing,
the precursors of the catalysts were calcined at 400 ◦C for 120 min, which were denoted as
Au25/MgAl-400; Au25/Zn0.05MgAl-400; Au25/Zn0.33MgAl-400; Au25/Zn3MgAl-400 and
Au25/ZnAl-400.

4.3. Catalyst Characterization

The actual loadings of gold in all of the catalysts were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) on an IRIS Intrepid II XSP instru-
ment (Thermo Electron Corporation, Waltham, Massachusetts, USA). UV-Vis absorption
spectroscopy (EVO300, Waltham, Massachusetts, USA) was utilized to precisely define
the atomic Au25 nanoclusters, with water as the reference. The X-ray diffraction (XRD)
analysis was conducted on a PW3040/60 X’Pert PRO (PANalytical, Almelo, The Nether-
lands) diffractometer, with a Cu Kα radiation source (λ = 0.15432 nm) in a scanning angle
(2θ) range of 10–90◦. The N2-physical adsorption–desorption was measured at 77 K on
a Quantachrome NT3LX-2 instrument after degassing the samples at 300 ◦C for 120 min.
The pore size distribution and the specific surface area were calculated by the BJH and
BET methods. The high-resolution transmission electron microscopy (HRTEM) and TEM
were recorded on a JEM-2100F microscope at 200 kV. The X-ray photoelectron spectra (XPS)
were conducted on an ESCLALAB 250Xi X-ray photoelectron spectrometer equipped with
a monochromatic Al and double anode Al/Mg target. The binding energy was calibrated
using the C 1s peak (284.6 eV) as the reference. The temperature-programmed desorption
of carbon dioxide (CO2-TPD) experiments was studied on a Micromeritics Autochem II
2920 chemisorber equipped with a thermal conductivity detector and mass spectrometry.
Firstly, about 100 mg of the catalysts was pretreated in a U-type quartz tube reactor with
a He gas stream (50 cm3/min) at 400 ◦C for 30 min. After the temperature decreased to
100 ◦C, the catalysts were saturated with 10%CO2/He flow (30 cm3/min) for 15 min. Then,
the samples were purged in helium at 100 ◦C for 30 min and waited for baseline balance.
Finally, the CO2-TPD profile of the sample was recorded by increasing the temperature
from 100 ◦C to 1000 ◦C at a heating rate of 10 ◦C/min under He flow.

4.4. Catalytic Test

Catalytic evaluation of one step oxidative esterification for synthesis of methyl isobu-
tyrate from isobutyraldehyde and methanol was carried out in stainless steel autoclave
equipped with magnetic stirring and pressure gauge. Typically, certain amounts of catalysts
and the mixture of isobutyraldehyde (1 M) and methanol (5 mL) were introduced into the
reactor. After sealing, the air in the autoclave was replaced with oxygen six times and then
pressurized to 4 atm. Before the reaction, the reactants were gradually heated to 353 K in a
water bath and initiated to stir. When the reaction finished, the reactor was placed in an
ice bath immediately to terminate the reaction. The products were identified by GC−MS
(Agilent 5977B MSD GC/MS) and analyzed quantitatively by GC (Agilent 7890 A) with a
flame ionization detector (FID) and a HP-5 column (30 m, 0.25 mm inner diameter).

5. Conclusions

A series of Zn-Mg-Al hydrotalcites and derived mixed oxides-supported gold catalysts
with different Zn2+/Mg2+ molar ratios were prepared for one-step oxidative esterification
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of isobutyraldehyde with methanol to form methyl isobutyrate. Adding a small amount
of Zn2+ ions (~5 wt.%) provoked a remarkable modification of catalytic performance
for the binary Mg-Al system, which enhanced the activity of catalysts from 78.5% to
88.6% and TOF values from 1499 h−1 to 1933 h−1. Characterizations of structure and
electronic properties demonstrated the addition of Zn not only reduced the particle size
of gold but also enhanced the interaction between gold with the support. Furthermore,
the catalytic performance was also highly dependent on the basicity of the catalyst. Based
on a comparison experiment, the active center was believed to be located at the interface
between metallic gold with the support, in which basicity plays a big role in transformation
of the intermediates. This work provides deep insights into one-step oxidation esterification
of aldehydes and alcohols over ternary system and supported gold catalysts.
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Abstract: Efficient and safe nanopesticides play an important role in pest control due to enhancing
target efficiency and reducing undesirable side effects, which has become a hot spot in pesticide for-
mulation research. However, the preparation methods of nanopesticides are facing critical challenges
including low productivity, uneven particle size and batch differences. Here, we successfully devel-
oped a novel, versatile and tunable strategy for preparing buprofezin nanoparticles with tunable size
via anodic aluminum oxide (AAO) template-assisted method, which exhibited better reproducibility
and homogeneity comparing with the traditional method. The storage stability of nanoparticles at
different temperatures was evaluated, and the release properties were also determined to evaluate
the performance of nanoparticles. Moreover, the present method is further demonstrated to be easily
applicable for insoluble drugs and be extended for the study of the physicochemical properties of
drug particles with different sizes.

Keywords: buprofezin; nanoparticles; AAO template; tunable particle size

1. Introduction

Pesticides are widely used in protecting crops and improving crop yield to meet
agricultural production [1,2]. However, the low effective utilization rate of pesticides is
a serious problem. Therefore, improving the utilization rate of pesticides has become
the focus of pesticide formulation research [3]. According to Noyes–Whitney equation,
the dissolution rate of drugs is directly proportional to the surface area of drug particles,
and therefore the most effective method is to reduce the particle size of drug particles [4].
Nanopesticide formulations have been developed to maximize pesticide utilization while
minimizing the side effects [5–8].

Currently, the research of the nanopesticide falls into two categories: one is to use
nanotechnology including emulsification and homogenization to prepare nanoparticles and
the other is to use nanomaterials to construct nanoparticles [9–11]. The former is mainly
affected by external factors including equipment and process parameters, it faces critical
challenges including relatively large particle size difference, batch differences and low
production efficiency [12–15]. Functionalized abamectin poly (lactic acid) nanoparticles
were prepared by the ultrasonic emulsification to explore the adhesion of nanoparticles to
the leaf surface of crops. Antagonistic effect of azoxystrobin poly (lactic acid) microspheres
with controllable particle size was studied. These studies showed a large influence of
the preparation conditions on the drug particles [16,17]. The latter can accurately control
the particle size and improve the production efficiency [18–22]. Pyrimethanil-loaded
mesoporous silica nanoparticles was synthesis to explore the distribution and dissipation in
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cucumber plants. Abamectin using porous silica nanoparticles as carriers were constructed
to evaluate controlled-release performance. The nanoparticles prepared by nanomaterials
can ensure the uniformity of particle size [23,24].

As known to us, anodized aluminum oxide (AAO) templates have been widely used
for forming nanotubes and nanowires. The tiny holes on the surface of AAO are arranged
in an orderly manner. In addition, the pore channels of the AAO template were parallel
to each other, and the pore size uniformity of the template was good. Based on the above
principle, the AAO template has been applied for forming nanoparticles by making full
use of the characteristics of AAO template. However, AAO templates have never been
used for preparing pesticide nanoparticles. In this work, we demonstrated for the first time
that the AAO template method can in fact be extended for preparing uniform pesticide
nanoparticles comparing to the conventional reprecipitation approach [25–28].

Buprofezin as an insect growth regulator has the characteristics of high activity, high
selectivity and long residual period, which can inhibit chitin synthesis and interferes with
metabolism in insect pests [29]. However, insecticidal application of poorly soluble drugs,
such as buprofezin, in farmland systems is limited. In addition, it will directly pollute
the environment after large-scale application of buprofezin [30]. Therefore, developing
nanopesticide formulations and clarifying the effects of particle size on physicochemical
properties and biological activity of pesticides is the key to solve the problem of poor
dispersibility of insoluble pesticides [31–35].

In this study, the buprofezin nanoparticles (BNPs) with different sizes were developed
via AAO template-assisted process. The particles with similar surface characteristics and
extremely narrow size distribution were obtained using AAO templates with different
pore sizes, which could also exclude the impact of shape and surface charge compared
with the traditional method. The effect of drug concentration and number cycles on the
size of particle was investigated. At the same time, the stability and release properties
of nanoparticles were evaluated to characterize the effects of particle size and dispersion
on their physicochemical properties. In conclusion, this research not only established
an innovative and simple method for the potential application of nanopesticides with
controllable particle size, excellent monodispersity and uniform morphology in plant
protection, but also laid a foundation for the study of the physicochemical properties of
drug particles with different sizes.

2. Results and Discussion

2.1. Characterization of the BNPs

In the BNPs fabrication process, BNPs were prepared using 100 nm AAO template
in Figure 1. The mean particle size of BNPs based on a scanning electron microscope
(SEM) image (Figure 1b) and a transmission electron microscope (TEM) image (Figure 1c)
were 100 nm and 103 nm, respectively, which was smaller than the hydrated particle size
(Figure 1a). SEM and TEM shows the real particle size in a dried state, whereas dynamic
light scattering (DLS) provides the micelle core and swollen corona [36,37].

These results indicated that BNPs exhibited almost spherical morphology and com-
paratively monodisperse distribution. As known to us, the size of each aperture of the
template is consistent, and the template is arranged in order, so the prepared drug par-
ticles are uniform in size. During the whole preparation process, drug molecules were
gradually deposited in the pore of AAO template, and the particle size was limited by the
pore size finally [25,27]. Therefore, the template with different pore size can be used to
prepare nanoparticles with different sizes, which laid a foundation for the study of the
physicochemical properties of drug particles with different sizes.
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Figure 1. Characterization of particle size and morphology of the buprofezin nanoparticles. (a) DLS image of BNPs, (b)
SEM image of BNPs, (c) TEM image of BNPs.

The SEM images of AAO templates after immersing in methanol, tetrahydrofuran and
acetone were shown in supporting Information Figure S1. The pore size of the template
immersed in tetrahydrofuran and acetone increased to 132 nm, which changed the structure
of the template and affected the preparation of drug particles with different sizes. The main
reason is that the structure of the template was destroyed in tetrahydrofuran and acetone
solution, but this did not happen in methanol solution. The pore size of the template
immersed in methanol has not changed. Therefore, methanol was selected as the solvent of
the drug.

To confirm the difference between the properties of BNPs prepared with the present
method and free drug molecules. We also developed buprofezin particles (BPs) using
reprecipitation. The shape of drug particles was irregular and the size distribution of the
particles was not uniform in Figure S2.

2.2. Optimization of Preparation Parameters

The optimization of the preparation process is very important for the size and distri-
bution of the drug particles. As shown in Figure 2a, the AAO templates with pore size of
100 nm were immersed in the lower concentration of the drug solution, which can form
smaller nanoparticles. The particle size of the BNPs with 20 mg/mL was larger than that
of the BNPs with 5 and 10 mg/mL. The active components entering into the pore size of
the template in unit time increased with the increase of drug concentration, thus enlarging
the particle size. The particle size of the particles varied little at the concentration of 20 and
40 mg/mL. In a certain concentration range, the size of drug particles became larger with
the increase of the concentration of solution, but it was always controlled in the range of
template pore size. It was also observed that the particle size increased with the number of
cycles (2, 5, 10 cycles). The particle size changed little at 5 and 10 cycles. The drug particles
will grow along with the increase of the number of cycles, but the size of the particles is
always affected by the pore size of the template. Overall, the amount of drug nanoparticles
is less in the case of low concentration and low cycle times, which is not suitable for mass
production. In conclusion, the optimal preparation conditions for BNPs were as follows:
drug concentration (20 mg/mL), cycle number (5 cycle) and actuation duration (5 min).

2.3. Release Behavior

BNPs with 100 nm size were selected to confirm the better physicochemical properties
comparing to the free drug molecules. The drug release profile is of importance in applying
the proposed system for practical drug delivery. Figure 3 indicated that the prepared BNPs
had characteristics of rapid release compared with free buprofezin particles prepared by
the reprecipitation method, which was due to the dissolution rate. The cumulative release
rate of the BPs was only 40.2% after 216 h because of the poor water-solubility. In contrast,
the cumulative release rate of the BNPs reached 92.5% after 216 h due to the decrease of
the particle size and the increase of specific surface area.
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. 

Figure 2. BNPs fabricated with AAO templates with 100 nm pore sizes in different drug concentration (5, 10, 20, 40 mg/mL)
with different cycles (2, 5, 10 cycles). (a) DLS image of BNPs in different drug concentration (5, 10, 20, 40 mg/mL), (b) DLS
image of BNPs with different cycles (2, 5, 10 cycles).

. 

 

Figure 3. Cumulative drug release from free buprofezin, BPs and BNPs in PBS medium.

As far as we know, drug release performance is related to drug solubility. The particle
size of the drug prepared by precipitation method was large and uneven, which did
not improve the water solubility of the drug, so the release of the drug was relatively
slow [38–40]. After the nanoparticles were prepared using the template method, the
particle size of the drug became smaller, resulting in the increase of specific surface area
and enhancement of the solubility, so the drug release was faster and more durable [41,42].
These results indicated that BNPs showed good release properties, raising the dissolution
rate of drugs and increasing the utilization efficiency of pesticides.

2.4. Stability

The mean particle size and PDI were measured to assess the storage stability of the
drug nanoparticles. In Figure 4, the mean particle sizes of BNPs increased to 110 nm and
the PDI maintained below 0.3 after storage at 0 ◦C for 7 days, which means that parti-
cles of similar size are more concentrated. The mean particle sizes of BNPs increased to
125 nm and the PDI maintained about 0.3 after storage at 54 ◦C for 14 days. The parti-
cle size of DLS is consistent with that of SEM. As shown in Figure 5, the nanoparticles
at different storage temperature exhibited almost spherical morphology and relatively
monodisperse distribution.
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Figure 4. The mean particle size and PDI of the BNPs at different storage temperature. (a) BNPs at 0 ◦C for 7 days, (b) BNPs
at 54 ◦C for 14 days.

 

Figure 5. The DLS and SEM image of the BNPs at different storage temperature. (a) BNPs at 0 ◦C for 7 days, (b) BNPs at
54 ◦C for 14 days.

As mentioned in the literature, the stability of drug particles is related to the unifor-
mity of drug particle size. Small particles tend to grow to large particles, which lead to
agglomeration of particles. The higher the disorder degree of particles, the more obvious
the aggregation degree of particles. The BNPs has the better uniformity in size, which
reduces the aggregation between particles to maintain the stability of particles [43–46].
In addition, there is no external energy in the whole preparation process, and the surface en-
ergy of particles is low, which reduces the aggregation between particles [47]. These results
indicated that BNPs showed good storage stability at 0 ◦C for 7 days and at 54 ◦C for
14 days.

2.5. Promotion and Application

To demonstrate the universality of the current method for pesticides. BNPs with
different sizes were prepared using AAO templates with pore size of 20 nm and 200 nm.
As shown in Figure 6a, the statistical mean particle size and PDI of nanoparticles using
20 nm AAO template were 22 nm and 0.182, respectively. The mean particle size and PDI of
nanoparticles using 200 nm AAO template were 196 nm and 0.201, respectively. The SEM
image showed that the particles have spherical shape, uniform size and uniform dispersion.
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Figure 6. The DLS and SEM characterization of BNPs using AAO templates with pore size of 20 nm and 200 nm. (ai) DLS
image of BNPs using AAO templates with pore size of 20 nm, (aii) SEM image of BNPs using AAO templates with pore size
of 20 nm, (bi) DLS image of BNPs using AAO templates with pore size of 200 nm, (bii) SEM image of BNPs using AAO
templates with pore size of 200 nm.

These results indicated that the particle size of BNPs was limited by the pore size of
the template and would not exceed the pore size. The channels in the template are not
connected with each other, which prevents the adhesion and growth of particles, so the
dispersion and uniformity of particles are very good. In conclusion, the template pore
dimension would restrict continuous growth of the nanoparticles, and then determines
the size of nanoparticles, which used to explore the properties of drug particles with
different sizes.

As depicted in Figure 7, the nanodrugs can be released not only in 0.1 mol/L NaOH
solution but also in 1 mol/L diluted hydrochloric acid solution by dissolution of AAO.
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Figure 7. The DLS and SEM characterization of BNPs released from dilute acid and ultrasonic system. (a) BNPs released
from dilute acid, (b) BNPs released from ultrasonic systems.

The drugs can be collected until the template was completely dissolved in the above
alkaline solution for 2 h. In addition, the template can be completely dissolved in 10 h
under the above acidic solution. Moreover, it was observed that nanoparticles can be
released from AAO template by ultrasonication without dissolving the AAO template.
The DLS results showed the particle size was 105 nm in acid solution, and maintained
104 nm in ultrasonic condition.

As known to us, the dissolution of the template did not affect the performance of the
drug particles, nor did the ultrasonication. The SEM images showed that these nanopar-
ticles released from the AAO template presented almost spherical and exhibit good dis-
persion. The AAO templates were completely dissolved in the above NaOH solution
and hydrochloric acid solution in supporting Information Figure S3, which avoided the
interference of the template to the DLS and SEM results. These results demonstrated that
the present method was versatile for hydrophobic drugs and can be easily applied for
preparing nanoparticles even if the drugs are sensitive to diluted acid or base.

To demonstrate the versatility of the AAO template-assisted method, we further fabri-
cated nanoparticles of another hydrophobic drugs (avermectin and pyraclostrobin) using
the present methods. Avermectin was the representative of insecticide and pyrazoxys-
trobin was the representative of fungicide. Considering the sensitivity of drugs to acid
and base, the ultrasonic method was used to obtain nanoparticles in Figure 8. The DLS
results showed the particle size of the avermectin was 108 nm, and the particle size of
pyraclostrobin 102 nm.

As known to us, the size of nanoparticles is not affected by different hydrophobic
pesticides, which is related to the pore size of the template. The SEM images showed that
the nanoparticles were spherical and had good dispersion. In conclusion, the nanoparticles
containing multiple drugs can be prepared, which demonstrated that the strategy was
versatile and convenient for hydrophobic drugs.

113



Int. J. Mol. Sci. 2021, 22, 8348

 

Ω −

≤

Figure 8. The DLS and SEM characterization of different drug nanoparticles. (a) Avermectin, (b) pyraclostrobin.

3. Materials and Methods

3.1. Materials

Buprofezin (97%) was purchased from Hubei Jiufenglong Chemical Co., Ltd (Beiing,
China). Anodized aluminum oxide (AAO) membranes were purchased from Beijing
Zhongjingkeyi Technology Co., Ltd (Beiing, China). Methanol, Tetrahydrofuran, acetone,
hydrochloric acid (HCl) and sodium hydroxide (NaOH) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Beiing, China). Milli-Q water (15.0 MΩ cm−1, total organic
carbon ≤ 4 ppb) was used in all analytical experiments.

3.2. Methods

3.2.1. Selection of Organic Solvent

The AAO templates with 100 nm pore size were immersed in methanol, tetrahy-
drofuran and acetone for several minutes, respectively. The pore size of the template
immersed in tetrahydrofuran and acetone increased relative to the theoretical value, which
was not suitable for the preparation of nanoparticles. The pore size of the template in
methanol did not change, so methanol as a stable solvent was selected for the preparation
of buprofezin nanoparticles.

3.2.2. Preparation of Buprofezin Nanoparticles (BNPs) by AAO Method

The BNPs were prepared using AAO template with 100 nm pore size by the following
steps. The buprfezin was dissolved in methanol. The AAO templates were first washed
sequentially with methanol followed by immersion in buprfezin solutions for 5 min.
Then, the soaked templates were still dried at room temperature to remove the organic
solvent. During the whole soaking process, the drug was dispersed in the pores of the
membrane. The whole process was repeated for several times. The dried templates were
dissolved in NaOH solution to dissolve template materials. The discrete nanoparticles
were collected by multiple centrifugations and redispersion. The extracted pure nanodrug
was finally freeze-dried.

3.2.3. Analysis of BNPs Collection Methods

The BNPs with 100 nm size was collected using 0.1 mol/L NaOH solution to dissolve
template materials by multiple centrifugations and redispersion. In order to demonstrate
the universality of the current method for drugs. We also explored whether drugs can
be released by dissolution of AAO using diluted hydrochloric acid solution (1 mol/L).
In addition, we also demonstrated whether the nanoparticles can also be obtained by ultra-
sonication of the drug-loaded AAO template in water without dissolving the AAO template.
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3.2.4. Optimization of Preparation Process of BNPs

Optimization of the preparation process is very important for the size and distribution
of drug particles. In this study, particle size and polydispersity index (PDI) were used as
the evaluation index to optimize the drug concentration and reaction times. The effect of
drug concentration on particle size was investigated in the concentration gradient range of
5, 10, 20 and 40 mg/mL. The effect of soaking and drying cycles on the particle size in drug
solutions with a concentration of 20 mg/mL was analyzed by setting 2, 5 and 10 cycles.

3.2.5. Characterization of BNPs

The particle sizes and morphologies of the samples were characterized using SEM
(JSM-7401F, JEOL Ltd., Tokyo, Japan). Of the sample solution, 3.5 uL was dripped onto
the silicon slice, then dried and sprayed with gold for 40 s. The SEM images were cap-
tured at 3 kV voltage and 10 mA current. The morphology of the nanosuspension was
characterized by TEM (HT7700, Hitachi Ltd., Tokyo, Japan) with 80 kV accelerating voltage.
Two microliters of diluted solution were dripped onto a carbon-coated copper grid and
were dried at room temperature for TEM measurement. The hydrated mean particle sizes
of the BNPs were examined using dynamic light scattering (DLS, Zetasizer Nano ZS90,
Malvern Instruments Ltd., Malvern, UK). The polydispersity index (PDI) was used to char-
acterize particle size distribution. The PDI value less than 0.3 indicated good dispersion.
The measurement was carried out in triplicate for each sample.

3.2.6. In Vitro Drug-Release

The drug-release behaviors of BNPs were investigated by ultraviolet visible spec-
trophotometer (UV, TU1901, Shimadzu, Tokyo, Japan). Five microliters BNPs and free
buprofezin were suspended in PBS solution (Ph 7.4, 5 mL) and the solution was transferred
to dialysis bags (2000 MWCO), respectively. Finally, the treated dialysis bags were placed
in a brown bottle with PBS solution (95 mL) for 216 h. Two milliliters of solution was
taken to measure the absorbance by UV spectrophotometer at 246 nm at a specific time.
During the dialysis, the solution volume was maintained constant by supply 2 mL of
buffer after each sampling. The cumulative release of buprofezin in the solution at different
time was calculated according to the standard curve. The assay was performed three times
for each sample.

3.2.7. Stability

The BNPs with 100 nm size was selected as an example for stability test. The freeze-
dried solid samples were stored at different temperatures (0 ◦C for 7 days and at 54 ◦C
for 14 days) to explore physicochemical stability. The sample was taken out and diluted
0.5% (w/w) to determine the hydrated particle size and morphology at a specific time. The
stability was evaluated by observing the changes of particle size and PDI during the whole
storage process.

3.2.8. Statistical Analysis

The statistical data was presented as mean ± standard deviation (SD). Least significant
difference (LSD) was used to analyze data. A probability (p) of less than 0.05 means
significant differences.

4. Conclusions

In summary, we successfully developed a novel, versatile and controllable approach
for solving the problem of dissolution and dispersion of hydrophobic pesticides. The AAO
template-assisted method produced nanoparticles of different sizes with excellent monodis-
persion and uniform morphology, which had better reproducibility and homogeneity
comparing with the reprecipitation method. In addition, the pore size of the template
restricts the growth of the nanoparticles and then controls the size of the drug particles.
The BNPs with the mean size of 100 nm using AAO template-assisted method exhibited
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better release performance due to the larger specific surface area and faster dissolution
rate. The good dispersion and homogeneity of nanoparticles play an important role in
maintaining the stability of particles.

In addition, the pore size of the template restricts the continuous growth of the
nanoparticles and then controls the size of the drug particles. Furthermore, the nanoparti-
cles could release from the AAO template by dissolving template or ultrasonication even
if the drugs are sensitive to diluted acid or base. Moreover, the AAO template method
can be applied to other hydrophobic pesticides and extended for fabricating nanoparticles
with different functional agents, and used to prepare the nanoparticles containing multiple
drugs. In conclusion, the novel AAO template method was not only a versatile and con-
venient method for the preparing hydrophobic nanodrugs, but also laid a foundation for
exploring properties of drug particles with different sizes.
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com/article/10.3390/ijms22158348/s1.
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Abstract: Despite the numerous available treatments for cancer, many patients succumb to side effects
and reoccurrence. Zinc oxide (ZnO) quantum dots (QDs) are inexpensive inorganic nanomaterials
with potential applications in photodynamic therapy. To verify the photoluminescence of ZnO
QDs and determine their inhibitory effect on tumors, we synthesized and characterized ZnO QDs
modified with polyvinylpyrrolidone. The photoluminescent properties and reactive oxygen species
levels of these ZnO/PVP QDs were also measured. Finally, in vitro and in vivo experiments were
performed to test their photodynamic therapeutic effects in SW480 cancer cells and female nude
mice. Our results indicate that the ZnO QDs had good photoluminescence and exerted an obvious
inhibitory effect on SW480 tumor cells. These findings illustrate the potential applications of ZnO
QDs in the fields of photoluminescence and photodynamic therapy.

Keywords: zinc oxide; quantum dot; polyvinylpyrrolidone; photodynamic therapy; photosensitizers;
reactive oxygen species; nanoparticle; SW480 cancer cell

1. Introduction

In recent years, cancer has become one of the most fatal diseases threatening human
health and the second leading cause of mortality worldwide [1,2]. The current cancer
treatments include surgery, radiotherapy, and chemotherapy. However, these therapies are
associated with complications, such as tissue trauma, side effects, and reoccurrence.

Photodynamic therapy (PDT) is a cancer treatment modality that can be applied to
treat various tumors. In PDT, light and photosensitizers (PS) are used to destroy tumor cells
by generating reactive oxygen species (ROS) [3–5]. The basic principle of photodynamic
therapy is that the use of a photosensitizer exposed to a certain wavelength of light will be
excited to produce ROS, which can kill cancer cells [6]. Currently, the commonly used light
source is ultraviolet (UV) light, and various new photosensitizers are under development,
particularly nanomaterials [7], for use in research in the PDT field. Compared with other
treatment modalities, PDT is noninvasive, has a lower incidence of trauma, and causes less
toxicity and fewer side effects [8]. Currently, PDT has been approved for treating superficial
tumors, including skin cancer [9], superficial bladder cancer [10], lung cancer [11], cervical
cancer [12], and head and neck cancers [13,14].

Zinc oxide (ZnO), an inexpensive and versatile inorganic nanomaterial with photo-
electric properties, is often used in photocatalysis and on ceramic surfaces. Recently, the
synthesis and biomedical application of ZnO nanoparticles have gained attention [15–25]
because of their anticancer, antibacterial, antioxidant, antidiabetic, and anti-inflammatory
activities, as well as for drug delivery and bioimaging applications. ZnO NPs were also
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reported to induce cytotoxicity in a variety of cancer cells [26–36]. Zinc (Zn2+), a component
of ZnO, is widely recognized as an essential micronutrient for humans and, thus, is safe for
application. Furthermore, ZnO particles have been designated as Generally Recognized as
Safe by the Food and Drug Administration [37].

ZnO quantum dots (QDs) are used for conducting PDT as a PS and for biological
imaging. Gao et al. [38] combined ZnO with X-ray, MRI, and other imaging methods in vivo
to monitor tumor growth and metastasis in real time. Fluorescence imaging, in contrast,
exhibits the advantages of low cost, high sensitivity, and optimal spatial resolution among
molecular imaging techniques. ZnO QDs possess excellent photodynamic properties and
have potential utility in photoluminescence imaging. ZnO QDs are typically used in
bioimaging [39,40] and drug delivery because of their high biocompatibility [41,42]. Many
researchers aim to improve the stability and water solubility of ZnO QDs. PVP can serve
as a surface stabilizer, growth modifier, nanoparticle dispersant, and reducing agent [43].
Several methods for synthesizing QDs have been reported, including coprecipitation, sol–
gel, solid-state, and hydrothermal methods [44–56]. Each method has various advantages
and limitations. For example, nanoparticles synthesized by the coprecipitation method are
larger than those obtained by other methods, whereas the stability of the aqueous solution
synthesized by the sol–sol method is lower than that observed by other methods. However,
there are several limitations of ZnO QDs, including their poor water stability and easy
agglomeration, preventing their application in the biological domain [57–59].

In this study, we developed an optimized method for synthesizing ZnO QDs modified
with polyvinylpyrrolidone (PVP40) to improve their stability in aqueous solutions and
investigated their characteristics and optical properties. Next, we assessed the cytotoxicity
of ZnO/PVP QDs in SW480 cancer cells and HEK-293T human kidney cells to improve the
biomedical applications of ZnO/PVP QDs. We evaluated the applications of ZnO/PVP
QDs for both in vitro and in vivo PDT and analyzed the mechanisms and principles of
PDT in cancer treatments. Our results indicate that ZnO QDs have considerable potential
applications in the fields of photoluminescence and photodynamic tumor suppression.

2. Results and Discussion

2.1. Synthesis of ZnO/PVP QDs

ZnO/PVP QDs were synthesized using an improved sol–gel method. To verify that
the solution contained ZnO QDs, the solution was subjected to irradiation under UV
light at a wavelength of 365 nm. The solution turned from clear and transparent to emit
yellow fluorescence. Based on the yellow fluorescence, the fluorescence wavelength was
approximately 500–600 nm. The fluorescence spectrum of this solution was red-shifted
(Figure 1). The Stokes shift of ZnO occurs only at the quantum level. Upon comparison with
the absorption spectrum, it was found that the ZnO QDs were synthesized successfully.

λ

−

θ

θ

λ β θ λ λ β
θ

Figure 1. Fluorescence of ZnO quantum dots at λex = 365 nm. Left: image of ZnO quantum dots
under white light; right: image of ZnO quantum dots under 365-nm ultraviolet light.
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2.2. Characterization of ZnO/PVP QDs

The ZnO QD particles were approximately 10 nm, as measured by dynamic light
scattering (DLS), indicating that the synthesis of ultrasmall ZnO QDs was successful
(Figure 2a). The zeta potential was −3.6 mV on the surfaces of the ZnO/PVP QDs
(Figure S1b). Transmission electron microscopy (TEM) showed that the ZnO/PVP particles
were well-dispersed in the ethanol solution, with fine, round, and granular characteris-
tics. This also supports that ZnO QDs modified with PVP were more dispersive and less
prone to agglomeration. The manual measurement of 50 units of ZnO particles showed
that ZnO/PVP possessed appreciable homogeneity at sizes of ~5 nm. The particle sizes
appeared larger by DLS compared to those by TEM because of hydration. Upon enlarge-
ment of the TEM image, the lattice fringes of ZnO were observed, indicating that the ZnO
nanocrystals were successfully synthesized (Figure 2b). The X-ray diffraction pattern of
the 2θ values of the ZnO/PVP QDs was obtained in the range of 20–80◦ (Figure S1a).
The peaks were centered at 2θ = 31.75◦, 34.28◦, 36.15◦, 47.58◦, 56.51◦, 62.86◦, and 66.75◦,
indexing the (100), (002), (101), (102), (110), (103), and (112) diffraction planes, respectively,
of ZnO/PVP. The ZnO/PVP QDs belong to the hexagonal wurtzite structure (JCPDS
PDF #36-1451). The average crystallite size of the ZnO/PVP QDs (8 nm) was calculated
using the Debye-Scherrer formula: D = 0.89λ/βcosθ, where λ is the X-ray wavelength,
λ = 0.154184 nm, β is the peak width at half-maximum, and θ is the Bragg diffraction angle.
This result is consistent with those of TEM and DLS. UV-Vis and fluorescence spectroscopy
analyses were also performed using ZnO/PVP. The fluorescence spectra of ZnO/PVP
showed strong absorption in the 250–360-nm UV light band. The spectral absorption of the
ZnO QDs was enhanced with decreasing wavelengths, further demonstrating the excellent
UV absorption of the ZnO QDs. In addition, the ZnO/PVP spectrum showed a plateau at
320–350 nm. This was one of the unique absorption peaks of the ZnO QDs as synthesized
using the sol–gel method, confirming that the ZnO QDs particles were well-distributed
(Figure 2c). The fluorescence spectra of ZnO/PVP displayed a broad peak at 500–650 nm.
This conforms with the luminescence rule of the ZnO QDs and the yellow fluorescence of
the ZnO QDs visible to the naked eye under ultraviolet light irradiation (Figure 1). The
fluorescence intensity of ZnO/PVP reached 20,000 a.u. at 560 nm (Figure 2d); emissions at
560 nm can be used for fluorescent labeling. For example, when ZnO/PVP is loaded with
anticancer drugs into tumor cells, the location of the drugs is determined by fluorescence,
which is important when investigating treatment mechanisms.

2.3. Quantum Yield of the ZnO/PVP QDs

Quantum yield refers to the utilization of quantum principles in photochemical reac-
tions; it is defined as the ratio of the number of photons emitted to the number of photons
absorbed. This is measured by obtaining the ratio of the fluorescence intensity to the
intensity of the absorption. It is typically calculated by comparing the quantum yield of a
material with that of a reference material in a certain range.

The quantum yield of ZnO/PVP was calculated according to:

Yu = Ys ×
Fu

Fs
× As

Au
(1)

In the formula, Yu represents the quantum yield of the unknown sample, Ys repre-
sents the fluorescence quantum yield of the reference materials, Fu represents the integral
fluorescence intensity of the dilute solution of the sample to be measured, Fs represents the
integral fluorescence intensity of the dilute solution of the reference materials, and Au and
As represent the maximum absorbance values of the sample and reference at the excitation
wavelength, respectively. The reference material used in this experiment was rhodamine B,
which has a quantum yield of 67% at an absorption wavelength of 365 nm.
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𝑌௨ = 𝑌௦ × 𝐹௨𝐹௦ × 𝐴௦𝐴௨

Figure 2. Characterizations of the ZnO/PVP QDs. (a) Particle sizes of the ZnO/PVP QDs as measured by DLS, (b) TEM
image of the ZnO/PVP QDs, (c) UV-Vis absorption spectra of the ZnO/PVP QDs, and (d) fluorescence spectra of the
ZnO/PVP QDs.

The quantum yield of the ZnO/PVP synthesized in this study was 8.7%. This value
agrees with the law of quantum yield, indicating an excellent quantum yield of the ZnO
QDs. van Dijken et al. [60] showed that smaller fresh ZnO NPs had higher quantum yields.
Modified PVP40 on the surface of ZnO protects the acetate groups, prevents tumor growth
and aggregation, and maintains optimal luminescent properties.

2.4. In Vitro Stability of ZnO/PVP QDs

The ZnO/PVP QD solution was stored in a tin-coated centrifuge tube for 2 weeks. The
results of the DLS and TEM showed no significant changes in the ZnO/PVP QDs, and their
sizes did not increase significantly. The UV-Vis absorption and fluorescence spectra showed
decreased absorption to various degrees. This may be attributed to lower agglomeration of
the ZnO QDs, partial restoration of defects on their surfaces, and reduction of the surface
area, which may affect their optical properties.

Shi et al. [61] reported that unmodified ZnO QD solutions are turbid and agglomerate
only after 3 days, suggesting that ZnO QDs without surface modifications are unstable. In
this study, the ethanol solution of the ZnO QDs was stored for 14 days, causing the solution
to become clear and transparent and allowing fluorescence to be observed under a UV
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light. The possibility of extensive agglomeration of the ZnO QDs was low. This showed
that the polyethylene glycol modification enhanced the stability of the solution, allowing
the ZnO QDs to remain stable after 14 days (Figure 3).

μ

Figure 3. Absorption and fluorescence spectra of the ZnO/PVP QDs stored in an ethanol solution for two weeks. (a)
absorption spectra of the ZnO/PVP QDs and (b) fluorescence spectra of the ZnO/PVP QDs.

2.5. Photoluminescent Properties of the ZnO/PVP QDs

The photoluminescent properties of the ZnO QDs at different concentrations were
determined using a fluorescence microplate reader. The fluorescence intensities of the
ZnO QDs increased with the increasing concentrations, indicating that the fluorescence
intensities of the ZnO QDs were concentration-dependent. The fluorescence intensity of the
50-µg/mL ZnO/PVP solution was 32,000 a.u., which is consistent with the trend observed
for the fluorescence spectra of the ZnO QDs. The change in fluorescence intensities of the
ZnO QDs gradually decreased, which may be associated with photon-quenching caused
by the increasing concentrations. This also showed that the PVP40 modification exerted no
remarkable effect on the optical properties of ZnO (Figure 4a).

′ ′

   

μ

μ

μ
μ

Figure 4. Fluorescence intensities of the ZnO/PVP QDs. (a) Fluorescence intensities of the ZnO/PVP QDs and (b)
fluorescence intensities of the ZnO/PVP QDs at 525 nm.
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2.6. In Vitro ROS Production

The ROS levels were determined using 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), which is oxidized by ROS to produce highly fluorescent DCF. The fluo-
rescence of DCF was measured with a fluorescence microplate reader at excitation and
emission wavelengths of 488 and 535 nm, respectively. DCHF-DA was added to the ZnO
QD solutions at different concentrations, and the fluorescence intensities were measured
(Figure 4b). Fluorescence at 525 nm was detected at a concentration of 6.25 µg/mL under
UV irradiation, indicating that a ROS was produced at this concentration. The fluorescence
intensity of the ZnO/PVP solution at a concentration of 50 µg/mL was 6900 a.u. However,
fluorescence at 525 nm was not detected when no UV irradiation was applied.

2.7. Cytotoxicity of ZnO/PVP QDs

SW480 cells were incubated with different concentrations of ZnO/PVP QDs, and their
survival rates were determined in a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. HEK293T cells were treated in a manner for comparison with
SW480 cells. The MTT assay was conducted to measure the cellular metabolic activity as
an indicator of cell viability, proliferation, and cytotoxicity. This colorimetric assay was
based on the reduction of a yellow tetrazolium salt MTT to purple formazan crystals by
metabolically active cells. Viable cells can reduce the MTT reagent, where apoptotic cells
cannot. The cell survival rate gradually decreased from a concentration of 12.5 µg/mL
and was 54% when the concentration reached 50 µg/mL (Figure 5a). The cytotoxicity of
ZnO/PVP may be attributed to the low biocompatibility of PVP40.

μ

μ

μ

 μ

Figure 5. Cell survival rates. (a) Cell survival rates of the ZnO/PVP QDs at different concentrations. (b) Cell survival rates
of the ZnO/PVP and ZnO/PVP+UV groups at different concentrations.

2.8. Photodynamic Experiment of the ZnO/PVP QDs In Vitro

To evaluate the PDT efficacy of the ZnO/PVP QDs, the viabilities of SW480 and
HEK293T cells subjected to UV irradiation were evaluated using an MTT assay. ZnO/PVP
showed excellent biocompatibility, with no remarkable changes in cell viabilities under
suitable concentrations and without UV treatment. However, ZnO/PVP QDs subjected
to UV irradiation showed evident tumor inhibition. Furthermore, the cell mortalities
gradually increased with the increasing concentrations, with the cell viability decreasing
to 15% at a concentration of 50 µg/mL. Near-complete apoptotic tumor cells were also
observed, indicating that ZnO QDs have excellent photodynamic effects in vitro. ZnO/PVP
showed evident tumor inhibitory effects at a concentration of 6.25 µg/mL when subjected
to UV irradiation. Additionally, the cell survival rate of the group at this concentration was
45% lower than that of the no UV treatment group at the same concentration (Figure 5b).
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The percentages of apoptotic and necrotic SW480 and HEK-293T cells were analyzed by
flow cytometry (Figure S3). The number of necrotic cells decreased after treatment with
25-µg/mL ZnO QDs in both cell types.

The half-maximal inhibitory concentration of ZnO/PVP under UV irradiation was
estimated as 21.688µg/mL. This result is consistent with the trend in ROS produced by
ZnO QDs in vitro. Therefore, tumor inhibition of the ZnO QDs may be caused by the
excitation of ZnO/PVP by UV light. This causes the generation of electrons and holes
that can be transferred to the surface, subsequently generating ROS and inducing tumor
cell apoptosis. The beneficial effects observed in the photodynamic in vitro study of the
ZnO/PVP QDs motivated us to study their application in PDT in vivo.

2.9. Photodynamic Experiment of ZnO/PVP QDs In Vivo

After dividing tumor-bearing nude mice into four groups, the tumors were measured
and weighed every 3 days. The tumor volumes of the control, UV, ZnO/PVP, and ZnO/PVP
+ UV groups were 5180 ± 759, 5356 ± 795, 5562 ± 480, and 2011 ± 37 mm3, respectively, on
day 28 (Figure 6). The tumor inhibition rate of the ZnO/PVP+UV group was 61.1%, which
was significantly higher than that of the control, UV, and ZnO/PVP groups (p < 0.05 in all
instances). Moreover, the tumor inhibition effects of ZnO/PVP were observed in the early
stages. The sizes of the tumors in nude mice were visible to the naked eye after 7 days
(Figure 7 and Table 1).

Figure 6. Influence of the treatment on the tumor volumes and weight of tumor-bearing mice treated with PDT. (a) Influence
of the treatment on tumor volumes of groups of tumor-bearing mice treated with PDT. (b) Influence on the tumor weights
of groups of tumor-bearing mice treated with PDT.

Table 1. Effects of UV ultraviolet irradiation and non-irradiation on the tumor volumes in mice treated with ZnO QDs.

Group Number of Nude Mice
Tumor Volume of Nude Mice (mm3)

Tumor Inhibition Rate (%)
M1 M2 M3 χ ± S

Control group 3 5292 4200 6050 5180 ± 759 –
UV group 3 4400 5320 6348 5356 ± 795 −3.3

ZnO/PVP group 3 5000 4630.5 4400 4543 ± 102 12.3
ZnO/PVP+UV group 3 2025 2048 1960 2011 ± 37 61.1

M1–3: mice 1–3.
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Figure 7. Changes in the tumors of tumor-bearing mice on day 7. (a) Control group, (b) UV group,
(c) ZnO/PVP group, and (d) ZnO/PVP+UV group.

The tumors were dissected and weighed after the mice were euthanized. The weights
of the tumors from the control, UV, ZnO/PVP, and ZnO/PVP+UV groups were 2.17 ± 0.07,
2.17 ± 0.12, 2.08 ± 0.08, and 1.78 ± 0.10 g, respectively (Table 2). The tumor weights in the
ZnO/PVP+UV group were significantly lower than those in the control, UV, and ZnO/PVP
groups (p < 0.05 in all instances).

Table 2. Effects of UV irradiation and non-irradiation on the tumor weights in mice treated with
ZnO QDs.

Group Number of Nude Mice
Tumor Volume of Nude Mice (mm3)

M1 M2 M3 χ ± S

Control group 3 2.27 2.16 2.08 2.17 ± 0.07
UV group 3 2.3 2.22 2.01 2.17 ± 0.12

ZnO/PVP group 3 2.14 2.13 2.24 2.17 ± 0.04
ZnO/PVP+UV group 3 1.5 1.43 1.52 1.48 ± 0.03

M1–3: mice 1–3.

We observed no significant weight changes between each group throughout the
treatment, and the weight fluctuations in each group were less than 1 g (Figure 6b). These
results indicate that the injection of the ZnO QDs had no evident toxic side effects on the
nude mice, suggesting the good biocompatibility of the ZnO QDs. The basic principle of
photodynamic therapy is that the use of a photosensitizer exposed to a certain wavelength
of light will be excited to produce ROS, which can kill cancer cells. The tumor inhibition
of ZnO QDs may be caused by the excitation of ZnO/PVP by UV light. The results of the
in vivo experiments also proved the photodynamic effect on SW480 tumor cells.

Our results demonstrated that ZnO has strong photodynamic therapeutic effects. As
the main mechanism of PDT in cancer treatment, ZnO QDs irradiated with ultraviolet
light can generate ROS, such as superoxide anion, hydroxyl radical, hydrogen peroxide,
singlet oxygen, and peroxyl radicals. These species disrupt the cell membrane integrity
and damage lysosomes, mitochondria, proteins, intranuclear macromolecules, and other
important physiological functions to finally cause cell apoptosis, thus effectively killing
tumor cells in tumor treatments (Figure S4).

Despite the promising therapeutic potential applications of photodynamic tumor
suppression, some limitations remain to be addressed. For example, UV exposure at a
higher level may cause skin burns. Although the ZnO QDs showed therapeutic potential,
further studies are warranted prior to clinical application.
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3. Materials and Methods

3.1. Reagents and Cell Lines

Zinc acetate dihydrate [Zn(OAc)2·2H2O] and PVP40 [(C6H9NO)n] were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Lithium hydroxide (LiOH), anhydrous ethanol,
and cyclohexane were purchased from Sinopharm Chemical Reagent (Shanghai, China).
All reagents used in this study were of analytical grade. The human colon cancer cell line
SW480 was acquired from the cell bank of the Chinese Academy of Sciences (Shanghai,
China). The cell lines were cultured in 90% DMEM/L-15 (Gibco, Grand Island, NY, USA)
and supplemented with 10% heat-inactivated fetal bovine serum (Gibco). All cultures were
maintained in an incubator at 37◦C with 5% CO2 in a humidified atmosphere.

3.2. Synthesis of the ZnO/PVP QDs

First, 220 mg of zinc acetate dihydrate and 66 mg of PVP40 were dissolved in 10 mL of
ethanol. The solutions were heated under reflux at 70 ◦C with magnetic stirring for 1.5 h to
allow the formation of a colorless transparent ZnO precursor solution. Meanwhile, 15 mg
of LiOH was added to 6 mL of ethanol and incubated at 50 ◦C for 20 min with magnetic
stirring. Subsequently, 10 mL of ZnO precursor solution was added to the LiOH solution
and incubated at 50 ◦C for 1 h with magnetic stirring. Next, 15 mL of ZnO/PVP QD ethanol
solution was added to 30 mL of n-hexane, and the solution was left overnight at 25 ◦C. The
obtained solution was then centrifuged (Allegra® X-30 Centrifuges; Beckman Coulter, Brea,
CA, USA) at 2000 rpm for 10 min, and the resulting supernatant was discarded. Finally,
15 mL of anhydrous ethanol was added to dissolve the precipitate, yielding a clear and
transparent solution. ZnO/PVP QDs were obtained.

3.3. Characterizations of the ZnO/PVP QDs

The morphology and particle size of the ZnO/PVP QDs were characterized by per-
forming TEM (JEM-2100; JEOL, Tokyo, Japan) and DLS (Zetasizer Nano Z; Malvern Pana-
lytical, Malvern, UK), respectively. X-ray diffraction ((Ultima IV; Rigaku, Tokyo, Japan) of
the ZnO/PVP QDs was recorded at room temperature at a scan rate of 2.4◦/min from 20◦

to 80◦. The optical properties of the ZnO/PVP QDs were determined using both a UV-Vis
spectrophotometer (LAMBDA 365; PerkinElmer, Waltham, MA, USA) and fluorescence
spectrophotometer (FL8500; PerkinElmer).

3.4. Quantum Yield of ZnO/PVP QDs

To measure the quantum yield of the obtained ZnO/PVP QDs, we used a standard
fluorescent dye (rhodamine B) with a known quantum yield of 67% at 365 nm. ZnO/PVP
and rhodamine B were each diluted with ethanol. The fluorescence spectrometer was
used at excitation and emission wavelengths of 365 and 450–680 nm, respectively. The
slits, including the excitation and emission, were set to 3 nm. The solutions of ZnO/PVP
and rhodamine B were measured at the same excitation wavelengths and slit widths. The
absorption spectra were recorded at this wavelength.

3.5. In Vitro Stability Study of the ZnO/PVP QDs

The color, DLS, and wavelength of the ZnO/PVP QD ethanol solution were observed
after storage in a tin-coated centrifuge tube for 2 weeks.

3.6. Fluorescence Intensities of the ZnO/PVP QDs

Specific volumes (100µL) of different concentrations of ZnO/PVP solution (1.56,
3.125, 6.25, 12.5, 25, and 50 µg/mL) were pipetted into the wells of a 96-well plate. The
fluorescence intensities were measured using a fluorescence microplate reader (Fluoroskan
FL; Thermo Scientific, Waltham, MA, USA) (excitation wavelength: 365 nm, emission
wavelength: 570 nm) to obtain the fluorescence intensities at each concentration of the
ZnO QDs.
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3.7. Measurement of ROS Levels

The ROS levels were measured using dissolved DCFH-DA, a fluorescent dye that
enables the visualization of ROS. The DCFH-DA was dissolved in dimethyl sulfoxide to ob-
tain a 48-µg/mL DCFH-DA solution. Specific volumes (100µL) of different concentrations
of ZnO/PVP solution (1.56, 3.125, 6.25, 12.5, 25, and 50 µg/mL) were pipetted into the
wells of a 96-well plate, and 10 µL of DCFH-DA (48 µg/mL) was added to each well. UV
light at a wavelength of 365 nm (the source was situated 5 cm above the plate) was used to
irradiate the 96-well plate for 5 and 10 min. ROS detection was performed via a fluorescence
quantitative analysis using a fluorescence microplate reader (Fluoroskan, FL, USA).

3.8. Cytotoxicity Analysis

SW480 cells in the logarithmic growth phase were digested with 0.25% pancreatin,
evenly seeded into a 96-well plate (1 × 104 cells/mL), and cultured for 24 h. The prepared
ZnO/PVP solutions were divided into six groups and diluted to concentrations of 1.56,
3.125, 6.25, 12.5, 25, and 50 µg/mL using the cell culture medium. The solutions in each
group were pipetted into five wells, and a blank control group consisting of only the culture
medium was prepared. HEK293T cells were treated in the same manner. The MTT method
was used to determine the cell viability.

3.9. In Vitro Photodynamic Study

SW480 cells in the logarithmic growth phase were digested with 0.25% pancreatin,
evenly seeded into the wells of a 96-well plate (1 × 104 cells/mL), and cultured for 12 h. The
prepared ZnO/PVP solutions were divided into six groups and diluted to concentrations
of 1.56, 3.125, 6.25, 12.5, 25, and 50 µg/mL using a cell culture medium. The solutions in
each group were pipetted into five wells, and a blank control group consisting of only the
culture medium was prepared. HEK293T cells were treated in the same manner. The cells
were irradiated for 10 min using UV light at a wavelength of 365 nm and then incubated
for 48 h at 25 ◦C. Cell viability was determined using the MTT method.

3.10. Experimental Animals

All animal experiments were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee of General Hospital of Chinese People’s
Armed Police Forces, which also approved the research procedures (Permit Number
2011-0039). The surgeries were performed using isoflurane gas anesthesia (3% isoflurane–
air mixture), and all efforts were made to minimize suffering.

Female nude mice (aged 7 to 8 weeks old) were purchased from the Laboratory
Animal Center of the Chinese Academy of Medical Sciences (Beijing, China) and housed
under specific pathogen-free conditions at 25 ◦C with a relative humidity of 50%. All mice
were fed sterilized pellets and allowed access to water ad libitum under a 12-h light and
dark cycle. The whole-body weights and tumor volumes of the mice were monitored
daily. Mice that lost >20% of their initial body weights were euthanized by carbon dioxide
asphyxiation, and the experiment was terminated. No mice died prior to application of the
humane endpoint.

Approximately 2 × 106 SW480 cells in 50 µL were implanted subcutaneously in the
left underarm of each mouse to enable the formation of solid tumors. The mice were used
for the experiments once the tumors reached a diameter of 0.5 cm.

3.11. In Vivo Photodynamic Study

The tumor-bearing mice were divided into the following four groups: control, UV,
ZnO/PVP, and ZnO/PVP+UV groups. After 48 h, each group was again treated with UV,
ZnO/PVP, and ZnO/PVP+UV separately. The body weight and tumor volume of each
nude mouse were measured daily.
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The tumor volume was calculated according to:

Vt = Wt
2 × Lt/2 (2)

Vt represents the volume of the tumor, Wt represents the width of the tumor, and Lt

represents the length of the tumor. The tumor inhibition rate was defined according to:

Rti = 1 − Ve/Vc × 100% (3)

Rti represents the tumor inhibition rate, Ve represents the tumor volume of the experi-
mental group, and Vc represents the tumor volume of the control group.

The mice were euthanized using carbon dioxide, and their tumors were dissected and
weighed at the end of the experiment.

3.12. Statistical Analysis

Statistical significance was determined by one-way analysis of variance, followed
by the Newman–Keuls test. All statistical analyses were performed using SPSS 16.0
software (SPSS, Inc., Chicago, IL, USA). p < 0.05 was considered to indicate statistically
significant results.

4. Conclusions

We synthesized ZnO/PVP QDs via an improved sol–gel method and demonstrated
their stability and optical properties. Furthermore, we investigated the photoluminescent
properties of the ZnO/PVP QDs. PVP40 accumulated at the defect sites on the ZnO surfaces,
a mechanism that may be related to photon-quenching at the increasing concentrations. Our
in vitro and in vivo studies demonstrated that ZnO/PVP considerably enhanced the PDT
efficacy. Therefore, further research of ZnO/PVP bioimaging in live animals is warranted.
Based on these results, the ZnO/PVP QDs have potential in the field of photodynamic
tumor suppression. We analyzed the mechanism of the photocatalytic killing of cancer,
which provided a theoretical foundation for applying ZnO in tumor PDT treatments and a
basis for the further synthesis, selection, and modification of new nanomaterials.
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Abstract: Nano Ru-based catalysts, including monometallic Ru and Ru-Zn nanoparticles, were
synthesized via a precipitation method. The prepared catalysts were evaluated on partial hydrogena-
tion of benzene towards cyclohexene generation, during which the effect of reaction modifiers, i.e.,
ZnSO4, MnSO4, and FeSO4, was investigated. The fresh and the spent catalysts were thoroughly
characterized by XRD, TEM, SEM, XPS, XRF, and DFT studies. It was found that Zn2+ or Fe2+ could
be adsorbed on the surface of a monometallic Ru catalyst, where a stabilized complex could be
formed between the cations and the cyclohexene. This led to an enhancement of catalytic selectivity
towards cyclohexene. Furthermore, electron transfer was observed from Zn2+ or Fe2+ to Ru, hinder-
ing the catalytic activity towards benzene hydrogenation. In comparison, very few Mn2+ cations
were adsorbed on the Ru surface, for which no cyclohexene could be detected. On the other hand,
for Ru-Zn catalyst, Zn existed as rodlike ZnO. The added ZnSO4 and FeSO4 could react with ZnO
to generate (Zn(OH)2)5(ZnSO4)(H2O) and basic Fe sulfate, respectively. This further benefited the
adsorption of Zn2+ or Fe2+, leading to the decrease of catalytic activity towards benzene conversion
and the increase of selectivity towards cyclohexene synthesis. When 0.57 mol·L−1 of ZnSO4 was
applied, the highest cyclohexene yield of 62.6% was achieved. When MnSO4 was used as a reaction
modifier, H2SO4 could be generated in the slurry via its hydrolysis, which reacted with ZnO to form
ZnSO4. The selectivity towards cyclohexene formation was then improved by the adsorbed Zn2+.

Keywords: benzene; partial hydrogenation; cyclohexene; reaction modifier; ZnSO4; MnSO4; FeSO4

1. Introduction

Cyclohexene, a compound with an unstable double bond, can be utilized to synthesize
adipic acid, cyclohexanol, and cyclohexanone [1], which are important monomers for the
production of nylon 6 and nylon 66. Dehydration of cyclohexanol, dehydrochlorination
of halogenated cyclohexane, and Birch reduction methods were traditionally applied for
the production of cyclohexene. However, high cost of crude material, side products, and
environmental issues are generally addressed, limiting the industrialization of cyclohexene
production [2]. In comparison, because of safety, energy conservation, environmental
friendliness, and high carbon atom economy, great attention is drawn to the production
of cyclohexene via partial hydrogenation of benzene, of which the reaction mechanism is
given in Scheme 1. As can been seen in Scheme 1, cyclohexane formation could be done
either by direct hydrogenation of benzene or via cyclohexene as an intermediate. It was
also reported by Rochin et al. [3] that 1,3-cyclohexadiene could not be detected since diene
is extremely unstable due to the further hydrogenation. On the other hand, unfortunately,
it is thermodynamically difficult to obtain cyclohexene, since the standard free energy
change for cyclohexane formation from benzene hydrogenation is −98 kJ mol−1, which is
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much lower than that for selective hydrogenation to cyclohexene, i.e., −23 kJ mol−1 [4].
Therefore, it is of great necessity to develop a suitable catalytic system with high selectivity
towards cyclohexene generation.
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Scheme 1. Reaction mechanism for hydrogenation of benzene.

A reaction modifier is one of the most effective approaches to improve the selectivity
towards cyclohexene [5–7] by adding one or several compounds into the reaction slurry to
modify the surface of catalysts. In general, cyclohexene can hardly be obtained without
applying any reaction modifiers over Ru catalysts [8]. ZnSO4, FeSO4, CdSO4, CoSO4,
NiSO4, CuSO4, and MgSO4 were reported as reaction modifiers for partial hydrogenation of
benzene towards cyclohexene formation over Ru-based catalysts, among which ZnSO4 and
FeSO4 were considered the most effective ones. Notably, it is still controversial in regard to
the mechanism for the effect of the reaction modifier. For instance, on one hand, Struijk et al.
proposed that the more difficult it is to reduce the cations, the higher are selectivity and
yield towards cyclohexene generation [9]. Furthermore, Costa et al. proposed that the
oxidation of ZnNb2O6 contributed to catalytic selectivity over Ru catalysts [10], while
Spod et al. stated Zn(OH)3

− played a significant role in improving the selectivity over Ru
catalysts [11]. On the other hand, it was reported by Wang et al. that the binding energy of
Zn2p3/2 over Ru-Zn/m-ZrO2 is close to that observed for metallic Zn, declaring that Zn2+

was reduced into metallic Zn by the spilled H on the Ru surface [12]. Interestingly, both
metallic Zn and Zn2+ were observed over Ru-Zn/HAP by Zhang et al. [13]. In general, the
effect of Zn can be addressed as follows: (1) the bonding status of hydrogen on the catalyst
surface was modified by Zn [14]. The total amount of bonded hydrogen was declined,
while the amount of weak bonded hydrogen was enhanced, leading to lower activity
towards benzene conversion and higher selectivity towards cyclohexene, respectively;
(2) Zn could cover part of the active sites, which is favorable for complete hydrogenation of
benzene towards cyclohexane generation [12]; (3) some electrons could be transferred from
Zn to Ru, and Ruδ− might benefit the formation of cyclohexene [12,13]; (4) the adsorption
of cyclohexene on the Ru surface could be retarded by the presence of Zn, hindering the
further hydrogenation of cyclohexene to cyclohexane [15]. Generally, these controversies
are mainly attributed to the development of technologies for the catalyst characterization.
Therefore, for the better design of the Ru-based catalytic system on partial hydrogenation
of benzene towards cyclohexene production, it is of great significance to reveal the state of
Zn and the effect of reaction additives.

Based on the aforementioned situation, ZnSO4, FeSO4, and MnSO4 were applied for
the partial hydrogenation of benzene towards cyclohexene formation over monometallic
Ru catalyst and Ru-Zn catalyst. The mechanism in which the reaction modifier affects the
catalytic activity of nano Ru-based catalysts was thoroughly investigated by XRD, XRF,
TEM, and XPS.
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2. Results and Discussions

2.1. Ru Catalyst

Figure 1 illustrates the XRD patterns of the monometallic Ru catalyst after the catalytic
experiments applying different amount of ZnSO4, FeSO4, and MnSO4 as reaction modifiers.
As can be observed, characteristic diffractions corresponding to metallic Ru were shown
over all measured samples, demonstrating that Ru existed mainly as the metallic state
during the hydrogenation reaction. Furthermore, the particle size of the monometallic Ru
catalyst before and after catalytic experiments was calculated via the Scherrer equation and
is listed in Table 1. In comparison to the fresh sample, no obvious change was observed for
Ru particle size after the hydrogenation reaction with different amounts of ZnSO4, FeSO4,
and MnSO4 as reaction modifiers. The particle size of all samples ranged from 3.5 nm to
3.7 nm, which was extremely comparable to that of fresh Ru nanoparticle. This suggests
that the particle size of Ru was not affected by the utilization of a reaction modifier.
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Figure 1. XRD patterns of the monometallic Ru catalyst after catalytic experiments applying different
amounts of ZnSO4, FeSO4, and MnSO4 as reaction modifiers.

Table 1. Composition and particle size of the monometallic Ru before and after catalytic experiments with different amounts
of reaction modifiers as well as the pH value of slurry.

Conditions
n(Zn)/n(Ru) 1

(mol/mol)
n(Mn)/n(Ru) 1

(mol/mol)
n(Fe)/n(Ru) 1

(mol/mol)
Particle Size 2

(nm)
pH Value 3

Ru catalyst - - - 3.6 -
Ru + Blank - - - 3.6 6.95

Ru + 0.28 M MnSO4 - 0.0019 - 3.7 3.23
Ru + 0.57 M MnSO4 - 0.0023 - 3.6 3.11
Ru + 0.28 M FeSO4 - - 0.0358 3.5 4.66
Ru + 0.57 M FeSO4 - - 0.0295 3.7 3.83
Ru + 0.28 M ZnSO4 0.0307 - - 3.6 4.35
Ru + 0.57 M ZnSO4 0.0258 - - 3.7 3.53
1 Determined by XRF instrument; 2 determined by XRD instrument; 3 pH value of the slurry after catalytic experiments at room temperature.

Table 1 gives the composition of the Ru catalyst before and after catalytic experiments
as well as the pH value of the slurry. As observed, only Ru was detected over the fresh
Ru catalyst and Ru after hydrogenation reaction in pure distilled water. In comparison,
Zn, Fe, and Mn were observed when 0.28 mol L−1 of ZnSO4, FeSO4, and MnSO4 were
applied as reaction modifiers, respectively. Moreover, the molar ratio of added metal to Ru
ranged from Fe > Zn > Mn, implying that the ability of adsorption on the Ru surface ranged
from FeSO4 > ZnSO4 > MnSO4. Additionally, the pH value of slurry after the catalytic
experiments ranged from the same order, demonstrating that MnSO4 provided the most
acidic condition through its hydrolysis. This suggests that the more easily the salt was
hydrolyzed, the more difficult it was to adsorb on the Ru surface. Interestingly, when the
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concentration of applied reaction modifier was increased to 0.57 mol L−1, the amount of
adsorbed metal was decreased. This can be rationalized considering that, by enhancing the
concentration of the added modifier, the slurry became more acidic due to the hydrolysis
of the metal salts, for which the adsorption of the corresponding metal was retarded. This
was also confirmed by the pH value of the slurry after the hydrogenation reaction.

Figure 2 demonstrates the TEM images of the fresh Ru nanoparticles (Figure 2a) and
the SEM image as well as the element mapping image of the Ru catalyst after catalytic
experiments adding 0.57 mol L−1 of ZnSO4, FeSO4, and MnSO4 (Figure 2b–d). As can be
seen from Figure 2a, the fresh monometallic Ru catalyst displayed a circular or an elliptical
shape. The particle size of Ru was around 3.5 nm, which was in good agreement with XRD
results. In addition, it was shown from Figure 2b,c that plenty of Zn and Fe were adsorbed
on the Ru surface. On the contrary, only a few Mn were observed from Figure 2c. This was
consistent with XRF results (i.e., n(Mn)/n(Ru) was only 0.0023).
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Figure 2. TEM images (a) as well as particle size distribution of the fresh Ru nanoparticles (insert
image) and the SEM image as well as the element mapping image of Ru catalyst after catalytic
experiments adding 0.57 mol L−1 of ZnSO4 (b), FeSO4 (c), and MnSO4 (d).

Figure 3 shows the XPS spectra of the monometallic Ru catalyst after hydrogenation
reaction applying 0.57 mol L−1 of ZnSO4, FeSO4, and MnSO4 as the reaction modifiers,
respectively. As can be observed from Figure 3a, two peaks related to binding energies (BE)
of 709.8 eV and 712.2 eV were attributed to Fe2+ and Fe3+, respectively. The peak at 719.3 eV
was related to Fe3+ [16]. Furthermore, the peak area of Fe2+ was significantly larger than
that of Fe3+, indicating that the adsorbed Fe mainly existed as Fe2+. From Figure 3b,c, the
BE of Zn 2p3/2 and Zn LMM was shown at 1021.5 eV and 988.9 eV, respectively. The BE was
the same as Zn2+, which was reported by Sun et al. [17–19], suggesting that the adsorbed
Zn mainly existed as Zn2+. Unfortunately, due to the extremely low amount of adsorbed
Mn, no reflection attributed to Mn2+ was observed. As illustrated in Figure 3d, the BE of
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Ru 3d5/2 was 280.1 eV when no reaction modifier was added, which belonged to metallic
Ru. This further proved Ru existed mainly as the metallic state during the hydrogenation
reaction. Applying MnSO4 as a reaction modifier, the BE of Ru 3d5/2 was still observed at
280.1 eV, implying that no electron transfer occurred between Ru and Mn. On the other
hand, when ZnSO4 and FeSO4 were used, the BE of Ru 3d5/2 increased from 280.1 eV to
280.6 eV and 280.9 eV, respectively. This can be rationalized by the fact that some electrons
were transferred from Ru to Zn and Fe, generating Ruδ+. In addition, it was deemed that
more electrons were transferred from Ru to Fe than from Ru to Zn.
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Figure 3. XPS profiles of the monometallic Ru catalyst after hydrogenation reaction applying 0.57 mol L−1 of ZnSO4, FeSO4,

and MnSO4 as the reaction modifiers. (a) Fe 2p over the monometallic Ru catalyst applying 0.57 mol L−1 FeSO4; (b) Zn
2p3/2 over the monometallic Ru catalyst applying 0.57 mol L−1 ZnSO4; (c) Zn LMM over the monometallic Ru catalyst
applying 0.57 mol L−1 ZnSO4; and (d) Ru 3d applying 0.57 mol L−1 of ZnSO4, FeSO4, and MnSO4 as the reaction modifiers.

The privileged structure of the formed complex between single/double cyclohexene
molecules and cations is shown in Figure 4, and the corresponding Gibbs free energy (∆fG)
is given in Table 2. As can be seen, the ∆fG of the formed complex between Mn2+ and a
single cyclohexene molecule was −1723 kJ mol−1, and lower ∆fG of −1794 kJ mol−1 was
observed over the complex formed by Fe2+ and a single cyclohexene molecule. The most
negative ∆fG of −1866 kJ mol−1 was obtained over the complex formed between Zn2+ and
a single cyclohexene molecule. Furthermore, the same trend of ∆fG was noticed over the
formed complex between two cyclohexene molecules and the cations. This showed that
Zn2+ was the most suitable cation to stabilize cyclohexene by forming a complex.
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Figure 4. The privileged structure of the formed complex between single/double cyclohexene
molecule and Fe2+, Mn2+, as well as Zn2+. (a) Fe2+ and single cyclohexene molecule; (b) Fe2+

and double cyclohexene molecules; (c) Mn2+ and single cyclohexene molecule; (d) Mn2+ and dou-
ble cyclohexene molecules; (e) Zn2+ and single cyclohexene molecule; and (f) Zn2+ and double
cyclohexene molecules.

Table 2. The Gibbs free energy of the formed complex between single/double cyclohexene molecules
and cations.

Complex ∆fG/(kJ·mol−1)

Cyclohexene Mn(II) −1723
(Cyclohexene)2Mn(II) −1598

Cyclohexene Fe(II) −1794
(Cyclohexene)2Fe(II) −1661
Cyclohexene Zn(II) −1866

(Cyclohexene)2Zn(II) −1815

Catalytic activity towards benzene conversion and cyclohexene selectivity over
monometallic Ru catalyst with different reaction modifiers are illustrated in Figure 5.
Notably, complete conversion of benzene was observed within 5 min when MnSO4 (both
0.28 and 0.57 mol L−1) was applied, and no cyclohexene was detected. Similar results were
obtained when no reaction modifier was added, where 100% of benzene was converted to
cyclohexane within 5 min of reaction time. In comparison, when ZnSO4 or FeSO4 were
used, catalytic activity towards benzene conversion over monometallic Ru was retarded,
while cyclohexene selectivity was increased. With increasing the concentration of used
reaction modifier (e.g., ZnSO4 or FeSO4), catalytic activity towards benzene conversion was
enhanced and selectivity to cyclohexene dropped. In addition, higher benzene conversion
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and lower cyclohexene selectivity was observed with applying ZnSO4 than that obtained
with utilizing FeSO4 as the reaction modifier. Based on the characterization results, it is
deemed that the effect of reaction modifier is mainly attributed to the adsorption of cation.
When MnSO4 is added, Mn2+ was barely adsorbed on the Ru surface, thus the catalytic
activity and selectivity towards cyclohexene formation was not influenced. Additionally,
the amount of adsorbed Zn2+ or Fe2+ was declined with raising the concentration of applied
ZnSO4 or FeSO4, respectively. This leads to the higher catalytic activity towards benzene
conversion and lower selectivity towards cyclohexene generation. How the adsorbed Zn2+

and Fe2+ affecting the partial hydrogenation of benzene over Ru catalysts can be addressed
as following: 1. some electrons could be transferred from Ru to Zn2+/Fe2+ to generate
Ruδ+, which is less active for activation the π orbital of benzene. Only two of the π orbital of
benzene was activated, resulting in the synthesis of cyclohexene via a partial hydrogenation
procedure [20]; 2. more stabilized complex could be formed between Zn2+/Fe2+ and
cyclohexene, improving the selectivity towards cyclohexene production [21,22]; 3. the
adsorbed Zn2+ and Fe2+ could cover parts of the active sites of Ru for H2 dissociation,
hence benefiting the cyclohexene formation [9]. Thus, with increasing the concentration
of ZnSO4/FeSO4, the amount of adsorbed Zn2+/Fe2+ was declined, hence the selectivity
towards cyclohexene was decreased. Furthermore, more Fe2+ was adsorbed on the Ru
surface than that observed for Zn2+, leading to more electron transfer and more active sites
coverage for Fe than that for Zn. It is therefore lower catalytic activity towards benzene
conversion and higher cyclohexene selectivity was achieved over monometallic Ru catalyst
with applying FeSO4 than using ZnSO4.
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Figure 5. Catalytic activity towards benzene conversion and cyclohexene selectivity over the monometallic Ru catalyst
with different reaction modifiers (mcat = 1.8 g, VH2O = 280 mL, Vbenzene = 140 mL, T = 423 K, p H2 = 5.0 MPa) (a): benzene
conversion; (b): cyclohexene selectivity.

2.2. Ru-Zn Catalyst

Figure 6 exhibits the XRD patterns of the Ru-Zn catalyst after catalytic experiments
applying different amounts of ZnSO4, FeSO4, and MnSO4 as reaction modifiers. As can
be observed, characteristic diffractions corresponding to metallic Ru with the hexagonal
phase and ZnO with the hexagonal phase were observed over Ru-Zn after hydrogenation
without adding any reaction modifier, demonstrating that Ru and Zn existed mainly as
metallic Ru and ZnO, respectively. Applying MnSO4 or FeSO4 (both 0.28 and 0.57 mol L−1),
the reflection to ZnO could no longer be observed. This can be attributed to the fact that
MnSO4 or FeSO4 could react with ZnO to form new compounds, which were dissolvable
under the reaction conditions. When ZnSO4 was added as a reaction modifier, a new
diffraction related to (Zn(OH)2)5(ZnSO4)(H2O) was observed, indicating that ZnO could
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react with ZnSO4 to generate (Zn(OH)2)5(ZnSO4)(H2O). The same results were reported
by Sun et al. [23] and Yan et al. [24].
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Figure 6. XRD patterns of the Ru-Zn catalyst after catalytic experiments applying different amounts
of ZnSO4, FeSO4, and MnSO4 as reaction modifiers.

Table 3 lists the composition and the particle size of the Ru-Zn catalyst after catalytic ex-
periments as well as the pH value of the slurry. Without using any reaction modifier, the mo-
lar ratio of Zn to Ru was close to that of the fresh Ru-Zn catalyst (e.g., n(Zn)/n(Ru) = 0.2645),
suggesting that Zn was barely lost during the catalytic experiment. The slurry was close to
neutral (pH = 6.95). When 0.28 mol L−1 of MnSO4 was used, n(Zn)/n(Ru) was decreased
from 0.2645 to 0.2228, and n(Mn)/n(Ru) was also raised in comparison to that observed
over the monometallic Ru catalyst (e.g., 0.0247 vs. 0.0019). This was mainly because the
acidic condition was neutralized by ZnO. Hence, the pH value of the slurry increased, re-
sulting in more Mn2+ and SO4

2− being adsorbed on the Ru surface. While the concentration
of used MnSO4 was increased to 0.57 mol L−1, the slurry became more acidic, leading to
less adsorption of Zn2+, Mn2+, and SO4

2− than that obtained with 0.28 mol L−1 of MnSO4.
Furthermore, with addition of 0.28 mol L−1 of ZnSO4, the n(Zn)/n(Ru) slightly dropped in
comparison to that detected without any reaction modifier (e.g., 0.2360 vs. 0.2645). This can
be rationalized considering that part of ZnO was dissolved under such acidic conditions.
However, a significant increase of S was observed, i.e., n(S)/n(Ru) = 0.0216, and the molar
ratio of Zn to Ru was obviously higher than that observed over the monometallic Ru
catalyst under the same conditions (e.g., 0.2360 vs. 0.0307). This was mainly due to the
formation of (Zn(OH)2)5(ZnSO4)(H2O) salt from the reaction between ZnO and ZnSO4,
which benefited the adsorption of Zn2+. By enhancing the concentration of ZnSO4 from
0.28 mol L−1 to 0.57 mol L−1, the pH value decreased from 6.08 to 5.61. This resulted in
the lower content of formed (Zn(OH)2)5(ZnSO4)(H2O), hence the adsorbed Zn2+. On the
other hand, when FeSO4 was applied, a severe decline of adsorbed Zn was noticed. It
was deemed that FeSO4 could react with ZnO to form salt-like basic Fe sulfate salt, which
depressed the adsorption of Zn. Moreover, the particle size of all Ru-Zn catalysts ranged
from 3.7 nm to 3.9 nm after the experiments, suggesting that particle size of Ru-Zn was not
affected by the utilization of reaction modifiers.

The TEM and the SEM images as well as the element mapping image of the spent Ru-
Zn catalyst without using any reaction modifier are illustrated in Figure 7a,b, respectively.
It can be seen from Figure 7a that the spent Ru-Zn catalyst displayed a circular or an
elliptical shape, of which particle size was around 3.4 nm. Moreover, rodlike ZnO was
observed, indicating that ZnO could not be uniformly dispersed on the surface of the
catalyst. As observed from Figure 7b, the rodlike shape of the Zn element was also
observed, which was consistent with the TEM results. Figure 7c displays the TEM image
of the spent Ru-Zn catalyst applying ZnSO4 (0.57 mol L−1) as the reaction modifier. No

140



Int. J. Mol. Sci. 2021, 22, 7756

rodlike ZnO was detected, suggesting that ZnO was consumed through the reaction with
ZnSO4. Furthermore, the particle size of Ru-Zn was mainly distributed at 3.3 nm, which
was comparable to that obtained over spent Ru-Zn without using any reaction modifier.
This implied that the particle size of Ru-Zn could not be affected by utilization of the
reaction modifier. Figure 7d demonstrates the SEM image as well as the element mapping
image of the spent Ru-Zn catalyst using ZnSO4 as a reaction modifier. No rodlike ZnO
could be observed, and Zn species was uniformly dispersed on the surface of the Ru-Zn
catalyst. This can be rationalized considering that (Zn(OH)2)5(ZnSO4)(H2O) could be
generated and uniformly dispersed on the surface of the Ru-Zn catalyst. When FeSO4
was added (0.57 mol L−1), as shown in Figure 7e, both Zn and Fe species were uniformly
dispersed on the surface of the Ru-Zn catalyst. Besides, rodlike ZnO disappeared. A similar
phenomenon was observed when MnSO4 (0.57 mol L−1) was applied, where Zn and Mn
species were also uniformly dispersed on the surface of the Ru-Zn catalyst. Interestingly,
more Mn was observed in comparison to that detected over the monometallic Ru catalyst,
indicating an enhancement of adsorbed Mn on the Ru-Zn surface.

Table 3. Composition and particle size of monometallic Ru before and after catalytic experiments with different amounts of
reaction modifiers as well as the pH value of slurry.

Conditions n(Zn)/n(Ru) 1

(mol/mol)
n(Mn)/n(Ru) 1

(mol/mol)
n(Fe)/n(Ru) 1

(mol/mol)
n(S)/n(Ru)
(mol/mol)

Particle 2

Size(nm)
pH 3 Value

Ru-Zn(0.27) + Blank 0.2645 - - - 3.7 6.95
Ru-Zn(0.27) + 0.28 M MnSO4 0.1528 0.0247 - 0.0078 3.8 6.98
Ru-Zn(0.27) + 0.57 M MnSO4 0.1413 0.0225 - 0.0053 3.9 6.85
Ru-Zn(0.27) + 0.28 M FeSO4 0.0624 - 0.2422 0.0032 3.7 6.92
Ru-Zn(0.27) + 0.57 M FeSO4 0.0542 - 0.2782 0.0048 3.8 6.51
Ru-Zn(0.27) + 0.28 M ZnSO4 0.2360 - - 0.0216 3.8 6.08
Ru-Zn(0.27) + 0.57 M ZnSO4 0.2135 - - 0.0183 3.9 5.61

1 Determined by XRF instrument; 2 determined by XRD instrument; 3 pH value of the slurry after catalytic experiments at room temperature.

Figure 8 shows the XPS profiles of the Ru-Zn catalyst after catalytic experiments
applying ZnSO4, FeSO4, and MnSO4 (all 0.57 mol L−1) as the reaction modifier, respectively.
The BE of Zn 2p3/2 and Zn LMM over Ru-Zn catalyst using ZnSO4 or MnSO4 as reaction
modifier was demonstrated in Figure 8a,b. With addition of ZnSO4, the BEs of Zn 2p3/2
and Zn LMM over Ru-Zn catalyst were observed at 1021.0 eV and 988.5 eV, respectively.
In comparison, when MnSO4 was applied, the BEs of Zn 2p3/2 and Zn LMM over the
Ru-Zn catalyst were observed at 1021.7 eV and 987.1 eV, respectively. It was deemed
that Zn mainly existed as Zn2+, as the BE of Zn LMM for metallic Zn was 990.1 eV [25].
More importantly, more electrons were transferred from Zn to Ru using ZnSO4 than those
obtained using MnSO4 as the reaction modifier. As can be observed from Figure 8c, two
peaks related to binding energies of 710.7 eV and 713.4 eV were attributed to Fe2+ and Fe3+,
respectively. Besides, the satellite diffraction at 718.6 eV belonged to Fe2+ [26]. Furthermore,
the peak area of Fe2+ was obviously larger than that of Fe3+, suggesting that the adsorbed
Fe mainly existed as Fe2+. As observed in Figure 8d, the BE of Mn 2p3/2 was shown at
644.2 eV, which was attributed to Mn2+ [27]. This implied that the adsorbed Mn was
not reduced. Furthermore, as illustrated in Figure 8e, the BE of Ru 3d5/2 was 278.9 eV
when no reaction modifier was added, which belonged to metallic Ru. This revealed
that undispersed ZnO of Ru-Zn could not affect the electronic structure of Ru. Applying
MnSO4 as a reaction modifier, the BE of Ru 3d5/2 was slightly increased from 278.9 eV to
279.0 eV. Based on the aforementioned discussion, it was already concluded that adsorbed
Mn could not affect the electronic structure of Ru. Therefore, combined with the shift for
BE of Zn 2p3/2 and Zn LMM, it was deemed that the slight raise for the BE of Ru 3d5/2 was
attributed to the adsorbed Zn. In addition, an obvious increase of the BE of Ru 3d5/2 was
noticed when ZnSO4 was applied, i.e., from 278.9 eV to 280.2 eV. This can be rationalized
in terms of the formation of (Zn(OH)2)5(ZnSO4)(H2O), which contained more Zn species.
Higher amounts of adsorbed Zn resulted in the higher BE of Ru 3d5/2, implying that more
Ruδ+ was generated. Moreover, the highest BE of Ru 3d5/2 was observed with addition
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of FeSO4 (e.g., 280.8 eV), demonstrating that the most electrons were transferred from Ru
to Fe.
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Figure 7. TEM images, SEM images, particle size distribution, and element mapping image of
the spent Ru-Zn catalyst with different reaction modifiers added. (a) TEM image and particle size
distribution (insert image) of the spent Ru-Zn catalyst without using any reaction modifier; (b) SEM
image as well as element mapping image of the spent Ru-Zn catalyst without using any reaction
modifier; (c) TEM image of the spent Ru-Zn catalyst applying ZnSO4 (0.57 mol L−1) as the reaction
modifier; (d) SEM image as well as the element mapping image of the spent Ru-Zn catalyst using
ZnSO4 as a reaction modifier; (e) SEM image as well as the element mapping image of the spent
Ru-Zn catalyst using FeSO4 as a reaction modifier; (f) SEM image as well as the element mapping
image of the spent Ru-Zn catalyst using MnSO4 as a reaction modifier.
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Figure 8. XPS profiles of the Ru-Zn catalyst after hydrogenation reaction applying 0.57 mol L−1 of
ZnSO4, FeSO4, and MnSO4 as the reaction modifiers. (a) Zn 2p3/2 over the Ru-Zn catalyst applying
0.57 mol L−1 of ZnSO4 and MnSO4, respectively; (b) Zn LMM over the Ru-Zn catalyst applying
0.57 mol L−1 ZnSO4 and MnSO4, respectively; (c) Fe 2p over the Ru-Zn catalyst applying 0.57 mol L−1

FeSO4; (d) Mn 2p3/2 over the Ru-Zn catalyst applying 0.57 mol L−1 MnSO4; and (e) Ru 3d5/2 with
and without reaction modifiers.

Catalytic activity towards benzene conversion and cyclohexene selectivity over the Ru-
Zn catalyst with different reaction modifiers are illustrated in Figure 9. As can be observed
from Figure 9a,b, in comparison to that achieved with no reaction modifier, a significant
decrease of catalytic activity towards benzene conversion as well as an increase towards
cyclohexene formation were obtained by using reaction modifiers. Among the used re-
action modifiers, the lowest benzene conversion and the highest cyclohexene selectivity
were achieved over the Ru-Zn catalyst using 0.57 mol L−1 of FeSO4, and 0.28 mol L−1 of
MnSO4 gave the highest benzene conversion and the lowest cyclohexene selectivity within
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25 min of reaction time. Notably, a lower concentration of ZnSO4/MnSO4 and a higher
concentration of FeSO4 were beneficial for hindering the catalytic activity towards benzene
conversion and improving the selectivity towards cyclohexene generation over the Ru-Zn
catalyst. Based on the characterization results and discussions, it was deemed that the
adsorbed Zn2+/Fe2+ played the essential role in the synthesis of cyclohexene from partial
hydrogenation of benzene over the Ru-Zn catalyst. This can be rationalized considering
that some electrons could be transferred from Ru to Zn2+/Fe2+ to generate Ruδ+, which
could only activate two of the π orbital of benzene, resulting in benefits for synthesis of
cyclohexene via a partial hydrogenation procedure. Furthermore, Zn2+/Fe2+ was of great
capability to stabilize cyclohexene, for which the further hydrogenation of cyclohexene to
cyclohexane was retarded. Additionally, the adsorbed Zn2+ and Fe2+ could cover parts of
the most active sites of Ru for direct hydrogenation of benzene to cyclohexane, thus bene-
fiting the formation of cyclohexene. Considering both catalytic activity towards benzene
conversion and selectivity to cyclohexene, ZnSO4 with a concentration of 0.57 mol L−1,
among all investigated reaction modifiers, was the most suitable for partial hydrogenation
of benzene for cyclohexene production over Ru-Zn catalysts. As observed from Figure 9c,d,
48.1% of cyclohexene yield was achieved over the Ru-Zn catalyst applying 0.57 mol L−1 of
ZnSO4 as a reaction modifier within 25 min of the catalytic experiment, and the highest
cyclohexene yield of 62.6% was obtained when the reaction time reached 40 min, which
was one of the highest yields of cyclohexene to ever be reported [4,28].
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Figure 9. Catalytic activity towards benzene conversion and cyclohexene selectivity over the Ru-Zn
catalyst with different reaction modifiers (mcat = 1.8 g, VH2O = 280 mL, Vbenzene = 140 mL, T = 423
K, p H2 = 5.0 MPa) (a): benzene conversion; (b): cyclohexene selectivity; (c) cyclohexene yield; and
(d) kinetic curve over Ru-Zn with addition of 0.57 mol L−1 of ZnSO4.

3. Conclusions

Nano Ru-based catalysts, including monometallic Ru and Ru-Zn nanoparticles, were
synthesized and evaluated on partial hydrogenation of benzene towards cyclohexene
generation, during which the effect of the reaction modifiers, i.e., ZnSO4, MnSO4, and
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FeSO4, was investigated. It was found that Zn2+ or Fe2+ could be adsorbed on the surface
of the monometallic Ru catalyst, which could stabilize the formed cyclohexene. This led
to an enhancement of catalytic selectivity towards cyclohexene. Furthermore, electron
transfer was observed from Zn2+ or Fe2+ to Ru, hindering the catalytic activity towards
benzene conversion. In comparison, very few Mn2+ cations were adsorbed on the Ru
surface, for which no cyclohexene could be detected. On the other hand, for the Ru-
Zn catalyst, Zn existed as rodlike ZnO. The added ZnSO4 and FeSO4 could react with
ZnO to generate (Zn(OH)2)5(ZnSO4)(H2O) and Fe(OH)SO4, respectively. This further
benefited the adsorption of Zn2+ or Fe2+, leading to the decrease of catalytic activity
towards benzene conversion and the increase of selectivity towards cyclohexene synthesis.
When 0.57 mol L−1 of ZnSO4 was applied, the highest cyclohexene yield of 62.6% was
achieved. When MnSO4 was used as a reaction modifier, H2SO4 could be generated in the
slurry via its hydrolysis, which reacted with ZnO to form ZnSO4. The selectivity towards
cyclohexene formation was then improved by the adsorbed Zn2+.

4. Materials and Methods

4.1. Chemicals

All regents were analytical grade. RuCl3·3H2O was received from Sino-Platinum Co.
Ltd. (Kunming, China). NaOH, FeSO4·7H2O, ZnSO4·7H2O, MnSO4·H2O, and benzene
were purchased from Kemiou Chemical Reagent Co. Ltd. (Tianjin, China). All chemicals
were directly used without any further purification, and deionized water was utilized in
all experiments.

4.2. Preparation of Catalysts

Ru-Zn catalysts were synthesized via the following procedure: 100 mL of NaOH
(0.75 mol·L−1) aqueous solution was added into 100 mL aqueous solution of RuCl3
(0.18 mol·L−1) and ZnSO4 (0.06 mol L−1) with constant stirring at 353 K for 30 min. Then,
the solid part was washed until reaching pH = 7. After that, the solid was dispersed in
200 mL of deionized water, followed by a reducing procedure under 5.0 MPa of H2 in
a 1000 mL Hastelloy autoclave with a stirring speed of 800 rpm at 423 K. After 3 h of
reduction and cooling to 298 K, the fresh catalysts were gained by washing to neutral
and were vacuum-dried. The obtained Ru-Zn catalysts were denoted as Ru-Zn. Similarly,
monometallic Ru catalysts were synthesized from the same procedure without introducing
ZnSO4·7H2O.

4.3. Catalytic Experimental Procedure

All catalytic experiments took place in a 1000 mL GS-1 type Hastelloy autoclave. In
a typical reaction, a Ru-Zn catalyst with 0.57 mol·L−1 ZnSO4 as an instance as well as a
1.8 g Ru-Zn catalyst and a 280 mL aqueous solution of 0.57 mol·L−1 ZnSO4 were poured
into the autoclave. Then, the reactor was purified with N2 by increasing the pressure to
5 MPa and depressurizing to 0.2 MPa 4 times. This was followed by purification using H2
another 4 times with the same procedure. Then, the autoclave was heated under 5.0 MPa
of H2 with a stirring speed of 800 rpm. When the temperature reached 423 K, 140 mL of
benzene was added into the reactor, and the stirring speed was adjusted to be 1400 rpm
to eradicate the effect of mass transfer limitation. Subsequently, the liquid samples were
taken from the autoclave every 5 min. All withdrawn samples were analyzed by GC-FID.
The benzene conversion and the selectivity towards cyclohexene were calculated with
the calibration area normalization method. After each reaction, the catalyst sample was
washed until neutral and dried in an Ar atmosphere at 373 K, then stored in ethanol for
further characterization. Monometallic Ru and Ru-Zn catalysts with different reaction
modifiers were evaluated with the same procedure. In addition, it is important to mention
that the mass balance of the reaction was 100% closed.
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4.4. Catalysts Characterization

X-ray diffraction (XRD) patterns were obtained at the range of 2θ from 5◦ to 90◦, with
a step size of 0.03◦ using diffracted intensity of Cu-Kα radiation (λ = 0.15418 nm) via an
X’Pert Pro instrument (PAN Nallytical, Almelo, The Netherlands). Scherrer’s equation was
applied for the calculation of the particle size of tested samples. In addition, elemental
analysis was conducted via X-ray fluorescence (XRF) (S4 Pioneer instrument from Bruker
AXS, Karlsruhe, Germany). Furthermore, the morphology of the catalyst surface as well as
the element scanning was tested by transmission electron microscope (TEM), a JEOL JEM
2100 from Akishima, Japan. Surface composition of the selected samples was identified by
energy dispersive spectrometer (EDS). Moreover, the valence states of Ru, Zn, Fe, and Mn
as well as the kinetic energy of Zn LMM electrons on the catalyst surface were analyzed
by X-ray photoelectron spectroscopy (XPS) using a PHI Quantera SXM instrument from
ULVAC-PHI, Japan. Al Kα (Eb = 1486.6 eV) was chosen as the radiation source, and the
vacuum degree was adjusted to be 6.7 × 10-8 Pa. The C1s (Eb = 284.8 eV) line as the binding
energy reference was used for calibrating and correcting the energy scale.

4.5. Theoretical Calculation

The B3LYP density functional method in conjunction with the 6-31G(d,p) basis set for
cyclohexene and Lanl2DZ for the metal ions was used to optimize the complexes formed
between cyclohexene and the metal ions of Fe2+, Mn2+, and Zn2+. The calculations were all
performed with the Gaussian 09 software package. Vibrational frequency analyses were
performed for the optimized geometries.
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Abstract: Brush-like α-Fe2O3–ZnO heterostructures were synthesized through a sputtering ZnO
seed-assisted hydrothermal growth method. The resulting heterostructures consisted of α-Fe2O3 rod
templates and ZnO branched crystals with an average diameter of approximately 12 nm and length
of 25 nm. The gas-sensing results demonstrated that the α-Fe2O3–ZnO heterostructure-based sensor
exhibited excellent sensitivity, selectivity, and stability toward low-concentration NO2 gas at an
optimal temperature of 300 ◦C. The α-Fe2O3–ZnO sensor, in particular, demonstrated substantially
higher sensitivity compared with pristine α-Fe2O3, along with faster response and recovery speeds
under similar test conditions. An appropriate material synergic effect accounts for the considerable
enhancement in the NO2 gas-sensing performance of the α-Fe2O3–ZnO heterostructures.

Keywords: synthesis; microstructure; composite; sensing ability; enhanced mechanism

1. Introduction

Increasing awareness of harmful gases as an environmental problem has resulted
in the vital improvement of gas sensor technology. Especially, NO2 gas from fuel and
vehicle exhausts, even if the concentration is low, is hazardous to the human body and
the ecosystem. The design and development of various semiconductors with diverse
architectures to detect NO2 gas molecules with high efficiency are in high demand in
material technology. Hematite (α-Fe2O3) and zinc oxide (ZnO) are n-type semiconductors
widely researched in gas sensor applications owing to their superior stability, low cost, and
preparation simplicity [1,2]. Approaches to synthesizing low-dimensional α-Fe2O3 and
ZnO structures are diverse, and they both exhibit potent sensitivity toward various volatile
and toxic gases [1–5]. Notably, a large-scale growth and low-cost chemical hydrothermal
method has been proposed to prepare low-degree α-Fe2O3 and ZnO materials for the
high reproducibility and uniformity of sample preparation [2,3]. Despite the encouraging
development of low-degree α-Fe2O3 and ZnO nanostructures, the improvement of their
gas sensitivity and selectivity to target gases remains a challenge. Considerable attention
has been paid to the synthesis of oxide heterostructures. Promising research into oxide
heterostructures consisting of Fe2O3 and ZnO has indicated that a Fe2O3–ZnO composite
system can improve the detection ability toward various harmful gases in comparison with
that of single-constituent counterparts. However, most work on Fe2O3–ZnO heterostruc-
tures has been conducted on independent variables to improve their gas sensitivity; for
example, controlling the thickness of the decorated ZnO shell for comparison with its
Debye length [6], and controlling the geometrical shape of the composite structure [7].
How to integrate multiple factors for the synergetic optimal gas sensitivity of Fe2O3–ZnO
heterostructures is still a scientific concern in this research field. Notably, low-concentration
NO2 gas emitted from fuel and vehicles and chemical plants threatens the environment
and human health and safety. Studies on the NO2 gas detection capabilities and effective
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sensing mechanism of Fe2O3–ZnO composite-based sensors are limited. In this study, the
low-concentration NO2 gas-sensing behavior and mechanism of a brush-like α-Fe2O3–ZnO
heterostructure synthesized through an integrated sputtering ZnO seed-assisted hydrother-
mal growth method were investigated. The substantially improved low-concentration NO2
gas-sensing performance of the Fe2O3 nanorod template through branched ZnO decoration
was achieved based on the control of proper material synergistic effects, including the
surface morphology, surface area, heterogeneous barrier, and the Debye length of branched
crystals. The material design and fundamental synergetic effects on the NO2 gas-sensing
characteristic of brush-like Fe2O3–ZnO heterostructures are discussed.

2. Results

2.1. Microstructural Analysis

Figure 1a presents a scanning electron microscopic image of pristine α-Fe2O3 nanorods
grown vertically aligned on the substrate. The average diameter of the nanorods was
approximately 50 nm, with lengths of several micrometers. Figure 1b,c illustrate the
morphology of as-synthesized Fe2O3–ZnO nanostructures. The surface of the Fe2O3–ZnO
heterostructure was built from compactly aggregated tiny rods in the branch structures
of the brush-like Fe2O3–ZnO heterostructures. Comparatively, the surface of the pristine
Fe2O3 nanorods was smooth, and the as-synthesized brush heterostructures had more
applicable surface area. The brush Fe2O3–ZnO heterostructures are more suitable for gas
sensor application than individual component nanostructures are because of the rough,
abundant pipes between branches and well-aligned surfaces, including the stem and
branch parts of the heterostructures. Figure 1d presents the XRD patterns of the as-
prepared Fe2O3–ZnO heterostructures. Diffraction peaks of α-Fe2O3 and well-defined
diffraction peaks associated with hexagonal ZnO appeared in the XRD pattern according
to the reference JCPDS card data in rhombohedral α-Fe2O3 JCPDS card (No. 33-0664) and
hexagonal ZnO (No. 36-1451), respectively. Notably, the ZnO (002) is the most intensive
ZnO crystallographic plane, which is in agreement with the crystallographic feature of the
ZnO nanorods grown along its c-axis direction, synthesized via several approaches [7,8].
The XRD result proves the good crystalline quality of the Fe2O3–ZnO heterostructures
herein.

2.2. UV–vis Optical Characterization

The optical properties of the as-synthesized samples were investigated by recording
UV–vis absorbance spectra. Figure 2a shows the UV–Vis absorbance spectra of pristine
Fe2O3 and a Fe2O3–ZnO composite. It is evident that a steep absorption edge appears
at the visible light region of approximately 500–600 nm for the Fe2O3. This is attributed
to the band-to-band transition in the α-Fe2O3 phase [9] Notably, the optical absorbance
spectrum of the Fe2O3–ZnO has two obvious step absorption edges located at UV and
visible light regions. The appearance of the absorption edge at the UV region is associated
with the decorated ZnO, which has an UV region band energy feature [10]. The analysis
of the optical absorbance spectra herein demonstrates the Fe2O3–ZnO heterostructure
has successfully constructed through multiple hydrothermal routes with the assistance of
sputtering ZnO seed layer engineering. The bandgap energies of the Fe2O3 and ZnO are
also evaluated by converting the Kubelka−Munk equation, as displayed in Figure 2b [11].
From Figure 2b, the Fe2O3 and ZnO have band gap energies of approximately 2.2 eV and
3.37 eV, respectively; this bandgap energy information was further used to construct the
band diagram for discussing the gas-sensing mechanism of the as-synthesized composite.
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Figure 1. SEM top view image: (a) pristine Fe2O3 nanorod template and (b) Fe2O3–ZnO. (c) Cross-section SEM image of
Figure (b) and the subfigure is an enlarged image. (d) XRD pattern of Fe2O3–ZnO heterostructures. The asterisk, Z, and F
denote FTO, ZnO, and Fe2O3, respectively.

Figure 2. UV–vis absorption spectra of (a) pristine Fe2O3 nanorod template and Fe2O3–ZnO. (b) Evaluation of bandgap
energies of Fe2O3 and Fe2O3–ZnO.
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2.3. Transmission Electron Microscopy Analysis

Figure 3a presents the TEM image of a Fe2O3–ZnO heterostructure. A good brush
structure was visibly displayed, and the branched rods had an average diameter and length
of 12 nm and 25 nm, respectively. Figure 3b,c display the HRTEM images of the heterostruc-
ture taken from various local regions. The ordered lattice fringes with interval distances
of 0.28 nm and 0.26 nm were corresponded to the interplanar spacings of α-Fe2O3 (110)
and ZnO (002), respectively. Figure 3d demonstrates the selected area electron diffraction
(SAED) pattern taken from several Fe2O3–ZnO composites, revealing that the concen-
tric rings could be attributed to α-Fe2O3 (104), (110), and (113) and the ZnO (100), (002).
The SAED analysis responds to the XRD result, confirming that crystalline Fe2O3–ZnO
heterostructures were successfully formed. Figure 3e shows the energy dispersive spec-
troscopy (EDS) elemental mapping analysis of an individual Fe2O3–ZnO heterostructure.
The Fe signals could be only detected in the core region, while Zn signals were predominant
in the outer region, and the distribution of Zn element further confirmed that the surface
of the Fe2O3 was decorated by ZnO nanorods. The O signals can be recognized from
the whole heterostructure. The EDS mapping analyses confirmed that the as-synthesized
product formed a compositionally homogeneous composite.

Figure 3. TEM image of Fe2O3–ZnO heterostructure: (a) low-magnification image. (b,c) Local HRTEM images of the
heterostructure. (d) SEAD pattern taken from several composites. (e) EDS elemental mapping analysis of an individual
Fe2O3–ZnO heterostructure.

2.4. Surface Active Site Analysis

Surface area is an important factor that affects the gas sensing characteristic, which
should be investigated for the heterostructure sample. The electrochemical catalyst surface
activity (ECSA) of the as-fabricated α-Fe2O3 and Fe2O3–ZnO heterostructure sample are
estimated with the cyclic voltammetry (CV) from the double-layer capacitance (Cdl). As
shown in Figure 4a,b, the CV curves of α-Fe2O3 and Fe2O3–ZnO, respectively, at non-
Faradaic potential regions (−0.3–0.1 V vs. NHE) separated with different scan rates,
from 0.1 mV/s to 0.5 mV/s. The ECSA can be calculated from the Cdl divided by the
specific capacitance (Cs), namely ECSA = Cdl/Cs, and is proportional to the Cdl value.
The correlation between the double-layer capacitance (Cdl) and the double-layer charging
current (ic) follows the equation: Cdl = ic /ν. The ic = (ja − jc), in which ja is anodic current
and jc is cathodic current at the middle potential (−0.2 V) against the CV scan rate. Figure 4c
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shows that the plot of ic vs. ν has a linear characteristic and the slope corresponds to the
Cdl. Notably, for a comparison, the ic vs. ν plot of the pristine Fe2O3 was also included
in Figure 4c. Obviously, the Fe2O3–ZnO has a larger ECSA size, which is approximately
3.8 times higher than that of the pristine Fe2O3. The larger ESCA provided more active sites
for the interface reaction between photoelectrode and electrolyte, and this is attributable
to higher diffusion space between the numerous tiny branched ZnO nanorods of the
heterostructure, as confirmed by the aforementioned structural analysis [12,13]. The ECSA
analysis reveals that the brush heterostructure produced more surface area for reaction
species adsorb or desorb on it, which might further benefit its gas-sensing ability.

Figure 4. (a) Cyclic voltammetry plot of pristine Fe2O3 and (b) Fe2O3–ZnO at different scan rates. (c) ECSA analysis of
Fe2O3 and Fe2O3–ZnO.

2.5. Gas Sensing Performance

As presented in Figure 5a, the pristine Fe2O3 and Fe2O3–ZnO heterostructure-based
gas-sensing responses toward 10 ppm NO2, as a function of the operating temperature,
were studied. The dependence of gas-sensing responses versus operating temperature was
the same for both gas sensors. A resultant equilibrium between the sensor material surface
reaction with NO2 gas molecules and the diffusion of these molecules to the material
surface occurred at 300 ◦C [14]. Figure 5b,d present the dynamic response and recovery
curves of the pristine Fe2O3, ZnO, and Fe2O3–ZnO sensors toward different NO2 gas
concentrations at 300 ◦C. Concentration-dependent cycling test curves for both sensors
demonstrated that the Fe2O3 and Fe2O3–ZnO sensors were effective and suitably sensitive
to NO2 at various concentrations. The gas-sensing responses of the Fe2O3 sensor to 1, 2.5,
5, 7.5, and 10 ppm NO2 were 1.26, 1.36, 1.54, 1.67, and 1.71, respectively. The responses of
ZnO to1, 2.5, 5, 7.5, and 10 ppm NO2 were 1.19, 1.42, 1.59, 1.75, and 1.83. Moreover, the
sensing responses of the Fe2O3–ZnO sensor to 1, 2.5, 5, 7.5, and 10 ppm NO2 were 1.59, 2.38,
3.17, 3.97, and 6.34, respectively. The summarized responses versus NO2 concentration
results in Figure 5e indicate that the Fe2O3–ZnO sensor exhibits a higher gas-sensing
response than that of the Fe2O3 sensor under the same test conditions, demonstrating the
benefit of ZnO decoration on Fe2O3. Furthermore, these two sensors exhibited different
response and recovery speeds to NO2 gas. The response speeds of the Fe2O3 sensor
ranged 23 to 62 s for 1 to 10 ppm NO2; those of the Fe2O3–ZnO ranged 15 to 26 s for 1 to
10 ppm NO2. The Fe2O3 recovery speeds were approximately 180 to 600 s for 1 to 10 ppm
NO2, and those of the Fe2O3–ZnO were 85 to 185 s for 1 to 10 ppm NO2. Substantially
increased NO2 gas-sensing responses and recovery speeds were observed for the Fe2O3
template decorated with abundant ZnO nanorods. The formation of the unique brush-
like morphology of the Fe2O3–ZnO composite substantially improved the response and
recovery speeds in comparison to the Fe2O3 sensor. The improved specific surface area and
numerous heterojunctions of the Fe2O3−ZnO composite accounted for the observed results.
A similar combined effect of hierarchical morphology and heterojunction that enhances
gas-sensing performance has been proposed in an Fe2O3–TiO2 composite system towards
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trimethylamine gas [15]. For practical usage, a gas sensor with selectivity must detect a
target gas when exposed to a multicomponent gas environment; high sensor reliability
within the sensing environment is a key concern. Figure 5f presents the cross-sensitivity of
the Fe2O3–ZnO observed upon exposure to 10 ppm NO2, 100 ppm ethanol vapor, 100 ppm
ammonia, and 100 ppm hydrogen gas at 300 ◦C. When the comparative target gases of
ethanol vapor, ammonia gas, and hydrogen gas had a higher concentration of 100 ppm, the
sensing responses of the Fe2O3–ZnO sensor to these gases were still substantially lower
than the response to 10 ppm of NO2, revealing the superior gas-sensing selectivity of
Fe2O3–ZnO toward NO2 gas. The reasons for the selectivity of oxide sensing materials
toward a specific target gas are complicated and no consistent statements are proposed
in the literature. It is proposed that that the chemical properties of various oxidizing or
reducing gases could cause a difference in the adsorption ability and reaction strength with
adsorbed O species at the given sensor’s operating temperature [16]. Therefore, higher
selectivity toward NO2 gas for the Fe2O3–ZnO herein might be associated with the higher
electron affinity of NO2 gas (2.28 eV) as compared with pre-adsorbed oxygen (0.43 eV)
and other test gases [17]. The unpaired electron in the N atom of the NO2 gas molecule
easily forms bond with the oxygen species presented on the Fe2O3–ZnO surface, which
increases the chemisorption size of NO2 as compared to other target gases. Figure 5g
presents the cycling gas-sensing curves for the Fe2O3–ZnO sensor to 10 ppm NO2, with no
clear sensing response deterioration after five cycling tests, demonstrating the stability and
reproducibility of the Fe2O3–ZnO sensor. Furthermore, as exhibited in Table 1, most NO2
gas sensors have an operating temperature above 300 ◦C to obtain detectable responses.
Based on the NO2 concentration and gas-sensing responses of various sensors in Table 1, the
as-synthesized α-Fe2O3–ZnO composite sensor exhibits decent gas-sensing performance
among various reported Fe2O3-based or ZnO-based composite sensors.

Table 1. NO2 gas-sensing performance of various Fe2O3- and ZnO-based composites prepared using various methods [18–21].

Material Synthesis Method
Temperature/

NO2

Concentration
Response

Response Time/
Recover Time (s)

Ref.

α-Fe2O3-TiO2 Solvothermal method 300 ◦C/5 ppm 2 (Rg/Ra) N/A [18]
α-Fe2O3-SnO2 Hydrolysis method 300 ◦C/1 ppm <0.5 ((Rg − Ra)/Ra) N/A [19]

ZnO-Fe2O3 Co-precipitation method 400 ◦C/250 ppm 10.53 (Rg/Ra) 1000/4000 [20]
ZnO-CuO Screen printing method 300 ◦C/29 ppm 5.57 (Rg/Ra) N/A [21]

α-Fe2O3-ZnO Hydrothermal method 300 ◦C/10 ppm 6.34 (Rg/Ra) 26/185 this work
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Figure 5. (a) Operating temperature-dependent 10 ppm NO2 gas-sensing response for Fe2O3, ZnO, and Fe2O3-ZnO sensors.
(b–d) Dynamic gas-sensing curves of Fe2O3, ZnO, and Fe2O3-ZnO sensors towards different NO2 gas concentrations at
300 ◦C, respectively. (e) Gas-sensing response vs. NO2 gas concentration for various sensors at 300 ◦C. (f) Cross-selectivity
of Fe2O3-ZnO sensor. The responses are marked with red. (g) Cycling gas-sensing curves for the Fe2O3-ZnO sensor towards
10 ppm NO2 gas.
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3. Discussion

Figure 6a indicates that the electron transport channel size inside the pristine Fe2O3
nanorod can be modulated by the surface electron depletion layer, which surrounds the
nanorod’s surface. Initially formed through the adsorption of oxygen molecules on the
surface, the electrons are extracted from the conduction band of the nanorods to form
adsorbed oxygen ions (Oads

2−) [22,23]. As presented in Figure 6b, further exposure of
the Fe2O3 nanorod template to NO2 gas resulted in the marked extraction of its surface
electrons through the surface reaction with the NO2 molecules, forming surface-adsorbed
NO2

− ions. The conducting channel of the Fe2O3 nanorod was further narrowed, thereby
increasing the bulk resistance of the Fe2O3 sensor. For the NO2 gas-sensing mechanism
of the brush-like Fe2O3–ZnO heterostructure in Figure 6c,d, the influence of the sample
morphology for highly accessible NO2 gas molecule adsorption should be considered. The
appreciable morphological difference between the composite and pristine Fe2O3 may result
in several concomitant effects in the composite, such as high reactive surface area size, high
airflow channel effect, and the high surface trapping and low reaction time with the target
gas molecules. The aforementioned ECSA result demonstrated the substantially enhanced
surface reaction of the Fe2O3–ZnO compared with that of the pristine Fe2O3. The brush-like
configuration is also beneficial in the formation of pathways between the branches. The
target gas molecules can effectively react with the sample surface, increasing the number
of captured electrons from the Fe2O3 and ZnO conduction bands and effectively reducing
the response and recovery time during gas-sensing tests [24,25]. The diameter of decorated
ZnO branches plays a vital role in the gas-sensing performance of the heterostructure. The
average diameter of the ZnO branches was approximately 12 nm, and the Debye length
of the ZnO at increased temperatures was approximately 20 nm [26]. The decorated ZnO
nanorods should be fully depleted at the operating temperature herein. The gas-sensing
response abruptly increases when the oxide semiconductor particle size becomes smaller
than the Debye length [27]. Moreover, the Fe2O3–ZnO sensor’s gas-sensing response to
NO2 gas was not only influenced by the depletion layer from the surfaces of each ZnO
branch and Fe2O3 nanorod template, but also by the formation of abundant Fe2O3/ZnO
heterogeneous junctions. These form because the different work functions of Fe2O3 and
ZnO in the composite contribute varying degrees of bulk resistance upon exposure to
NO2 gas [7]. The percolation network of electrons pass through potential barriers at
heterogeneous junctions between the ZnO branches and Fe2O3 template. This results in
high initial bulk resistance (189 Ohm) in the Fe2O3–ZnO sensor, almost 18 times that of the
pristine Fe2O3 (10.5 Ohm). The initially formed Fe2O3/ZnO interfacial potential barriers
effectively modulate the electron transport between the two constituents by adsorbing
or desorbing target gas molecules [28]. These junctions can be considered additional
active sites, resulting in the enhancement of the gas-sensing response when the sensor
material is exposed to NO2 gas. When the Fe2O3–ZnO was further exposed to NO2 gas,
as presented in Figure 6d, the Fe2O3/ZnO interfacial depletion layer size was appreciably
widened, resulting in the rugged, narrow conduction channel of the Fe2O3 template. The
band emery variations of the Fe2O3/ZnO at the surface and interface regions also account
for the improved NO2 gas-sensing performance of the Fe2O3-ZnO composite. Figure 6e
shows the band diagram of the Fe2O3/ZnO system at the equilibrium state which is
constructed with the band energy parameters from previous bandgap value evaluation and
literature [7]. Figure 6f displays the band structure variation of the Fe2O3-ZnO exposed to
NO2 gas. The Fe2O3/ZnO heterogeneous interface due to the electron trapping by interface
states might dominate the gas-sensing behavior of the composite toward NO2 gas. The
potential barrier-controlled carrier transport mechanism might be predominant over the
surface depletion mechanism for Fe2O3-ZnO; this is due to the fact that no electrons are
available in the depleted decorated ZnO (size smaller than Debye length) to react with
the NO2 molecules at the given test condition. Comparing the schematic configurations
of NO2 gas-sensing mechanisms in Fe2O3 and Fe2O3-ZnO, the degree of bulk resistance
variation associated with ZnO and Fe2O3 surface depletion and the Fe2O3/ZnO interfacial
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junctions in the heterostructural system were expected to be substantially higher than that
of the pristine Fe2O3 template, which was merely modulated by the surface depletion
layer size variation before and after exposure to NO2 gas. Based on the proposed NO2
gas-sensing model of the Fe2O3–ZnO heterostructure, the low-concentration NO2 gas-
sensing performance of the pristine Fe2O3 nanorods was considerably improved through
the suitable control of material synergistic effects through the formation of brush-like
Fe2O3–ZnO heterostructures.

Figure 6. Schematic diagrams illustrating the gas sensing mechanisms of Fe2O3 template: (a) in air, (b) in NO2 gas, and
those of Fe2O3-ZnO: (c) in air, (d) in NO2 gas. (e) Energy band diagram of Fe2O3/ZnO after equilibrium. (f) Band bending
variation of Fe2O3/ZnO toward NO2 gas (from dashed line to solid line).

4. Materials and Methods

4.1. Materials Synthesis

The α-Fe2O3 nanorod template was synthesized through a hydrothermal method. The
3.028 g of iron chloride hexahydrate (FeCl3·6H2O) and 0.72 g of urea (CO(NH2)2) were
dissolved into deionized water to form a 60 mL mixture solution as a reaction solution.
The F-doped tin oxide (FTO) substrates were perpendicularly leant in the aforementioned
solution, and then tightly sealed and maintained at 100 ◦C for 24 h in an electric oven.
Finally, the products were annealed at 500 ◦C for 30 min in the muffle furnace. The detailed
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hydrothermal reaction parameters have also been described elsewhere [3]. The Fe2O3
nanorod template was coated with a ZnO seed layer via radio-frequency sputtering at
room temperature with a ZnO ceramic target. The sputtering process was conducted in an
Ar/O2 mixed atmosphere with an Ar/O2 ratio of 4/1. The sputtering working pressure
was 20 mTorr and the sputtering power was ZnO 90 W in this study [10]. The sputtering
duration of the ZnO seed layer is 60 min. After that, the ZnO seed layer-coated Fe2O3
nanorod template on FTO substrates was perpendicularly suspended in a homogeneous
mixture solution containing 100 mL of deionized water, 0.7 g of Hexamethylenetetramine
(C6H12N4), and 1.4869 g of Zinc Nitrate Hexahydrate (Zn(NO3)2). The hydrothermal
reaction was conducted at 95 ◦C for 1.5 h to synthesize brush-like Fe2O3-ZnO samples.

4.2. Characterization Analysis

The surface morphology of the as-synthesized samples was investigated by scanning
electron microscopy (SEM). The analysis of samples’ crystal structures was conducted
by X-ray diffractometer (XRD) with Cu Kα radiation in the two theta ranges of 20–60◦.
Moreover, the optical absorption spectra of the samples were investigated via a diffuse-
reflectance mode with an ultraviolet–visible spectrophotometer (UV–vis). Furthermore, the
detailed microstructures of the composite were characterized by high-resolution transmis-
sion electron microscopy (HRTEM) equipped energy-dispersive X-ray spectroscopy (EDS).
The electrochemical catalyst surface activity (ECSA) was performed in a three-electrode
electrochemical system, where the as-synthesized sample was used as the working elec-
trode, a Pt wire was used as the counter electrode, and an Ag/AgCl electrode was used as
the reference electrode in an aqueous solution containing 0.5 M Na2SO4.

4.3. Gas Sensing Experiments

The surface of gas sensors made from the pure Fe2O3 and the Fe2O3-ZnO composite
were coated with patterned platinum film for electric contacts with probes during gas-
sensing measurements. Various concentrations of NO2 gas (1~10 ppm) were introduced
into the test chamber, using dry air as the carrier gas. A resistance meter was used to
observe the resistance changes of the sensor devices before and after the supply of the target
gas. The responses of sensors toward NO2 herein are defined as Rg/Ra, Ra and Rg are the
sensor resistances in air and target gas, respectively. By contrast, the responses of sensors
toward other reducing gases are defined as Ra/Rg. The response and recovery speeds of
sensors are defined as the duration required to reach the 90% maximum resistance toward
NO2 gas and the duration required to decrease 90% resistance with the removal of NO2
gas, respectively.

5. Conclusions

In summary, the integrated controllable preparation of Fe2O3–ZnO brush-like hi-
erarchical nanostructures through a combination two-step hydrothermal method with
sputtering ZnO seed layer support was proposed. The NO2 gas-sensing performance
of the Fe2O3–ZnO heterostructures was substantially improved compared with that of
the pristine Fe2O3. The improved performance of the Fe2O3–ZnO sensor was attributed
to synergistic effects, including a ZnO branch size smaller than the Debye length, the
branched morphology of the heterostructure inducing abundant air flow channels, and
the formation of abundant heterojunction barriers. The experimental results serve as a
sound reference for the design of a Fe2O3–ZnO heterogeneous sensor based on the control
of appropriate material synergistic effects, with the effective detection of low-concentration
NO2 gas.
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Abstract: The use of experimental relations to approximate the efficient thermophysical properties
of a nanofluid (NF) with Cu nanoparticles (NPs) and hybrid nanofluid (HNF) with Cu-SWCNT
NPs and subsequently model the two-dimensional pulsatile Casson fluid flow under the impact of
the magnetic field and thermal radiation is a novelty of the current study. Heat and mass transfer
analysis of the pulsatile flow of non-Newtonian Casson HNF via a Darcy–Forchheimer porous
channel with compliant walls is presented. Such a problem offers a prospective model to study the
blood flow via stenosed arteries. A finite-difference flow solver is used to numerically solve the
system obtained using the vorticity stream function formulation on the time-dependent governing
equations. The behavior of Cu-based NF and Cu-SWCNT-based HNF on the wall shear stress (WSS),
velocity, temperature, and concentration profiles are analyzed graphically. The influence of the
Casson parameter, radiation parameter, Hartmann number, Darcy number, Soret number, Reynolds
number, Strouhal number, and Peclet number on the flow profiles are analyzed. Furthermore, the
influence of the flow parameters on the non-dimensional numbers such as the skin friction coefficient,
Nusselt number, and Sherwood number is also discussed. These quantities escalate as the Reynolds
number is enhanced and reduce by escalating the porosity parameter. The Peclet number shows
a high impact on the microorganism’s density in a blood NF. The HNF has been shown to have
superior thermal properties to the traditional one. These results could help in devising hydraulic
treatments for blood flow in highly stenosed arteries, biomechanical system design, and industrial
plants in which flow pulsation is essential.

Keywords: compliant walls; constricted channel; pulsatile flow; blood flow; nanoparticles; hy-
brid nanofluid

1. Introduction

The study of blood flow through an artery that has stenosis plays an important role
in understanding cardiovascular diseases. The stenosis created is due to the undesired
growth of lumen inside the blood vessels, which results in a reduction of normal blood
flow. In severe cases, the blockage of arteries may lead to stroke, heart attack, or other
cardiovascular diseases. The human blood flow is frequently modeled as a non-Newtonian
fluid. Moreover, the geometry of channels with compliant walls, i.e., having constrictions
on the walls models, has been used to model arteries that have stenosis. Young [1] studied
in detail the behavior of blood flow in arteries that have stenosis. He explained the effect of
stenosis on blood flow, pressure distribution, and wall shearing stress distribution along
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with the stenosis, velocity, and flow separation region near the stenosis. The Casson model
is a non-Newtonian liquid model that is used to simulate shearing thinning and stress.
This model will be shown in terms of mathematical expression in Section 2. As a result of
the unique characteristics, the Casson fluid is considered as a promising rheological fluid
model for human blood. The rheological behavior of blood in microcirculation is mostly
dictated by red blood cells. As a result of their peculiar features, they are responsible
for blood’s non-Newtonian behavior. Casson fluid flow in a channel using the Brinkman
model was investigated by Chaturani and Upadhya [2]. They concluded that increasing
yield stress and decreasing the value of permeability reduces the flow rate. These results
can be used to treat the blood clots in a coronary artery. The pulsating motion study has
significant importance while analyzing the blood flow. Due to the cyclic nature of the
pulse, the blood supply in arteries is intrinsically erratic and pulsating. Its analysis is
challenging in both clinical and analytical contexts. Shit and Roy [3] analyzed the effects of
magnetic field and heat on the pulsatile flow of blood in the arteries with stenosis. They
concluded that the heat transfer rate has a direct relation toward the magnetic parameter.
Elahi et al. [4] investigated the heat and mass transfer of non-Newtonian fluid flow in
arteries with mild stenosis having permeable walls. Haghighi and Asl [5] presented the
mathematical modeling of the pulsatile blood flow via overlapping constricted tapered
vessels. Amjad et al. [6] investigated the influence of the magnetic field on the flow behavior
of Casson fluid moving through a constricted channel using Darcy’s law for the steady and
pulsatile flows. They deduced that the magnetic parameter could be used to control the
flow separation region. Zainab et al. [7] expanded the study to analyze the heat transfer of
Casson fluid flow in a constricted channel. They concluded that temperature profile has
a direct relation toward the thermal radiation parameter and inverse relation toward the
Prandtl number. Amjad et al. [8] studied the pulsatile flow of non-Newtonian micropolar
fluid flow in a constricted channel, and Umar et al. [9] expanded the study to analyzed the
heat transfer effects. They concluded that the Nusselt number is an increasing function of
the Reynolds number and Prandtl number. Amjad et al. [10] examined the pulsatile flow
behavior of micropolar-Casson fluid in a constricted channel as an exemplar problem of
blood flow. They reported the direct relation of the Casson fluid parameter toward the wall
shear stress. Some other relevant studies can also be seen in [11–13].

Heat transfer analysis has gained importance among researchers due to its vast ap-
plications in industries and biomedical engineering. Different kinds of fluids are used
as heat carriers. The common fluids usually used as a heat/energy carrier to improve
the product quality in industries are water, ethylene glycol, vegetable oil, paraffin oil,
etc. [14]. The thermophysical properties of such base fluids are enhanced by the suspension
of nanoparticles (NPs) of highly conductive solids. Common examples of nanoparticles
(NPs) include those of copper (Cu), silver (Ag), copper oxide (CuO), aluminum oxide
(Al2O3), titanium oxide (TiO2), single-wall carbon nanotubes (SWCNTs), and multi-wall
carbon nanotubes (MWCNTs). The literature reveals that remarkable efforts have been
made by scientists to enhance heat transfer using different NFs. Recently, nanofluids (NFs)
have been used in cancer therapeutics, hyperthermia, and drug carriers in biomedical
engineering. The science of cardiovascular mechanics, in which an irregular plaque forms
in the arterial lumen, as well as other fields such as biomedical engineering, chemical
engineering, environmental degradation, and so on, benefit greatly from the dispersion of
solute into vessels. The NFs formed using more than one type of NP are so-called hybrid
nanofluids (HNFs). HNF might serve the desired purpose by combining the properties of
its constituent materials. As a result of the synergistic impact, HNFs are found to exhibit
better thermophysical characteristics compared with individual NFs [14]. Waini et al. [15]
discussed the influence of transpiration on HNF flow and heat transfer for uniform shear
flow over a stretching/shrinking surface. Lund et al. [16] analyzed the effects of different
parameters on the flow profiles of an unsteady magnetohydrodynamic (MHD) flow of
HNF mixture of copper–aluminum oxide/water over the stretching shrinking sheet in the
existence of thermal radiation. Khan et al. [17] numerically studied impact variable viscos-
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ity in inclined MHD Williamson NF flow over a nonlinearly stretching sheet. They reported
that the velocity profile declined with the rise of inclination angle, Hartmann number, and
variable viscosity. The 3D flow of Cu-AI2O3/water HNF on an expanding surface was
studied by Devi and Anjali [18] using the RK–Fehlberg integration technique. The numeri-
cal results demonstrated a higher heat transfer rate for the HNF than the copper-based NF.
Vasua et al. [19] simulated the 2D rheological laminar hemodynamics via diseased tapered
artery with mild stenosis theoretically and computationally. They considered the effect of
different metallic NPs homogeneously suspended in the blood motivated by pharmacology
applications. Priyadharshini and Ponalagusamy [20] investigated the blood flow having
magnetic NPs in a stenosed artery. Some examples of relevant studies can also be found
in [21–24].

Aman et al. [25,26] considered a novel HNF model with advanced thermophysical
properties for an MHD Casson fluid in a porous vertical medium. They used alumina and
copper NPs and analyzed the heat and mass transfer effects. Kasim et al. [27] considered the
heat transfer effects over an unsteady stretching sheet. They used blood fluid-based copper
and alumina NPs. Nadeem et al. [28] analyzed the impact of chemical reaction in a Casson
NF flow. Jamshed and Aziz [29] carried out a study to analyze the entropy generation
and heat transfer analysis of a Casson HNF under the impact of transverse magnetic field
thermal radiation and Cattaneo-Christov heat flux model. Aside from that reported, the
following recent studies, such as those by Souayeh et al. [30], Ullah et al. [31], and Aziz
and Afify [32], can be referred to as additional knowledge correlated with the Casson NF
flows. Dinarvand et al. [33] demonstrated steady laminar mixed convection incompressible
viscous and electrically conducting HNF (CuO- Cu/blood) flow over the plane stagnation
point over a horizontal porous stretching layer with an external magnetic field, taking
into account the induced magnetic field effect, which can be used in biomedical fields,
especially in drug delivery. Reddy [34] investigated the model for electro-MHD flow over
a stagnation point flow of HNF with non-linear thermal radiation and non-uniform heat
source/sink that is implemented to blood-based NFs for two different NPs. For bacterial
development in the heart valve, Elelamy et al. [35] examined a mathematical model using
numerical simulation. NPS was employed for antibacterial and antibody characteristics.
They employed non-Newtonian fluid of Casson micropolar blood flow in the heart valve
for 2D, since antibiotics are widely believed to be homogeneously dispersed via the blood.
El Kot et al. [36] investigated the behavior of a gold–titanium oxide NPs combination
suspended in blood as a base fluid in a damaged coronary artery. Their major purpose is to
examine the shed light on the HNF flows via a vertical diseased artery in the presence of
the catheter tube with heat transfer.

The current research adds into the literature the heat as well as mass transfer analysis
of non-Newtonian Casson HNF flow with Cu and SWCNT as the two types of constituting
nanoparticles influenced by the Lorentz force in channel with compliant walls and Darcian
porous medium. The unsteady governing equations are transformed using the vorticity-
stream function technique, and the resulting model is solved using a finite difference
method (FDM). The objective is to examine the cumulative impact of the applied magnetic
field and thermal radiation on the wall shear stress (WSS), velocity, temperature, and
concentration profiles. The flow regulating parameters for the present study include the
Hartmann number (the magnetic parameter), Strouhal number (the pulsation parameter),
radiation parameter, Darcy’s number (the porosity parameter), Casson fluid parameter,
Reynolds number, Soret number, and Peclet number (the heat or mass diffusion parameter).
By definition, the Peclet number encompasses the effects of the Prandtl number for heat
diffusion. Furthermore, the influence of the flow parameters on the non-dimensional
numbers such as the skin friction coefficient, Nusselt number, and Sherwood number is also
discussed. The results of the current study would provide insight to the relevant researchers
and engineers to design concerning products. The non-Newtonian pulsatile nanofluid flows
help in understanding the influence of various metallic NPs homogeneously suspended in
the blood, which is driven by drug trafficking (pharmacology) applications. A thorough
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interpretation with the computations of particular significance to pharmacological NP-
mediated rheological blood flow in stenosed arteries may be considered in future research.

The remaining parts of the article are organized in the following manner. The mathe-
matical modeling and its transformation into a solvable form, specifically using the stream
and vorticity functions, is presented in Section 2. Section 3 discusses the numerical scheme
and validation. Section 4 discusses the findings and related discussions. Section 5 contains
the concluding remarks.

2. Mathematical Model and Formulation

2.1. Problem Statement

A two-dimensional pulsatile flow of a non-Newtonian Casson HNF in a porous
channel with symmetrical constrictions under the impact of a uniform magnetic field
perpendicular to the fluid flow and thermal radiation is considered. Along with it, the
chemical reaction is also considered. NF based on Cu NPs and HNF based on Cu-SWCNT
NPs are two different kinds of NFs considered in this study to enhance the heat and mass
transfer. Furthermore, thermal equilibrium among the base fluid and NPs and no-slip
conditions are considered for the current study. The constriction on the channel walls is
formed using the following expression

y1(x) =

{
h1
2

[
1 + cos

(
πx
x0

)]
, |x| ≤ x0

0, |x| > x0

y2(x) =

{
1 − h2

2

[
1 + cos

(
πx
x0

)]
, |x| ≤ x0

1, |x| > x0
(1)

The mathematical model for the Casson fluid is given as [10]

τij =

{
2
(

µβ + py/
√

2π
)

eij π > πc

2
(
µβ + py/

√
2πc

)
eij π < πc

(2)

2.2. Governing Equations

The walls of the channel have a pair of symmetric constriction bumps (see Figure 1).
We suppose a Cartesian coordinate system (x̃, ỹ) such that the flow direction is along the
x̃-axis and the direction of B is along the ỹ-axis. The resulting electric field J is normal
to the plane of flow. In the transformed coordinate system (to be discussed later on), the
constrictions are spanned from x = −x0 to x = x0 with its center at x = 0, as shown in
Figure 1. Thus, the length of the constriction is 2x0.

𝑦ଵ(𝑥) = ቐℎଵ2 ൤1 + cos ൬𝜋𝑥𝑥଴ ൰൨ , |𝑥| ≤ 𝑥଴0, |𝑥| > 𝑥଴
𝑦ଶ(𝑥) = ቐ1 − ℎଶ2 ൤1 + cos ൬𝜋𝑥𝑥଴ ൰൨ , |𝑥| ≤ 𝑥଴1, |𝑥| > 𝑥଴
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(𝑥෤, 𝑦෤)𝑥෤ 𝐁 𝑦෤ 𝐉𝑥 = −𝑥଴ 𝑥 = 𝑥଴ 𝑥 = 0,2𝑥଴

 

Figure 1. A schematic diagram of the flow channel with symmetrical constriction on both walls.

The flow phenomenon is represented by the unsteady incompressible viscous flow
equations as follows.

The continuity equation:
∂ũ

∂x̃
+

∂ṽ

∂ỹ
= 0 (3)
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The momentum equation:
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∂ṽ

∂ỹ
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where J ≡
(

Jx, Jy, Jz

)
, B ≡ (0, B0, 0).

The energy equation:
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where the radiative heat flux q defined as q = −
(
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. Equation (6) becomes
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∂ỹ2 (7)

The concentration equation:
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DKT
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The expression J × B in Equation (4) is simplified using Ohm’s law and Maxwell’s
equation. By Ohm’s law

Jx = 0, Jy = 0, Jz = σ(Ez + ũB0) (9)

Maxwell’s equation ∇ × E = 0 for steady flow implies that Ez = a, where a is a
constant number. We can assume a to be zero. Then, Equation (9) gives, Jz = σũB0.
Therefore, J × B = −σũB2

0. So, Equation (3) becomes
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The following dimensionless variables are considered to convert the governing
Equations (3), (5), (7), (8) and (10) into the dimensionless form:

x = x̃
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L , u = ũ
U , v = ṽ
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µ f
,
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√
σf
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U
√

k
, Pr =

µ f Cp, f

k f
, Rd = 16σT3

∞

3k∗k f
, ϕ = C̃−C2
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,

Sc =
µ f

ρ f D , Sr =
ρ f DKT(T1−T2)

µ f Tm(C1−C2)
, Peh = Pr·Re, Pem = Sc·Re

(11)

Here, D is the coefficient of mass diffusivity, KT is the thermal diffusion ratio, and
Tm is the mean temperature. The effective thermophysical properties of HNF [16,37] are
presented as follows.

The HNF’s effective dynamic viscosity µhn f is given as

µhn f =
µ f

(1 − φ1)
2.5(1 − φ2)

2.5 (12)
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Here, φ1 and φ2 show the volume fractions of NPs Cu and SWCNT, respectively. The
NF’s effective density ρhn f is given as

ρhn f = (1 − φ2)
[
(1 − φ1)ρ f + φ1ρs1

]
+ φ2ρs2 (13)

Here, s1 and s2 in subscripts correspond to the property of Cu and SWCNT, respec-
tively. Moreover, hn f , n f , and f in the subscripts correspond to the property of the HNF,
NF, and base fluid water, respectively.

The NF’s heat capacitance
(
ρCp

)
hn f

is given as

(
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)
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[
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(
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)
f
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(
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)
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]
+ φ2

(
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)
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The NF’s effective thermal conductivity khn f is given as

khn f
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=
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)
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(
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)
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(
k f − ks1

) (16)

where φ shows the volume fraction of NF, and the subscripts f and s correspond to the
fluid and solid-state properties, respectively. For the present work, the nanoparticles of the
following materials are considered: Cu and SWCNT.

The thermophysical properties of the base fluid water and the NPs under consideration
are shown in Table 1. The properties in Table 1 are given at 24.6 ◦C. The viscosity of
water at 24.6 ◦C is approximately 0.0000009009 m2/s. Thus, according to Equation (12),
µhn f = 7.940348428 × 10−7 m2/s with φ1 = φ2 = 0.03.

Table 1. Thermophysical properties of the base fluid water and the two kinds of NPs [38,39].

Physical Property Base Fluid Nanoparticles

H2O Cu SWCNT

Cp (J/kgK) 4179 385 235
ρ (kg/m3) 997.1 8933 10500
k (W/mK) 0.613 401 429

Equations (3), (5), (7), (8) and (10) after transformation become
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where
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2.3. Stream and Vorticity Functions

The following transformation is used to transform the governing equations into the
stream (ψ) and vorticity (ω) functions:

u = ∂ψ
∂y , v = − ∂ψ

∂x , ω = ∂v
∂x − ∂u

∂y (22)

The WSS (τw) is calculated using the vorticity at the wall, as both are orthogonal to
each other [40]. Applying Equation (22) to Equations (18) and (19), and rearranging result:

St ∂
∂t

(
∂v
∂x − ∂u

∂y

)
+ u ∂

∂x

(
∂v
∂x − ∂u

∂y

)
+ v ∂

∂y

(
∂v
∂x − ∂u

∂y

)

= 1
Re∅3

(
1 + 1

β

)[
∂2

∂x2

(
∂v
∂x − ∂u

∂y

)
+ ∂2

∂y2

(
∂v
∂x − ∂u

∂y

)]
+ 1

∅1
M2

Re
∂u
∂y + ReD2

aω
(23)

St
∂ω

∂t
+

∂ψ

∂y

∂ω

∂x
− ∂ψ

∂x

∂ω

∂y
=

1
∅3

1
Re

(
1 +

1
β

)[
∂2ω

∂x2 +
∂2ω

∂y2

]
+

1
∅1

M2

Re

∂2ψ

∂y2 + ReD2
aω (24)

The Equation for the stream function ψ (Poisson equation) is given by

∂2ψ

∂x2 +
∂2ψ

∂y2 = −ω (25)

Here u, v, θ, and ϕ are the primitive variables, whereas ω and ψ are the non-
primitive variables.

2.4. Boundary Conditions

The Equation of motion (4) for the steady case, in the presence of electric and magnetic
fields, becomes

µhn f

(
1 +

1
β

)
∂2ũ

∂ỹ2 − σf ũB2
0 − ρhn f

ν f

k
ũ =

∂ p̃

∂x̃
+ σf B0Ez (26)

Again, for the steady flow, Maxwell’s equation, ∇× E = 0 gives Ez = a, where a is
a constant number, and all the other variables depend only on ỹ, except for the pressure
gradient, i.e., ∂ p̃

∂x̃ = constant.
Using the thermophysical properties and Equation (11), Equation (26) becomes

∅2

(
1 +

1
β

)
d2u

dy2 −
(

M2 +∅1Re2D2
a

)
u =

L2

ρ f ν f U

(
∂ p̃

∂x̃
+ σf B0Ez

)
(27)
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For M 6= 0,

ψ =




M2√g cosh
(

M
2

)(
M1√

g cosh
(

M1
2
√

g

)
η − sinh

(
M1√

g

(
η − 1

2

)))

8M3
1sinh2

(
M
4

)
cosh

(
M1

2
√

g

)


× [1 + ǫ sin(2πt)] (28)

For M = 0 and Da = 0,

ψ =
1

6g

(
3η2 − 2η3

)
[1 + ǫ sin(2πt)] (29)

For M = 0 and Da 6= 0,

ψ =
2

Re2D2
a

[
η −

√
g

ReDa

(
sinh(g1)− cosh(g1)tanh

( g1

2

))]
× [1 + ǫ sin(2πt)] (30)

Here,

g = ∅2

(
1 + 1

β

)
, M2

1 =
(

M2 +∅1Re2D2
a

)
, g1 =

√
∅1ReDaη√

g

where ǫ denotes the pulsating amplitude, ǫ = 0 indicates the steady flow conditions, and
ǫ = 1 indicates the pulsatile flow conditions. For the temperature, the boundary conditions
after transformation are given by, θ = 1, at η = 0; θ = 0, at η = 1. By substituting η = 0
and η = 1 in (28)–(30), the wall boundary conditions for ψ at the upper and lower walls
are obtained.

The initial and boundary conditions for the variables (stream function ψ, the vorticity
ω, temperature θ, and concentration ϕ) are given in the new coordinate system:

ψ = ω = θ = ϕ = 0, for all t ≤ 0

The wall boundary conditions for ω in the (ξ, η) system are given by:

ω = −
[(

Q2 + D2
)∂2ψ

∂η2

]

η=0,1
(31)

The wall boundary conditions for θ and ϕ in the (ξ, η) system are given by:

θ = ϕ = 1|η=0, θ = ϕ = 0|η=1 (32)

At the outlet, the boundary conditions for all the variables are used as the fully
developed flow. The flow is defined as sinusoidal for the pulsating flow:

u(y, t) = u(y)[1 + sin(2πt)], v = 0 (33)

Furthermore, no-slip conditions are considered on the walls.

2.5. Transformation of Coordinates

The constricted part of the channel wall is mapped to a straight line. Consider the
following coordinate transformation

ξ = x, η = y−y1(x)
y2(x)−y1(x)

(34)

After this transformation, the lower and the upper walls of the channel are represented
by η = 0 and η = 1, respectively, and Equations (20) and (21), (24) and (25) in the new
coordinate system (ξ, η) are given as

St ∂ω
∂t + u

(
∂ω
∂ξ − Q ∂ω

∂η

)
+ vD ∂ω
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= 1
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(
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∂η2

]
+ 1

∅1
M2

Re D2 ∂2ψ
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aω

(35)
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∂2ψ

∂ξ2 − (P − 2QR)
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∂2ψ

∂ξ∂η
+
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∂η2 = −ω (36)
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(37)

St
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where

P = P(ξ, η) =
ηy

′′
2 (ξ)+(1−η)y

′′
1 (ξ)

y2(ξ)−y1(ξ)
, Q = Q(ξ, η) =

ηy′2(ξ)+(1−η)y′1(ξ)
y2(ξ)−y1(ξ)

,

R = R(ξ) =
y′2(ξ)−y′1(ξ)
y2(ξ)−y1(ξ)

, D = D(ξ) = 1
y2(ξ)−y1(ξ)

where the velocity components u and v in terms of (ξ, η) take the forms

u = D(ξ)
∂ψ
∂η , v = Q(ξ, η)

∂ψ
∂η − ∂ψ

∂ξ

The non-dimensional physical quantities, Nusselt number (Nu), Sherwood (Sh), and
skin friction coefficient

(
C f

)
, are defined as

Nu = −
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L
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)(
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ỹ=0

, C f =
τw

ρ f u2
w

, Sh = −hcw
(C1−C2)

where τw, and cw are defined as
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∂ỹ

]
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∂ỹ
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After using dimensionless variables from Equation (10) and the coordinate transfor-
mation from Equation (34), we get
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where Rd = 16σT3
∞

3k∗khn f
and ∅5 =

khn f

k f
.

3. Numerical Scheme and Validation

The system (35)–(38) subject to the relevant boundary conditions is solved numerically
as in [6–10,41,42]. We consider the computation domain as −10 ≤ ξ ≤ 10 and 0 ≤ η ≤ 1.
For a stable solution, the domain is discretized using the step size of ∆ξ = 0.05 and
∆η = 0.02 in ξ and η directions, thus forming a Cartesian grid of 400 × 50 elements. The
height of constriction at both walls is considered as 0.35, and the Reynolds number is taken
as 800 unless specified otherwise. Moreover, time step size ∆t = 0.00005 is considered for
the flow with pulsation. The solution at time level l is specified, but the solution at each
time level l + 1, for l = 0, 1, 2, · · · , is computed. Using the well-known TDMA (Tri-Diagonal
Matrix Algorithm) and central differences for the discretization of the space derivatives,
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Equation (36) is solved for ψ = ψ(ξ, η). Whereas, using the ADI (Alternating Direction
Implicit) scheme, Equations (35) and (37), (38) are solved for ω = ω(ξ, η), θ = θ(ξ, η), and
ϕ = ϕ(ξ, η), respectively. The forward/backward difference is used to discretize the time
derivative, and the central differences are used to discretize the space derivatives. The
computations for the present study are performed in a sequential fashion. The results can
be found by parallel computing for time-efficient solutions; see Ali and Syed [43].

The pulsatile flows were simulated over a long enough period of time to avoid
transition effects on the solution; i.e., a steady periodicity in the flow is established. For this
purpose, we choose the sixth time interval that has been used to compute these data. The
results are displayed at the four time instants of the pulse cycle; i.e., t = 0, 0.25, 0.5, 0.75.
At t = 0, the pulse cycle is started. For 0 < t < 0.25, the flow accelerates, and its peak is at
t = 0.25. For 0.25 < t < 0.5, the flow rate decreases and reaches its minimum at t = 0.5.
At t = 0.75, the instantaneous flow rate becomes zero [6,10,42]. Moreover, to analyze the
profiles at the prominent x locations, the results are displayed at selected time instants and
axial locations. We perform simulations for a long enough time; however, in most cases,
the results are displayed at selected time instants and axial locations, especially x = 0
(throat of the constriction) and x = 2 (in the lee of the constriction) where the fluid enters
the low-pressure zone from the high-pressure zone.

For validation, the present results for the pulsatile flow of the base fluid (i.e., with
φ1 = 0, φ2 = 0) are compared with those obtained by Amjad et al. [6] in the case of Casson
fluid flow. Figure 2 shows a good agreement of the present results, specifically the WSS,
with [6] for M = 0, 5, 10, 15 at t = 0.25.

−10 ≤ 𝜉 ≤ 10 0 ≤𝜂 ≤ 1 ∆𝜉 = 0.05∆𝜂 = 0.02 𝜉 𝜂 400 × 500.35 ∆𝑡 = 0.00005𝑙𝑙 + 1 𝑙 = 0, 1, 2, ⋯(36) 𝜓 = 𝜓(𝜉, 𝜂) 𝜔 = 𝜔(𝜉, 𝜂)𝜃 = 𝜃(𝜉, 𝜂) 𝜑 = 𝜑(𝜉, 𝜂)

𝑡 = 0, 0.25, 0.5, 0.75𝑡 = 0 0 < 𝑡 < 0.25𝑡 = 0.25 0.25 < 𝑡 < 0.5 𝑡 =0.5 𝑡 = 0.75 𝑥
𝑥 = 0 𝑥 = 2

𝜙ଵ = 0, 𝜙ଶ = 0𝑀 = 0, 5, 10, 15 𝑡 = 0.25

  

(a) (b) 𝑀

𝑀 = 5  𝑆𝑡 = 0.02 𝛽 = 0.5 𝐷௔ = 0.002 𝑅𝑒 = 800
Figure 2. The WSS distribution for distinct values of the Hartmann number M (a) on the lower wall; (b) on the upper wall.

4. Results and Discussion

This section deals with the physical influence of constraints on the NF with Cu NPs
and HNF with Cu-SWCNT NPs when M = 5, St = 0.02, β = 0.5, Da = 0.002, Re = 800,
Rd = 0.2, Peh = 490, Pem = 420, Sr = 0.8, and φ1 = φ2 = 0.03. The foregoing values are
kept constant in the entire article except when we explicitly mention otherwise. The initial
guesses for dependent variables are selected using the hit and trial method until the correct
asymptotic behavior of the solution for Cu-based NF is achieved.

4.1. The Magnetic Parameter Effect

Figure 3 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for Hartman
number M = 0, 5, 10, 15 on (a) the WSS distribution on the upper wall, (b) u profile at
x = 0, (c) u profile at x = 2, (d) the temperature (θ) profile at x = 0, (e) the temperature (θ)
profile at x = 2, and (f) the concentration (ϕ) profile at x = 0. Figure 3a shows that as M
estimations intensify, the WSS on the upper wall escalates, and it is maximum at t = 0.25.
The WSS for HNF is higher as compared to NF. Figure 3b,c show that the velocity field’s
boundary layer thickness escalates as M grows. This is due to the fact that the Lorentz
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force measures the presence of M, so a delaying force is conceived in the velocity field. As
Hartmann number estimations grow, the restricting force increases, and the velocity field
reduces. The HNF velocity profile is slightly lower than that of the NF at x = 0. The profiles
are not parabolic, as some backflow in the vicinity of the walls is observed at x = 2, so in
this case, the velocity profile for HNF is higher as compared to NF. The backflow reduces
with an increase in M. Figure 3d–f show the opposite effects of M on the temperature and
concentration fields. The Hartmann number has an inverse relation toward the density
of HNF. So, it is found that as the estimations of M grow, the fluid density shrinks and
the temperature increases. Hence, escalation in M shrinks the fluid density, which causes
temperature rises. The HNF temperature profile is slightly higher than that of the NF.

𝑅𝑑 = 0.2 𝑃𝑒ℎ = 490 𝑃𝑒𝑚 = 420 𝑆𝑟 = 0.8 𝜙ଵ = 𝜙ଶ = 0.03

3𝑀 = 0, 5, 10, 15 𝑢𝑥 = 0 𝑢 𝑥 = 2 (𝜃) 𝑥 = 0(𝜃) 𝑥 = 2 (𝜑) 𝑥 = 0𝑀𝑡 = 0.25 𝑀𝑀
𝑥 = 0 𝑥 = 2 𝑀𝑀 𝑀𝑀

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 𝑢 𝑥 = 0 𝑢 𝑥 = 2 θ 𝑥 = 0 θ 𝑥 =2, φ 𝑥 = 0 𝑀
4 𝑆𝑡 = 0.02, 0.04, 0.06, 0.08𝑢 𝑥 = 0 𝑢 𝑥 = 2 (𝜃)𝑥 = 0 (𝜃) 𝑥 = 2 (𝜑)𝑥 = 0 𝑆𝑡𝑡 = 0.25 𝑆𝑡𝑢 𝑆𝑡,𝑥 = 0  𝑥 = 2𝑆𝑡𝑆𝑡 𝜃 𝜑

Figure 3. (a) The WSS distribution, (b) u profile at x = 0, (c) u profile at x = 2, (d) θ profile at x = 0, (e) θ profile at x = 2,
and (f) ϕ profile at x = 0 for distinct values of M.
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4.2. The Pulsation Parameter Effect

Figure 4 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for Strouhal
number (pulsation parameter) St = 0.02, 0.04, 0.06, 0.08 on (a) the WSS distribution on the
upper wall, (b) u profile at x = 0, (c) u profile at x = 2, (d) the temperature (θ) profile at
x = 0, (e) the temperature (θ) profile at x = 2, and (f) the concentration (ϕ) profile at x = 0.
Figure 4a shows that as the St estimations intensify, the WSS on the upper wall escalates,
and it is maximum at t = 0.25. The WSS for HNF is higher as compared to NF. The velocity
field’s boundary layer thickness escalates as St grows, and the velocity field reduces, as
shown in Figure 4b,c. The u profile coincides for all the values of St, and the HNF velocity
profile is slightly lower than that of the NF when x = 0. The profiles are not parabolic, as
some backflow in the vicinity of the walls is observed at x = 2, so in this case, the velocity
profile for HNF is higher as compared to NF. Figure 4d–f show the opposite effects of St on
the temperature and concentration fields. It is found that as the estimations of St grow, the
temperature at the surface and the thermal boundary layer thickness reduces. The HNF θ
profile is slightly higher than that of the NF for temperature profiles, but it is opposite in
the case of the ϕ profile.

𝑢 𝑥 = 0 𝑢 𝑥 = 2 θ 𝑥 = 0 θ 𝑥 =2, φ 𝑥 = 0 𝑀
4 𝑆𝑡 = 0.02, 0.04, 0.06, 0.08𝑢 𝑥 = 0 𝑢 𝑥 = 2 (𝜃)𝑥 = 0 (𝜃) 𝑥 = 2 (𝜑)𝑥 = 0 𝑆𝑡𝑡 = 0.25 𝑆𝑡𝑢 𝑆𝑡,𝑥 = 0  𝑥 = 2𝑆𝑡𝑆𝑡 𝜃 𝜑

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 𝑢 𝑥 = 0 𝑢 𝑥 = 2 𝜃 𝑥 = 0 𝜃𝑥 = 2 𝜑 𝑥 = 0 𝑆𝑡
𝛽 = 0.5, 1, 1.5, 2 𝑢𝑥 = 0 𝑢 𝑥 = 2 (𝜃) 𝑥 = 0(𝜃) 𝑥 = 2 (𝜑) 𝑥 = 0𝛽𝑡 = 0.25 𝛽 𝛽𝛽𝑥 = 0, 𝑥 =2 𝜃 𝜑 𝛽

Figure 4. (a) The WSS distribution, (b) u profile at x = 0, (c) u profile at x = 2, (d) θ profile at x = 0, (e) θ profile at x = 2,
and (f) ϕ profile at x = 0 for distinct values of St.
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4.3. The Casson Fluid Parameter Effect

Figure 5 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for Casson
fluid parameter β = 0.5, 1, 1.5, 2 on (a) the WSS distribution on the upper wall, (b) the
u profile at x = 0, (c) the u profile at x = 2, (d) the temperature (θ) profile at x = 0,
(e) the temperature (θ) profile at x = 2, and (f) the concentration (ϕ) profile at x = 0.
Figure 5a shows that as β estimations intensify, the WSS on the upper wall escalates, and it
is maximum at t = 0.25. The WSS for HNF is higher as compared to NF. The velocity field’s
boundary layer thickness reduces as β grows, and the velocity field escalates, as shown
in Figure 5b,c. The reason for this behavior is that as the value of β grows, the elasticity
of HNF rises, causing the HNF to become more viscous. Physically, the boundary layer
thickness in such a case reduces as β grows. The HNF velocity profile is slightly lower than
that of the NF when x = 0, but an opposite behavior was noticed when x = 2. Figure 5d–f
show that the θ and ϕ profiles have a declining behavior toward β. The HNF temperature
profile is slightly higher than that of the NF for temperature profiles but opposite in the
case of concentration profile.

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 𝑢 𝑥 = 0 𝑢 𝑥 = 2 𝜃 𝑥 = 0 𝜃𝑥 = 2 𝜑 𝑥 = 0 𝛽
6 𝐷௔  = 0.002, 0.004, 0.006, 0.008𝑢 𝑥 = 0 𝑢 𝑥 = 2 (𝜃) 𝑥 =0 (𝜃) 𝑥 = 2 (𝜑) 𝑥 =0 𝐷௔ 𝐷௔ 𝑥 = 0,𝑥 = 2 𝜃 𝜑 𝐷௔

Figure 5. (a) The WSS distribution, (b) u profile at x = 0, (c) u profile at x = 2, (d) θ profile at x = 0, (e) θ profile at x = 2,
and (f) ϕ profile at x = 0 for distinct values of β.
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4.4. The Porosity Parameter Effect

Figure 6 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for porosity
parameter Da = 0.002, 0.004, 0.006, 0.008 on (a) the WSS distribution on the upper wall,
(b) u profile at x = 0, (c) u profile at x = 2, (d) the temperature (θ) profile at x = 0, (e) the
temperature (θ) profile at x = 2, and (f) the concentration (ϕ) profile at x = 0. Figure 6a
shows that as Da estimations intensify, the WSS on the upper wall reduces. The WSS for
HNF is higher as compared to NF. Figure 6b,c show that the velocity field’s boundary layer
thickness escalates as Da grows and the velocity field reduces. The HNF velocity profile is
slightly lower than that of the NF when x = 0, but opposite behavior is noticed when x = 2.
Figure 6d–f show that the θ and ϕ profiles escalate as Da grows. The HNF temperature
profile is slightly higher than that of the NF for temperature profiles but opposite in the
case of concentration profile.

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 𝑢 𝑥 = 0 𝑢 𝑥 = 2 𝜃 𝑥 = 0 𝜃𝑥 = 2 𝜑 𝑥 = 0 𝐷௔
7 𝑅𝑒 = 800, 1000, 1200, 1400𝑢 𝑥 = 0 𝑢 𝑥 = 2 (𝜃)𝑥 = 0 (𝜃) 𝑥 = 2 (𝜑)𝑥 = 0  𝑅𝑒

Figure 6. (a) The WSS distribution, (b) u profile at x = 0, (c) u profile at x = 2, (d) θ profile at x = 0, (e) θ profile at x = 2,
and (f) ϕ profile at x = 0 for distinct values of Da.
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4.5. The Reynolds Number Effect

Figure 7 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for Reynolds
number Re = 800, 1000, 1200, 1400 on (a) the WSS distribution on the upper wall, (b) the
u profile at x = 0, (c) the u profile at x = 2, (d) the temperature (θ) profile at x = 0, (e) the
temperature (θ) profile at x = 2, and (f) the concentration (ϕ) profile at x = 0. Figure 7a
shows that as Re estimations intensify, the WSS on the upper wall escalates. As expected,
the magnitudes of the peak values of the profiles are lower for the lower Re. The WSS
for HNF is higher compared to NF. Figure 7b,c show that the velocity field’s boundary
layer thickness escalates as Re grows and the velocity field reduces. The reason for this
condition is the formation of a thinner boundary layer with the increase of Re. The HNF
velocity profile is slightly lower than that of the NF when x = 0, but the opposite behavior
is noticed when x = 2. Figure 7d–f shows that the θ profile escalates but the ϕ profile
reduces as Re grows. The HNF temperature profile is slightly higher than that of the NF
for temperature profiles but opposite in the case of concentration profile. This may be due
to the shear thinning nature of HNF, where effective viscosity becomes almost constant
at a high shear rate. It may be noted that at higher Re, any shear thinning fluid behaves
similar to Newtonian fluid. In fact, escalating values of Re reduce the internal energy of
NPs, which lowers the concentration profile.

𝑅𝑒 𝑅𝑒𝑅𝑒 𝑥 = 0,𝑥 = 2 𝜃𝜑 𝑅𝑒
𝑅𝑒 𝑅𝑒

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 𝑢 𝑥 = 0 𝑢 𝑥 = 2 𝜃 𝑥 = 0 𝜃𝑥 = 2 𝜑 𝑥 = 0 𝑅𝑒Figure 7. (a) The WSS distribution, (b) u profile at x = 0, (c) u profile at x = 2, (d) θ profile at x = 0, (e) θ profile at x = 2,
and (f) ϕ profile at x = 0 for distinct values of Re.
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4.6. The Varying Time Effect

Figure 8 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for time
t = 0, 0.25, 0.50, 0.75 on (a) the u profile at x = 0, (b) the u profile at x = 2, (c) the θ profile
at x = 0, and (d) the ϕ profile at x = 0. Figure 8a,b show that for the HNF, the particle
concentration in the fluid is even higher than that of the NF, which causes an enhancement
of the density and dynamic viscosity. The flow velocity experiences reductions accordingly.
At x = 0, the maximum value of u grows, and the curves appear to be parabolic for
0 ≤ t ≤ 0.5. At t = 0.75, u is dropped substantially. At x = 2, which is the vicinity of the
limiting point of the constriction downstream, backflow occurs near the walls. The HNF
velocity profile is slightly lower than that of the NF when x = 0, but opposite behavior
is noticed when x = 2. Figure 8c shows that the temperature profile escalates for HNF
compared to NF as the values of t upsurge. A rapid growth in temperature is due to
the hybrid nature of NF, since it escalates the thermal conductivity. Figure 8d shows the
opposite behavior in the case of concentration profile.

8𝑡 = 0, 0.25, 0.50, 0.75 𝑢 𝑥 = 0 𝑢 𝑥 = 2 𝜃𝑥 = 0 𝜑 𝑥 = 0
𝑥 = 0 𝑢0 ≤ 𝑡 ≤ 0.5 𝑡 = 0.75 𝑢 𝑥 = 2𝑥 = 0,𝑥 = 2 𝑡

 

(a) (b) 

 

(c) (d) 𝑢 𝑥 = 0 𝑢 𝑥 = 2 𝜃 𝑥 = 0 𝜑 𝑥 = 0𝑡
9 𝑅𝑑 = 0.2, 0.6, 1, 1.4 (𝜃) 𝑥 = 0(𝜃) 𝑥 = 2 (𝜑) 𝑥 = 0(𝜑) 𝑥 = 2 𝑅𝑑 𝑅𝑑

Figure 8. (a) u profile at x = 0, (b) u profile at x = 2, (c) θ profile at x = 0, and (d) ϕ profile at x = 0 for distinct values of t.

4.7. The Radiation Parameter Effect

Figure 9 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for Radiation
parameter Rd = 0.2, 0.6, 1, 1.4 on (a) the temperature (θ) profile at x = 0, (b) the
temperature (θ) profile at x = 2, (c) the concentration (ϕ) profile at x = 0, and (d) the
concentration (ϕ) profile at x = 2. Figure 9a,b show that as Rd estimations intensify, the
HNF thermal distribution is improved. Basically, the values of Rd provide extra heat to NF,
which results in the rise of the temperature profile. Theoretically, thermal radiation causes
an escalation in the amount of heat on the surface. This means that the fluid absorbs more
heat from the radiation. Heat is dissipated away from the surface, raising the temperature
profile of HNFs. In general, as Rd estimations intensify, it escalates the electromagnetic
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radiation and, as a result, the fluid’s hotness. Figure 9c,d show that the concentration
profiles reduce as Rd escalates. The HNF temperature profile is slightly higher than that of
the NF for temperature profiles but opposite in the case of concentration profile.

 𝑅𝑑𝑅𝑑

 

(a) (b) 

 

(c) (d) 𝜃 𝑥 = 0 𝜃 𝑥 = 2 𝜑 𝑥 = 0 𝜑 𝑥 = 2𝑅𝑑
𝜙 = 0, 0.03, 0.06, 0.09𝑢 𝑥 = 0 𝑢 𝑥 = 2 (𝜃)𝑥 = 0 (𝜑) 𝑥 = 0 𝜙𝜙𝜙 𝜙𝑥 = 0𝑥 = 2 𝜙

Figure 9. (a) θ profile at x = 0, (b) θ profile at x = 2, (c) ϕ profile at x = 0, and (d) ϕ profile at x = 2 for distinct values of Rd.

4.8. The Solid Volume Fraction Effect

Figure 10 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for the solid
volume fraction φ = 0, 0.03, 0.06, 0.09 on (a) the WSS distribution on the upper wall, (b)
the u profile at x = 0, (c) the u profile at x = 2, (d) the temperature (θ) profile at x = 0, and
(e) the concentration (ϕ) profile at x = 0. Figure 7a shows that as φ estimations intensify,
the WSS on the upper wall reduces. There is no significant impact observed of varying φ
by comparing HNF and NF. Figure 7b,c show that the velocity field reduces. Physically,
the momentum boundary layer thickness tends to decrease with upsurging φ. Thus, the
velocity field’s boundary layer thickness escalates as φ grows. The HNF velocity profile
is slightly lower than that of the NF when x = 0, but the opposite behavior is noticed
when x = 2 where backflow is observed. Figure 7d–f show that the temperature and
concentration profiles escalate as φ grows. When looking at the graphs, it is clear that the
convection heat transfer coefficient escalates as the volume fraction of NPs grows in all
HNFs. This is due to the fact that the fraction of NPs affects the thermophysical properties
of the base fluid and improves the convective heat transfer performance. In addition,
the thermal conductivity and thermal boundary layer thickness reduce with escalating φ
values. The HNF temperature profile is slightly higher than that of the NF for temperature
profiles but opposite in the case of concentration profile.
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(a) (b) 

 

(c) (d) 

 

(e) 𝑢 𝑥 = 0 𝑢 𝑥 = 2 𝜃 𝑥 = 0 𝜑𝑥 = 0 𝜙
𝑃𝑒ℎ = 210, 350, 490, 630 (𝜃) 𝑥 =0 (𝜑) 𝑥 = 0 𝑃𝑒ℎ

Figure 10. (a) The WSS distribution, (b) u profile at x = 0, (c) u profile at x = 2, (d) θ profile at x = 0, and (e) ϕ profile at
x = 0 for distinct values of φ.

4.9. Some Other Physical Parameters Effect

Figure 11 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for the heat
diffusion parameter Peh = 210, 350, 490, 630 on (a) the temperature (θ) profile at x = 0,
and (b) the concentration (ϕ) profile at x = 0. This figure shows that as Peh estimations
intensify, the temperature profile reduces, and the concentration profile escalates. The
Peclet number shows a high impact on the microorganism’s density in a blood NF. The
HNF temperature profile is slightly higher than that of the NF for temperature profiles but
opposite in the case of concentration profile.
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(a) (b) 𝜃 𝜑 𝑥 = 0 𝑃𝑒ℎ
𝑃𝑒𝑚 = 220, 420, 620 (𝜑)𝑥 = 0 (𝜑) 𝑥 = 2 𝑃𝑒𝑚

𝜑 𝑥 = 0 𝑥 = 2  𝑃𝑒𝑚
𝑆𝑟 = 1, 1.5, 2, 2.5 (𝜑) 𝑥 = 0(𝜑) 𝑥 = 2 𝑆𝑟

Figure 11. (a) The θ profile and (b) ϕ profile at x = 0 for distinct values of Peh.

Figure 12 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for the mass
diffusion parameter Pem = 220, 420, 620 on (a) the concentration (ϕ) profile at x = 0
and (b) the concentration (ϕ) profile at x = 2. The figure shows that as Pem estimations
intensify, the concentration profile reduces. The HNF concentration profile is slightly lower
than that of the NF.

𝜃 𝜑 𝑥 = 0 𝑃𝑒ℎ
𝑃𝑒𝑚 = 220, 420, 620 (𝜑)𝑥 = 0 (𝜑) 𝑥 = 2 𝑃𝑒𝑚

 

(a) (b) 𝜑 𝑥 = 0 𝑥 = 2  𝑃𝑒𝑚
𝑆𝑟 = 1, 1.5, 2, 2.5 (𝜑) 𝑥 = 0(𝜑) 𝑥 = 2 𝑆𝑟

Figure 12. The ϕ profile at (a) x = 0 and (b) x = 2 for distinct values of Pem.

Figure 13 depicts the impact of Cu-based NF and Cu-SWCNT-based HNF for the
Soret number Sr = 1, 1.5, 2, 2.5 on (a) the concentration (ϕ) profile at x = 0, and (b) the
concentration (ϕ) profile at x = 2. The figure shows that as Sr estimations intensify, the
concentration profile escalates. The HNF concentration profile is slightly higher than that
of the NF.

 

(a) (b) 𝜑 𝑥 = 0 𝑥 = 2  𝑆𝑟

𝑁𝑢 𝑁𝑢 𝛽 𝑅𝑒 𝑃𝑒ℎ 𝑁𝑢𝑀 𝐷௔ 𝑅𝑑

Figure 13. The ϕ profile at (a) x = 0 and (b) x = 2 for distinct values of Sr.
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4.10. The Influence of Physical Parameters on the Nusselt Number, Sherwood Number, and Skin
Friction Coefficient Profiles

Figure 14 depicts the effect of various flow governing parameters on Nusselt number
Nu. The Nu escalates as β, Re, and Peh estimations intensify. Nu reduces upon escalating
M, Da, and Rd.

𝜑 𝑥 = 0 𝑥 = 2  𝑆𝑟

𝑁𝑢 𝑁𝑢 𝛽 𝑅𝑒 𝑃𝑒ℎ 𝑁𝑢𝑀 𝐷௔ 𝑅𝑑

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 𝑀 𝛽 𝐷௔ 𝑃𝑒ℎ 𝑅𝑑 𝑅𝑒 𝑁𝑢
𝑆ℎ 𝑆ℎ 𝛽 𝑅𝑑 𝑅𝑒 𝑃𝑒𝑚𝑆ℎ 𝐷௔ 𝑀 𝑃𝑒ℎ 𝑆𝑟

Figure 14. Impact of (a) M, (b) β, (c) Da, (d) Peh, (e) Rd, and (f) Re on Nu.

Figure 15 depicts the influence of different flow governing parameters on the Sher-
wood number Sh. It is observed that Sh escalates as β, Rd, Re, and Pem estimations
intensify, whereas Sh reduces upon escalating Da, M, Peh, and Sr.
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𝑀 𝛽 𝐷௔ 𝑃𝑒ℎ 𝑅𝑑 𝑅𝑒 𝑁𝑢
𝑆ℎ 𝑆ℎ 𝛽 𝑅𝑑 𝑅𝑒 𝑃𝑒𝑚𝑆ℎ 𝐷௔ 𝑀 𝑃𝑒ℎ 𝑆𝑟

 

(a) (b) 

 

(c) (d) 

 

(e) (f) 

 

(g) (h) 𝑀 𝛽 𝐷௔ 𝑃𝑒ℎ 𝑅𝑑 𝑆𝑟 𝑃𝑒𝑚 𝑅𝑒 𝑆ℎ
𝑆𝑘 𝑆𝑘 𝐷௔ 𝑅𝑒𝑀 𝛽

Figure 15. Impact of (a) M, (b) β, (c) Da, (d) Peh, (e) Rd, (f) Sr, (g) Pem, and (h) Re on Sh.
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Figure 16 depicts the effect of various flow governing parameters on skin friction
coefficient Sk. The Sk has a direct relation with Da and Re, whereas it has an inverse relation
with M and β.

𝑀 𝛽 𝐷௔ 𝑃𝑒ℎ 𝑅𝑑 𝑆𝑟 𝑃𝑒𝑚 𝑅𝑒 𝑆ℎ
𝑆𝑘 𝑆𝑘 𝐷௔ 𝑅𝑒𝑀 𝛽

 

(a) (b) 

 

(c) (d) 𝑀 𝛽 𝐷௔ 𝑅𝑒 𝑆𝑘

𝛽𝑀 = 5 𝑆𝑡 = 0.02 𝑅𝑑 = 0.2 𝑅𝑒 = 800

Figure 16. Impact of (a) M, (b) β, (c) Da, and (d) Re on Sk.

The Nusselt number grows as the flow becomes more turbulent due to the rising
number of collisions among the fluid particles. Since more viscous fluids have a lower
Reynolds number, less heat transfer occurs, lowering the Nusselt number. The Nusselt
number grows as β estimations intensify.

The streamlines, vorticity, temperature distribution, and concentration plots with
M = 5, St = 0.02, Rd = 0.2, and Re = 800 are shown in Figure 17 for Cu-SWCNT-based
HNF. The formation of vertical eddies in the vicinity of the walls can be observed. The
eddies increase for the HNF and slowly occupy a major part of the channel downstream of
the constriction. The inclusion of multiple types of NPs adds more energy. This results in
higher increments in the temperature as well as the thickness of the thermal boundary layer.
A rapid rise in the temperature is due to the HNF, since it increases the thermal conductivity.
However, the significant impact can be seen in the case of concentration profile.
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𝑀 𝛽 𝐷௔ 𝑅𝑒 𝑆𝑘

𝛽𝑀 = 5 𝑆𝑡 = 0.02 𝑅𝑑 = 0.2 𝑅𝑒 = 800

  

(a) (b) 

  

(c) (d) 

𝜙 𝑅𝑒 = 800 𝑀 = 5 𝑆𝑡 = 0.02 𝑅𝑑 = 0.2 𝑡 = 0.25

𝑢 𝜃 𝜑

 𝑀 𝑆𝑡 𝛽 𝑅𝑒𝐷𝑎 𝜙
 𝑀 𝑆𝑡 𝐷௔ 𝑅𝑒 𝜙𝛽 𝑥 = 0,𝑥 = 2 𝜙
 

 𝑀 𝑆𝑡 𝐷௔ 𝑅𝑒 𝑅𝑑 𝜙 𝛽𝑃𝑒ℎ
 

  𝑀 𝑆𝑡 𝐷௔ 𝑃𝑒ℎ 𝑆𝑟 𝜙𝛽 𝑅𝑒 𝑅𝑑 𝑃𝑒𝑚 𝑃𝑒ℎ
 𝑅𝑒𝛽

Figure 17. The impact of HNF on (a) vorticity, (b) streamlines, (c) temperature distributions, and (d) concentration profile
for distinct values of φ with Re = 800, M = 5, St = 0.02, and Rd = 0.2, at the maximum flow rate (t = 0.25).

5. Concluding Remarks

In this research, heat and mass transfer analysis of the pulsatile flow of a Casson hybrid
nanofluid through a constricted channel in the presence of viscous incompressible MHD
pulsatile fluid flow over a rectangular channel is numerically investigated. The impact of
flow governing parameters such as the magnetic parameter, Casson parameter, Reynolds
number, Strouhal number, porosity parameter, radiation parameter, Peclet number for
the diffusion of heat and mass, and Soret number on the WSS, u, θ, and ϕ profiles for
the sake of comparison between the behavior of Cu-based NF and Cu-SWCNT-based
HNF are analyzed in the form of graphs. The physical quantities and heat and mass
transfer coefficients are also calculated for the present model, and the impact of flow
controlling parameters on these quantities is graphically analyzed. The key findings can be
summarized as follows.

(1) The WSS escalates with the rising value of M, St, β, and Re, whereas it reduces with
rising values of Da and φ. The WSS for HNF is observed to be the highest, which is
followed by NF.

(2) The velocity field’s boundary layer thickness escalates as M, St, Da, Re, and φ grow,
and the velocity field reduces but shows opposite behavior for β. As Hartmann
number estimations grow, the restricting force increases, and the velocity field reduces.

183



Int. J. Mol. Sci. 2021, 22, 6494

The HNF velocity profile is slightly lower than that of the NF when x = 0, but opposite
behavior is noticed when x = 2 in the case of φ.

(3) The research shows that a magnetic field applied to the blood reduces the velocity of
both blood and magnetic particles.

(4) Temperature profiles escalate as M, St, Da, Re, Rd, and φ grow but reduce as β, and
Peh estimations intensify.

(5) A rapid rise in temperature is observed due to the HNF, since it increases the thermal
conductivity when comparing the NF and HNF. Hence, it is interpreted that the HNF
hits higher temperatures compared to the NF.

(6) The concentration profile escalates as M, St, Da, Peh, Sr, and φ grow but reduces as β,
Re, Rd, Pem and Peh estimations intensify.

(7) The heat transfer rate, Sherwood number, and skin friction coefficient escalate as Re
estimations intensify and reduce by escalating the porosity parameter. The Nusselt
number grows as β estimations intensify.

This research might provide a good picture of the heat and mass transfer activity of
blood supply in a circulatory system for treatment such as multiple hyperthermia therapies.
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Nomenclature

y1 constricted channel’s lower wall
y2 constricted channel’s upper wall
h1 upper wall constriction height
h2 lower wall constriction height
π product of deformation rate’s component
πc critical value of π

py yield stress of the fluid
µβ plastic dynamic viscosity
ũ velocity in x̃-direction
ṽ velocity in ỹ-direction
ρ density
p̃ pressure
µ dynamic viscosity
β Casson fluid parameter
k Thermal conductivity
U characteristic flow velocity
D coefficient of mass diffusivity
J current density
B magnetic field
B0 uniform magnetic field strength
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ν kinematic viscosity
ξ Transformed x-coordinate
η Transformed y-coordinate
Pr Prandtl number
c parameter defining weak/strong concentrations/turbulence
E electric field
q radiative heat flux
σ electrical conductivity
cp specific heat constant
L length among channel walls
T flow pulsation period
St Strouhal number
Da Darcy number
Re Reynolds number
M Hartmann number
µ Dynamic viscosity
µm medium’s magnetic permeability
Rd Radiation parameter
ϕ concentration profile
θ temperature profile
Sr Soret number
Peh Peclet number for heat transfer
Pem Peclet number for mass transfer
ψ stream function
ω vorticity function
Sk skin friction coefficient
Nu Nusselt number
Sh Sherwood number
ǫ pulsating amplitude
Re Reynolds number
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Abstract: Osteoporosis is a worldwide chronic disease characterized by increasing bone fragility and
fracture likelihood. In the treatment of bone defects, materials based on calcium phosphates (CaPs)
are used due to their high resemblance to bone mineral, their non-toxicity, and their affinity to ionic
modifications and increasing osteogenic properties. Moreover, CaPs, especially hydroxyapatite (HA),
can be successfully used as a vehicle for local drug delivery. Therefore, the aim of this work was to
fabricate hydroxyapatite-based composite beads for potential use as local carriers for raloxifene. HA
powder, modified with magnesium and silicon ions (Mg,Si-HA) (both of which play beneficial roles
in bone formation), was used to prepare composite beads. As an organic matrix, sodium alginate
with chondroitin sulphate and/or keratin was applied. Cross-linking of beads containing raloxifene
hydrochloride (RAL) was carried out with Mg ions in order to additionally increase the concentration
of this element on the material surface. The morphology and porosity of three different types of
beads obtained in this work were characterized by scanning electron microscopy (SEM) and mercury
intrusion porosimetry, respectively. The Mg and Si released from the Mg,Si-HA powder and from
the beads were measured by inductively coupled plasma optical emission spectrometry (ICP-OES).
In vitro RAL release profiles were investigated for 12 weeks and studied using UV/Vis spectroscopy.
The beads were also subjected to in vitro biological tests on osteoblast and osteosarcoma cell lines.
All the obtained beads revealed a spherical shape with a rough, porous surface. The beads based on
chondroitin sulphate and keratin (CS/KER-RAL) with the lowest porosity resulted in the highest
resistance to crushing. Results revealed that these beads possessed the most sustained drug release
and no burst release effect. Based on the results, it was possible to select the optimal bead composition,
consisting of a mixture of chondroitin sulphate and keratin.

Keywords: nanocrystalline hydroxyapatite; composite biomaterials; raloxifene; drug delivery system;
magnesium ions; silicate ions

1. Introduction

In many bone diseases involving the formation of cavities and difficulties with regen-
eration (such as osteoporosis or bone metastasis), bone substitutes are needed to provide
structural support for cells and the newly formed osseous tissue, and to induce natural
processes of tissue regeneration and development [1–3]. Simultaneously, appropriate phar-
macotherapy is required to induce bone formation, inhibit osteoclast activity, relieve pain,
or provide antibacterial prophylaxis [4,5].

Recently, preparation, characterization, and application of innovative multifunctional
biomaterials, with the potential to deliver drugs into the bone tissue, have attracted much
attention [6–8]. This is thanks to their unique properties such as the possibility for controlled
release of drugs, thereby reducing the therapeutic dose and minimizing toxicity [9].
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Synthetic hydroxyapatite (HA) with general formula Ca10(PO4)6(OH)2 is similar to
bone apatite and has high biocompatibility [10–12]. These characteristics mean that HA has
received a great deal of attention as an inorganic biomaterial in bone tissue replacement.
Furthermore, thanks to a high affinity for ionic substitution, HA can be modified in
order to obtain additional biological, physicochemical or mechanical properties [13,14].
Finally, due to its high loading capacity, HA could be used for local drug delivery in the
treatment and prophylaxis of bone tissue disorders, primarily osteoporosis, bone tumors,
and infections [15–17].

In the present work, HA modified with magnesium and orthosilicate ions (Mg,Si-
HA) was used in order to prepare three-dimensional composite beads for potential use
as a drug delivery system into the bone. Mg2+ and SiO4

4− play important roles in the
bone mineralization process influencing osteoblast and osteoclast activities, and in bone
formation, stimulating collagen type I synthesis [18–23].

Raloxifene hydrochloride (RAL) was selected as model drug for the release studies.
RAL is a second-generation selective estrogen receptor modulator (SERM) that is used to
prevent and treat osteoporosis in postmenopausal women. It exhibits estrogenic effects on
the skeletal system and antiestrogenic effects on the breast and endometrium [24–27]. It
thereby prevents the loss of bone mass associated with osteoporosis and decreases the risk
of osteoporotic fractures in elderly women. It is interesting that the drug is also used for
an adjunctive treatment for schizophrenia or prevention of breast cancer, whilst the latest
research reports its potential activity in reducing Covid-19 related mortality [28–30].

It is important to note that the current oral therapy with RAL is insufficient because
it has poor oral bioavailability (2%) due to hepatic first-pass metabolism and poor water
solubility [31]. This fact makes it attractive for controlled drug delivery, which could
overcome the limitations of its application in clinical practice.

RAL is classified as a Class II drug according to the Biopharmaceutics Classification
System. This means that it has low solubility and high permeability. Therefore, intensive
research on new drug formulation or other administration routes to improve its pharma-
cokinetic properties and bioavailability is required [32–36].

So far, there have been several studies on the local delivery of RAL by calcium
phosphate-based materials and there is scope for further development [37,38]. The pre-
sented research is a continuation of previous work on beads based on substituted HA,
alginate, and chondroitin sulphate, and it involves the introduction of a drug substance
whilst investigating the release profile of the drug and substituted ions [39].

To expand the scope of the research, three bead compositions were compared: (i)
chondroitin sulphate (CS), (ii) keratin (KER), and (iii) a mixture of both of them in a 1:1
weight ratio (CS/KER). In vitro drug release profiles from beads containing raloxifene,
i.e., CS-RAL, KER-RAL, and CS/KER-RAL, were compared. The resulting beads were
subjected to in vitro biological tests on osteoblast hFOB and osteosarcoma Saos-2 cell lines.
Biological results were compared to control beads without the addition of the drug, CS-c,
KER-c, and CS/KER-c, respectively. Porosity and mechanical strength tests were also
carried out.

2. Results and Discussion

2.1. Bead Morphology

Morphology of representative granules before and after drying is illustrated in Figure 1.
As can be clearly seen, the beads show a very smooth surface before drying, whilst dry
beads are dramatically rougher. This may be an important advantage to potentially promote
the adhesion of bone cells involved in the remodeling of damaged tissue. The obtained
granules are of various diameters, from 2 to 5 mm. For further studies, granules with a
3 mm diameter were selected.
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Figure 1. Optical images of representative beads before drying (A) and after drying (B).

For morphological analysis, the SEM images taken from three types of beads contain-
ing RAL (CS-RAL, KER-RAL and CS/KER-RAL) are shown in Figure 2. All the beads
revealed a spherical shape with a rough surface. The CS-RAL beads exhibit the most
heterogeneous outer surface, whereas the cross-sectional analysis indicated their relatively
dense and smooth interior with numerous fine pores near the outer surface of the spheres.
The keratin-containing granules (KER-RAL and CS/KER-RAL) have small indentations on
the outer surface, while their graining appears to be more homogenous.

 

Figure 2. SEM images of CS-RAL (A–C), KER-RAL (D–F), and CS/KER-RAL (G–I). First line: whole bead at ×30
magnification; second line: internal cross-section at ×30 magnification; third line: outer surface at ×1000 magnification.

The same measurements were performed for control beads without the drug, but no
difference in morphology was observed.
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2.2. Mechanical Strength and Porosity

The results obtained by the Hg intrusion technique for the samples containing RAL
are summarized in Table 1. The apparent and true density values were similar for all the
samples (CS-RAL, KER-RAL and CS/KER-RAL) and were in the ranges 1.4–1.5 g/cm3 and
1.7–1.9 g/cm3, respectively. This indicates that all the samples achieved a high degree of
densification during cross-linking.

Table 1. Porosity results of CS-RAL, KER-RAL, and CS/KER-RAL beads measured by the Hg intrusion technique.

Sample
SHg [m2/g] ρb [g/cm3] ρp [g/cm3] P [%] Vt [cm3/g] Vme [cm3/g] %Vme [%] CR [N/bead]

±0.1 ±0.05 ±0.05 ±0.1 ±0.001 ±0.001 ±0.1 ±0.1

CS-RAL 47 1.5 1.9 19 0.12 0.08 63 139
KER-RAL 71 1.4 1.7 20 0.15 0.11 74 137

CS/KER-RAL 45 1.5 1.8 13 0.09 0.06 67 177

SHg, surface area; ρb, apparent density; ρp, true density; P, porosity; Vt, total pore volume; Vme, mesopores volume; %Vme, percentage of
mesopores; CR, crush resistance.

The obtained beads have a moderate degree of pore surface development (45–71 m2/g),
while the total pore volume is in the range 0.09–0.15 cm3/g, which confirms that relatively
compact and dense materials were obtained. The percentage of mesopores between 63 and
74% allows the granules to be classified as mesoporous materials. It should be noted that
the KER-RAL sample has the most developed pore surface (71 m2/g) and at the same time
the highest volume (0.09 cm3/g).

The pore size distribution (data not presented) showed that all the obtained beads
mainly contain pores up to 10 nm in size, including micropores. Pores with a larger
diameter (over 0.1 mm) were also observed; however, their volume for each sample was
only 0.02 cm3/g. They may be referred to as inter-grain spaces (cavities), which are
probably formed during the cross-linking of the alginate and drying process.

It should be noted that the degree of porosity and pore size distribution are crucial
parameters characterizing drug delivery systems applied to bone replacement and regener-
ation. The osteogenic properties of the material result from the presence of pores, which
facilitate migration of cells, integration with the host tissue, and ensure vascularization.
The interconnected pores with a diameter of approx. 100–300 µm ensure cell adhesion and
migration, while small pores are required for effective drug delivery systems [40,41].

The average values of the destructive forces for individual samples were also com-
pared. As expected, the beads based on CS/KER-RAL with the lowest porosity (13%)
resulted in the highest resistance to crushing (177 N/bead).

2.3. Ion Release

In the first step, the release of magnesium and silicon ions from the starting powder
(Mg,Si-HA) for bead fabrication was carried out. Figure 3 shows the cumulative release
curves for the ions over four weeks. Interestingly, there are significant differences between
the release profile of magnesium and silicon. Magnesium is released gradually and in
very small quantities, up to 2.4% of its total content after four weeks. Furthermore, the
burst release effect can also be observed for up to 24 h, although, during this time, only
slightly more than 1% of the total amount of Mg introduced into the powder is released (see
Figure 3). A different release profile applies to silicon, where up to 57% of the introduced
element was released within four weeks, and approximately 30% within 24 h.

In order to explain the ion release results, our earlier studies on the physicochemi-
cal properties of the Mg,Si-HA powder should be recalled [39]. The Mg,Si-HA sample
was shown to be nanocrystalline with the elongated-shaped crystals with 24 ± 2 nm and
7 ± 1 nm along the c and a axes, respectively. Moreover, according to 31P ssNMR studies,
the Mg,Si-HA material, in addition to a well-ordered crystalline core, is characterized by
the presence of a non-apatitic layer, called the hydrated surface layer, which is typical for
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nanocrystalline hydroxyapatite. The 29Si ssNMR studies showed that a significant amount
of silicon is located just in this surface layer forming “silica gel”.

 

Figure 3. Magnesium and silicon release profiles from Mg,Si-HA powder.

A fairly fast release of silicon may be explained by its location on the surface. Initially,
the ions, weakly bound with the crystals, pass to the medium, then the ions from the crystal
interior are released.

In turn, slow release of magnesium suggests that these ions have been incorporated
into the crystalline core and are released along with the slow dissolution of the substi-
tuted hydroxyapatite.

Taking into account the small amount of magnesium introduced into the Mg,Si-HA
sample (0.26 wt%) (resulting from the substitution limit), we decided to increase its content
in the obtained beads by using Mg2+ as a cross-linker for sodium alginate. It is worth
adding that, conventionally, aqueous calcium solutions are used to cross-link alginates.
Figure 4a shows the magnesium release from the obtained beads. As expected, the amount
of Mg released from the beads increased significantly compared to that released from the
powder. The CS-RAL sample exhibits the lowest amount of Mg released to the medium.
It should be noted that this type of bead is also characterized by the lowest porosity.
Therefore, Mg2+ ions from the cross-linking solution had difficulty accessing the interior of
the beads and penetrated them poorly, and, in addition, were released to a lesser extent.
During the formation of more porous granules (KER-RAL and CS/KER-RAL), the Mg ions
from the cross-linking solution not only binded to alginate but also adsorbed on the bead
porous structure. This is why the amount of release magnesium was so high and exceeded
100—100% corresponds to the average amount of cross-linked magnesium ions, however,
each type of granule has a different binding capacity.
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(a) (b) 

Figure 4. (a) The magnesium release profiles from CS-RAL, KER-RAL, and CS/KER-RAL; (b) the silicon release profiles
from CS-RAL, KER-RAL, and CS/KER-RAL.

In conclusion, regardless of the type of beads, it was possible to obtain the initial rapid
discharge of Mg2+ ions into the medium, followed by stabilization of the release. This is
particularly beneficial since Mg ions are responsible for the biocompatibility of the implant
materials and bone substitutes.

It is worth paying attention to the release of silicon from the obtained composite
granules (see Figure 4b). In the first 24 h, the released silicon was only 15.3–18.6% of the
total amount, unlike the release from the Mg,Si-HA powder material, where the value
was 31.9%. Moreover, the further release is also slightly slower because the amount of
Si released from each type of bead did not exceed 45.9% (vs. 55.9% from the Mg,Si-HA
powder). Therefore, thanks to composite production, it was possible to stabilize the release
of Si ions and obtain a gradual, extended-release profile. The materials may exhibit a
long-lasting osteogenic effect after in vivo implantation which should be analyzed in
further research.

2.4. Drug Release

After the promising preliminary results of ion release from the powders and granules,
an extended three-month release study of raloxifene hydrochloride was performed. The
graphs showing the drug substance release profile are presented in Figure 5a,b.

RAL is gradually released from all the obtained granules without a burst release effect,
as may be evidenced by the profiles recorded during the first 24 h (see Figure 5b). The
release profile of each type of granule is similar, the curves differ mainly in the amount of
RAL released to the medium.

The most favorable release profile was observed with CS/KER-RAL granules con-
taining a mixture of chondroitin sulphate and keratin. The drug was evenly distributed
throughout the volume of the granules and was released gradually as the material swelled
and slowly dissolved. We managed to avoid disintegration of the granules and the sudden
initial burst of the drug, which often occurs in granules containing only sodium algi-
nate [42–44]. After 12 weeks, the pellets did not disintegrate, and the amount of released
RAL reached up to 60% of the total quantity and still did not plateau. Interestingly, beads
containing only keratin exhibit the slowest drug release, while the addition of KER to CS
accelerates the release of RAL to the medium.
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(a) (b) 

Figure 5. (a) Raloxifene hydrochloride release profile from CS-RAL, KER-RAL, and CS/KER-RAL over 12 weeks; (b) Ralox-
ifene hydrochloride release profile from CS-RAL, KER-RAL, and CS/KER-RAL during the first 24 h.

2.5. In Vitro Cytotoxicity Assessment

In this study, an MTT assay was performed to assess the cytotoxic effect of 24-h
granule extracts on the viability of hFOB 1.19 and Saos-2 cells after a 48-h exposure (see
Figure 6). In vitro cytotoxicity evaluation showed that an extract of CS-c and CS/KER-c
granules slightly decreased hFOB 1.19 cells viability to 81.83% and 71.27%, respectively.
Nevertheless, it should be noted that, according to the ISO 10993-5 procedure, 100% extract
of the biomaterial should be considered as non-toxic when the percentage of cell viability
is higher than 70%. Importantly, the addition of raloxifene to CS-RAL and CS/KER-RAL
granules also exhibited a non-toxic effect on human osteoblasts. The MTT also showed
that both an extract of KER-c granules and an extract of KER-RAL granules significantly
decreased hFOB 1.19 viability to approximately 60%, suggesting that a reduction in cell
viability was not caused by released RAL. It is worth noting that bioceramic-based bio-
materials may alter the ionic composition of the culture media via their ion reactivity
causing reduction in cell viability [45–47]. In turn, CS-c, KER-c, and CS/KER-c granules
were non-toxic against Saos-2 cells (cell viability above 83%), whereas extracts of CS-RAL,
KER-RAL, and CS/KER-RAL granules caused a significant reduction in Saos-2 viability
to approximately 24%, 70%, and 50%, respectively. Thus, in vitro cytotoxicity assessment
clearly showed that RAL released from granules was non-toxic against human osteoblasts,
but caused a significant decrease in the viability of tumor cells. Considering the results from
the cytotoxicity test, both CS-RAL and CS/KER-RAL granules are promising candidates
for biomedical applications.
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Figure 6. Evaluation of cell viability after 48-h exposure to granule extracts by MTT assay (hFOB
1.19—human normal osteoblasts; Saos-2—human tumor cells derived from osteosarcoma; PS control—
polystyrene extract as a negative control of cytotoxicity; * statistically significant results compared to
PS control, # statistically significant results compared to CS; $ statistically significant results compared
to KER; & statistically significant results compared to CS/KER; ˆ statistically significant results
compared to CS-RAL; @ statistically significant results compared to KER-RAL; p < 0.05, one-way
ANOVA followed by Tukey’s test).

3. Materials and Methods

3.1. Preparation of Mg,Si-HA

Nanocrystalline, magnesium, and silicon co-substituted hydroxyapatite (Mg,Si-HA)
with the nominal composition of Ca9.87Mg0.13(PO4)5.5(SiO4)0.5(OH)1.5 was synthesized
using the standard precipitation method as previously described [39]. Briefly, Si(CH3COO)4
and (NH4)2HPO4 aqueous solutions were added dropwise into Ca(NO3)2 and Mg(NO3)2
aqueous solution under gentle stirring at pH 10, and the resultant precipitate was left for
24 h for aging. All reagents were purchased from Sigma Aldrich (St. Louis, MO, USA). The
resultant powder was subjected to careful physicochemical analysis, which confirmed the
preparation of nanocrystalline hydroxyapatite containing 0.26 wt% of Mg and 0.59 wt%
of Si.

3.2. Preparation of the Composite Beads

Three different composite beads were prepared using previously synthesized Mg,Si-
HA powder, sodium alginate (SA) (Sigma Aldrich, St. Louis, MO, USA) and two additives:
chondroitin sulphate sodium salt (CS) (TCI, Tokyo Chemical Industry Co., Tokyo, Japan)
and keratin from wool (KER) (TCI, Tokyo Chemical Industry Co., Tokyo, Japan). The
drug used was raloxifene hydrochloride (RAL) (TCI, Tokyo Chemical Industry Co., Tokyo,
Japan). The detailed composition of the granules is shown in Table 2.

Table 2. Bead composition.

Sample Mg,Si-HA (g) SA (g) CS (g) KER (g) RAL (mg)

CS-RAL 2.8 2.0 1.2 - 100.0
KER-RAL 2.8 2.0 - 1.2 100.0

CS/KER-RAL 2.8 2.0 0.6 0.6 100.0
CS-c 2.8 2.0 1.2 - -

KER-c 2.8 2.0 - 1.2 -
CS/KER-c 2.8 2.0 0.6 0.6 -

CS, chondroitin sulphate; KER, keratin; RAL, raloxifene hydrochloride; c, control.
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Our aim was to produce materials that resemble natural biocomposite bone tissue [48–51].
This is why the mineral phase (Mg,Si-HA powder) was added to an organic matrix, com-
posed of naturally occurring biopolymers. The preparation of the above beads involved
the following steps: Mg,Si-HA and one of the selected additives (i) CS, (ii) KER, or (iii)
CS/KER (a mixture of both in 1:1 weight ratio) were added to the aqueous sodium algi-
nate solution. Raloxifene hydrochloride (RAL) powder was then added to the resulting
suspension and mixed thoroughly. The suspension was added dropwise through a syringe
into 6.4 wt% solution of Mg(NO3)2·6H2O (Sigma Aldrich, St. Louis, MO, USA) dissolved
in a mixture of distilled water and 96% ethanol (EMPROVE, Merck, Germany) in a 60:40
volume ratio. Beads were left for 15 min in the solution for cross-linking and to incorpo-
rate additional Mg2+ ions on the surface of the beads. The beads were named as follows:
CS-RAL, KER-RAL, and CS/KER-RAL.

The obtained granules were then washed several times with distilled water and air
dried at room temperature. After the cross-linking, the residual solution was extracted to
examine the drug concentration in order to assess incorporation efficiency and raloxifene
loss at the granule production stage. The raloxifene content in the cross-linking solution
did not exceed 1 mg, so the raloxifene loss was below 1%. The dried beads were further
subjected to physicochemical, mechanical, and biological analyses. In the same manner,
control granules without raloxifene were obtained and named as follows: CS-c, KER-c,
and CS/KER-c.

3.3. Scanning Electron Microscopy (SEM)

In order to analyze the morphology of the obtained samples, a SEM microscope JSM
6390 LV JEOL (JEOL, Tokyo, Japan) at 20 or 30 kV accelerating voltage was used. For SEM
analysis, the surface of the beads was sputtered with gold in a vacuum chamber. The SEM
images were taken from both the outer and the inner surface after the cross-section of
the granule.

3.4. Porosity and Mechanical Strength

The mercury intrusion porosimetry method was used for analysis of the specific
surface area and the degree of porosity of the obtained beads. The experiments were
carried out using an Autopore IV 9510 instrument (Micromeritics, Norcross, GA, USA),
which enables measurements of mercury intrusion pressure in the range 0.0035 to 400 MPa.
This method is based on applying controlled pressure to a sample which is immersed
in mercury. Briefly, mercury, as a non-wetting liquid is forced into the pores by external
pressure. The pressure required to intrude into the pores is inversely proportional to
the size of the pores. The dried pieces of tested sample were placed in a measuring
vessel (penetrometer) and degassed to a pressure of 50 mmHg. Volumes and pore size
distributions were calculated using the Washburn equation.

The beads were also tested to determine the mechanical crushing strength by deter-
mining the destructive force of the granules using the Tinius Olsen H10K-S instrument
(Tinius Olsen, Horsham PA, USA). Each bead was placed between the stationary plate and
the moving measuring head and subjected to a pressure test whilst moving the head at a
speed of 5 mm/s. The mechanical strength is a ratio of the pressure at which the bead is
destroyed (N) and the diameter of the bead (mm).

3.5. In Vitro Release of Mg and Si Ions from Mg,Si-HA Powder and Beads

In vitro release of Mg2+ and SiO4
4− ions from Mg,Si-HA powder and from the ob-

tained beads was evaluated as follows: 1 g of the sample was filled with 12 mL of phosphate
buffer saline (PBS) of pH 7.4 and put into a water bath at 37 ◦C under a gentle stirring.
The measurements of the ions released from powder and beads were carried out for four
and three weeks, respectively. Sample aliquots of 5 mL were taken at appropriate time
intervals, and each sample was replaced with a portion of fresh buffer. For the quantitative
measurement of magnesium and silicon released from the samples, the inductively coupled
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plasma optical emission spectrometer ICP-OES iCAP 7400 Duo Spectrometer (Thermo
Scientific, Waltham, MA, USA) was used.

3.6. In Vitro Release of Raloxifene Hydrochloride from Beads

In vitro release of RAL from beads was evaluated in Falcon 50 mL tubes. The studies
were performed in PBS of pH 7.4 and ethanol solution (1:1 weight ratio) to create the sink
conditions since RAL is poorly soluble in water [52–54]. For the analysis, 0.3 g of each
sample was immersed in 50 mL of release medium in the bath shaker and stirred at 100 rpm
at 37 ◦C. Sample aliquots of 5 mL were withdrawn at regular time intervals. Each sample
was kept in a separate tube to avoid multiple repeated medium changes. Since the RAL
solutions are not stable, the experiment was planned to finish and take samples of all time
intervals at the same time. Release was started with the longest measurement (12 weeks)
and successive samples were inserted over time. At the end of the experiment, all the
samples were filtered through a membrane syringe filter with pore size of 0.8 µm. The
samples were then analyzed by the UV-Vis method using a Shimadzu UV-1800 spectrometer
(Shimadzu, Kyoto, Japan). The absorbance was measured at 291 nm and all measurements
were performed in triplicate (n = 3).

The percentage of drug released at each time point was calculated according to
Equation (1):

Drug release (%) = drug in solution [µg/mL]/initial drug content in the sample [µg/mL] × 100% (1)

3.7. In Vitro Cytotoxicity Assessment

The in vitro cytotoxicity assessment was conducted using a normal human fetal
osteoblast cell line (hFOB 1.19, ATCC-LGC Standards, Kiełpin, Poland) and a human
osteosarcoma cell line (Saos-2, ATCC-LGC Standards, Kiełpin, Poland). The 1:1 mix-
ture of DMEM/Ham’s F12 growth medium without phenol red (Sigma-Aldrich Chem-
icals, St. Louis, MO, USA) containing 100 µg/mL streptomycin, 100 U/mL penicillin,
300 µg/mL G418 (Sigma-Aldrich Chemicals, St. Louis, MO, USA), and 10% fetal bovine
serum (PAN-Biotech GmbH, Aidenbach, Germany), was used as the culture medium for
hFOB 1.19, whereas McCoy’s 5A medium (ATCC-LGC Standards, Kiełpin, Poland) con-
taining 100 µg/mL streptomycin, 100 U/mL penicillin, and 15% fetal bovine serum was
used as the culture medium for Saos-2. The hFOB 1.19 and Saos-2 cells were cultured in a
humidified atmosphere of 5% CO2 at 34 ◦C and 37 ◦C, respectively.

The cytotoxicity evaluation was conducted according to ISO 10993-5:2009 standard
against hFOB 1.19 and Saos-2 cells. The MTT assay (Sigma-Aldrich Chemicals, St. Louis,
MO, USA) was conducted using 24-h granule extracts as described earlier [55]. Then,
100 µL/well of cell suspension (2 × 105 cells/mL and 3 × 105 cells/mL of hFOB 1.19 and
Saos-2, respectively) was seeded into 96-well polystyrene plates. After 24 h of culture, the
culture medium was replaced with 100 µl of granule extracts. Polypropylene extract served
as a negative control for cytotoxicity. The MTT test was performed as described earlier
after 48-h exposure to the extracts [45]. Afterwards, the viability of hFOB 1.19 and Saos-2
cells was calculated according to Equation (2):

Cell viability (%) = sample OD/negative control OD × 100% (2)

4. Conclusions

The results enable us to conclude that the obtained granules are materials with fa-
vorable parameters, enabling the gradual, local delivery of medicinal substances to the
immediate surroundings of the diseased tissue. Results revealed that the beads CS/KER-
RAL, composed of both CS and KER, possessed the most sustained drug release and no
burst release effect, compared to single-component samples (CS and KER). The obtained
results may constitute a starting point for more extensive research, with particular empha-
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sis on in vivo biological tests. Drug delivery systems releasing raloxifene directly to the
bone tissue could be a beneficial alternative to its current route of administration.
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Abstract: Supramolecular aggregates formed between polycyclic aromatic hydrocarbons and either
naphthalene or perylene-derived diimides have been anchored in magnetite magnetic nanoparticles.
The high affinity and stability of these aggregates allow them to capture and confine these extremely
carcinogenic contaminants in a reduced space. In some cases, the high cohesion of these aggregates
leads to the formation of magnetic microfibres of several microns in length, which can be isolated
from the solution by the direct action of a magnet. Here we show a practical application of bioreme-
diation aimed at the environmental decontamination of naphthalene, a very profuse contaminant,
based on the uptake, sequestration, and acceleration of the biodegradation of the formed supramolec-
ular aggregate, by the direct action of a bacterium of the lineage Roseobacter (biocompatible with
nanostructured receptors and very widespread in marine environments) without providing more
toxicity to the environment.

Keywords: magnetite nanoparticles; polycyclic aromatic hydrocarbon; microfibres; elimination;
biodegradation

1. Introduction

The combined and synergistic use of nanotechnology, together with the action of mi-
croorganisms originating in the environment, can be a successful combination and a great
help to accelerate and improve the overall process of natural bioremediation. The most
worrying pollutants for the environment and its integral health have in common a high
persistence and toxicity. Removing them completely and recycling and/or degrading them
properly, safely, and effectively are not easy tasks. This work must be undertaken from
the molecular perspective, developing molecular receptors capable of helping in this task
without contributing to the toxicity of the environment. As a primary condition, these re-
ceptors must act in demanding environments and form robust supramolecular complexes.
In this investigation, we describe the preparation of new hybrid nanoparticles formed by
magnetite nanoparticles, Fe3O4, FeNP, linked the diimide-dopamine ligands prepared from
four electron-deficient π-extended diimides, derived from benzene (BDI), naphthalene
(NDI), perylene (PDI), and tetrabromodiimideperylene (BrPDI). This new hybrid nano-
material is sensitive to the action of an external magnetic field, which makes possible its
removal from a liquid suspension in a simple and comfortable way. From the point of view
of reuse and sustainability with the environment, this magnetic property is very attractive,
precisely because of its simplicity and effectiveness. Polycyclic aromatic hydrocarbons
(PAHs) form a group of pollutants considered very dangerous for the environment. They
are extremely carcinogenic and persistent contaminants [1–5]. In fact, since 1976, the U.S.
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Environmental Protection Agency (EPAH) advises a rigorous control of 16 specific PAHs,
which can be generally detected in drinking water and also in certain foods that have a
high percentage of oils and fats in their composition. The Toxicity Equivalence Factor (TEF,
Figure 1) is used to compare the degree of toxicity among PAHs. For benzo[a]-pyrene
(4) the TEF is 1, while the remaining PAHs in the list have values less than 1, except for
dibenzo[a,h]-anthracene (6) with TEF = 10 [6]. Despite its low TEF (0.001), naphthalene is
the most worrying of the PAHs because it is the most profuse and soluble anthropogenic
PAH in water. Therefore, its control is a priority.

 

π

Figure 1. Polycyclic aromatic hydrocarbons used in this study.

The members of the Roseobacter lineage (Rhodobacteracea family, alphaproteobacteria
class) are predominant in the marine ecosystems, where they are ubiquitous, and they
represent more than 20% of the coastal planktonic community and 3–5% in surface ocean
waters [7,8] being especially abundant in littoral areas contaminated by hydrocarbons (i.e.,
marinas and harbours) [9,10]. The analyses of their genomes have revealed the presence
in Roseobacters of a great biodegradation potential, mainly for monoaromatic hydrocar-
bons [11,12]. For example, Salipiger aestuarii 357, a member of the Roseobacter lineage
isolated from the sands of the coast of Galicia (Northern Spain) that were contaminated
due to the accidental oil spill of the Prestige oil tanker in 2002 [13], is capable of growing at
the expense of salicylate and naphthalene as sole carbon and energy sources.

2. Results

The diimide-dopamine ligands were prepared from four electron-deficient π-extended
diimides, derived from benzene (BDI), naphthalene (NDI), perylene (PDI), and tetra-
bromodiimideperylene (BrPDI). The ligands have a symmetrical substitution, with two
dopamine units (DA) at both ends, which allow them to be anchored on the surface of the
magnetic nanoparticles of Fe3O4 (FeNP), see Figure 2.
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Figure 2. Outline proposed for the formation of microfibres.

The magnetite nanoparticles (FeNP), used as a nanomaterial, were synthesized by the
classical co-precipitation method from Fe (II) and Fe (III) chloride salts [14]. The method
of obtaining magnetite is quantitative; it takes place in water, without the use of organic
solvents, where magnetite is isolated with the help of a boron-neodymium magnet and
without the need to filter or centrifuge, obtaining sodium chloride as a reaction byproduct,
an environmentally tolerable contaminant. Magnetite is a natural mineral, which has no
storage, handling or disposal problems [15].

The binding between the ligand and the magnetite nanoparticles [16] took place in a
basic aqueous solution, using a microwave-ready 5 mL tube. Once sealed, it was irradiated
for 30 min between 120–130 ◦C. Under these reaction conditions, a pressure of 3 bar was
reached inside the reaction tube. Increasing the pressure within the reaction caused a
greater coating of the Fe3O4 nanoparticles, substantially increasing the surface coating
density and the chemical resistance to extreme aqueous pH conditions. On the contrary,
the two hydroxyl groups of the dopamine catechol residues, located in the outermost part
of the nanoparticle, formed a hydrophilic layer capable of establishing hydrogen bonds
with water and allowed excellent dispersion in these aqueous conditions. These facts
were experimentally confirmed by the obtained Dynamic Light Scattering, Zeta Potential
Distribution, and Thermogravimetric Analysis (TGA) values (Supplementary Table S1;
Supplementary Figures S1–S4).

All nanoreceptors present a polydispersity index (PdI) <0.35 and a low aggregation
index. The tests were performed in distilled H2O at a temperature of 25 ◦C and pH = 7.0.

The Langmuir constant was measured to quantify the nature of the association be-
tween the PAHs and the nanoreceptor surface. Since all PAHs are fluorescent, the Langmuir
constant was determined by fluorescence experiments (Table S2).

The following PAHs (together with their excitation wavelengths) were used to determine
de Langmuir constant: naphthalene (λexc = 270 nm), pyrene (λexc = 338 nm), benzo[a]pyrene,
BAP (λexc = 266 nm), benzo-k-fluoranthene, BKF (λexc = 308 nm), dibenzo[ah]anthracene,
DB[ah]A (λexc = 290 nm), and chrysene (λexc = 285 nm). All tests were carried out in an
ethanol:water (1:1) v/v mixture.

The results obtained for the Langmuir constant between the functionalised nanomate-
rial and several PAHs of different geometry were excellent, far superior to those described
in the literature [17] and similar to those found when using the FeNP-PDI-DA nanomaterial
with the same PAHs [18,19] and the same experimental conditions.
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To understand the chemical behaviour of PDI and BrPDI, the electrostatic potential
(ESP) surfaces of both diimides were computed at the DFT level (B3LYP using 6-31G*) with
Spartan,(Wavefunction, Inc., Irvine, California) (see Figure S9). From the inspection of the
Figure S9, more positive ESP values (deeper blue zones) were observed for FeNP-BrPDI-
DA, located especially between the six central rings of the tetrabromodiimide perylene,
suggesting that it was more electron-deficient than FeNP-PDI-DA.

The formation and growth of FeNP-Diimide-DA microfibres occurred spontaneously—
thermodynamic process—by adding an aqueous solution of concentration between 10−5 M
and 10−6 M of FeNP-Diimide-DA, within a 6.5–7.0 pH range, to a specific PAH. Due
to the slow growth of the fibres, the dispersion was left in a tightly closed vial at room
temperature, at rest, and protected from light. After 7 days, the appearance of elongated
microscopic fibres was observed, initially attached to the walls of the vial, which eventu-
ally grow and disperse within the bulk of the solution. These microfibres were quickly
attracted when a neodymium magnet approached the outer wall of the vial (see the video
in the Supplementary Material). If a hydrophilic co-solvent was added to the aqueous
solution, such as 50% methanol or ethanol (v:v), the formation of the FeNP-Diimide-DA
was slower, and the fibres became visible after 2–3 weeks. Conversely, at concentrations
greater than 10−5 M, fibre formation was not observed. It was thoroughly verified that,
under the same experimental conditions, self-aggregation processes of either diimides or
non-functionalised FeNP were not observed.

Given the strength of these aggregates, an energetic acid treatment, such as digestion,
was necessary to dissolve and break the fibres into their starting components. This was
achieved by treating the fibres with concentrated HCl (37%) at 45 ◦C for 30 min. From this
aqueous-acid residue, the organic phase was extracted with n-heptane [20], and the organic
phase was concentrated with water using a dry Ar stream. Subsequently, the extract was
solubilised in heptane for its HRMS analysis.

Figures S5–S8 show the high-resolution mass spectra together with the isotopic pattern
of PAHs isolated from the digestion of chrysene@FeNP-NDI-DA, BAP@FeNP-NDI-DA,
BKF@FeNP-PDI-DA, and DB[ah]A@FeNP-PDI-DA fibres, respectively, which experimen-
tally confirmed the presence of PAHs in the supramolecular complex together with the
FeNP-diimide-DA hybrid material.

Fibre formation was dependent on the size of PAH—particularly on the number of
double bonds of each PAH molecule [18]—and on the geometry and electronic properties
of electron-deficient diimides anchored on the magnetite nanoparticle.

In this study, tubular fibres were observed in the solutions prepared with the dopamine-
diimide derivative of benzene FeNP-BDI-DA, with chrysene (nine double bonds), benzo[a]
pyrene, BAP (ten double bonds), benzo[k]fluoroanthene, BKF (ten double bonds), and
dibenzo[ah]anthracene DB[ah]A (11 double bonds).

Figure 3 shows a composition of photomicrographs of DB[ah]A@FeNP-BDI-DA
network-growing filamentous fibres, performed with the optical microscope (Figure 3A),
and with the confocal fluorescent microscope, with a rhodamine laser at λexc = 540 nm
(Figure 3B–D). The distribution of the host and guest in the network is highlighted by
the different fluorescent colouration when using different wavelengths for the excitation
of the sample. Figure 3B,C shows, preferably in green and blue, the distribution of the
FeNP-BDI-DA nano receptor in the network and the distribution of DB[ah]A, respectively.
Finally, Figure 3D is the result of superimposing of all photomicrographs.

Likewise, the formation of tubular fibres was observed with the nanoparticles de-
rived from naphthalene diimide, (FeNP-NDI-DA) with pyrene, chrysene, BAP, BKF,
and DB[ah]A.

Figure 4 shows the photomicrographs of the supramolecular assembly formed by the
FeNP-NDI-DA with the DB[ah]A, obtained with optical and confocal microscopy. With the
hybrid material derived from the tetrabromo perylene diimide, FeNP-BrPDI-DA, flat fibres
were observed with chrysene, BKF, BAP, and DB[ah]A.
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Figure 3. Optical and confocal microphotographs showing microfibres assembled between FeNP-BDI-
DA (green) and DB[ah]A (blue) in aqueous media: (A) Transmitted light micrograph. (B) Fluorescent
micrograph λexc = 448 nm, λem = 517 nm (FeNP-BDI-DA). (C) Fluorescent micrograph λexc = 405 nm,
λem = 454 nm (DB[ah]A). (D) Micrograph Composition of A, B, C.
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Figure 4. Optical and confocal microphotographs showing microfibres assembled between FeNP-
NDI-DA (green) and DB[ah]A (blue) in aqueous media.: (A) Transmitted light micrograph. (B) Flu-
orescent micrograph λexc = 448 nm, λem = 517 nm (FeNP-BDI-DA). (C) Fluorescent micrograph
λexc = 405 nm, λem = 454 nm (DB[ah]A). (D) Micrograph Composition of A, B, C.
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Figure 5 shows the photomicrographs obtained by SEM for the supramolecular assem-
bly formed by FeNP-BrPDI-DA with BKF and BHA, respectively. From the enlargements
of the microphotographs (at 47,000 magnifications), the spherical FeNP nanoparticles of
an approximate diameter of 40 nm—light grey—that formed the matrix (skeleton) of the
supramolecular complex fibres could be observed.

 

Figure 5. (A,B) SEM micrographs showing microfibres assembled between FeNP-BrPDI-
DA and BKF. (C,D) FeNP-BrPDI-DA and BHA, in aqueous media.

It is worth noting that, in all cases, the fibres showed great chemical stability in
aqueous dispersion, since they remain unchanged over time without showing appreciable
alterations up to more than 2 years on the laboratory bench, at room temperature, in a
hermetically sealed vial closed and protected from light.

The cooperative degradation method consists, first, of the formation of the naphthalene
@FeNP-NDI-DA complex. For this purpose, functionalised magnetic nanoparticles, FeNP-
NDI-DA, were added to an aqueous medium contaminated with naphthalene. After 30 min
with magnetic stirring, the naphthalene@FeNP-NDI-DA complex was formed, which, if
desired, could be separated from the solution by magneto filtration. When integrated
into the supramolecular aggregate, naphthalene was placed in a molecularly limited space
environment. Then, a second stage follows; after seeding with the S. aestuarii 357 strain,
it was observed that the degradation of the contaminant was accelerated due to greater
availability of the substrate. It is worth mentioning that the environmental impact of
magnetite nanoparticles was minimal because it is a biocompatible material [21]. The linker
dopamine is not a substance considered dangerous, since it is a neurotransmitter widely
distributed in nature and easily biodegradable. The remaining organic components, diimide
naphthalene, were degraded by the bacteria without altering their integrity, as evidenced
by the conducted experiments.

In Figure 6A,B, the growth curves of S. aestuarii 357 are shown as a function of time, in
three different experimental conditions: in the presence of FeNP-NDI-DA, of naphthalene
as the only source of carbon and energy, and of naphthalene and FeNP-NDI-DA (white, grey
and black circles, respectively). Figure 6A,B correspond to two different experiments, with
different FeNP-NDI-DA nanoreceptor concentrations: 100 mg and 200 mg. The absorbance
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intensity measurements were recorded at λexc = 595 nm, and each point represents an
average of three experimental replicates.

λ

 

λ

π π
π π

Figure 6. Growth (Absorbance, 595 nm) of S. aestuarii 357 with naphthalene (0.1% w/v) as unique
carbon and energy source supplemented with 100 mg/mL (A) and 200 mg/mL (B) of FeNP-NDI-DA.
Growth values are average and SD of three different experimental replicates.

In these experiments, the bacterium S. aestuarii 357 was grown using 100 mL flasks,
in 20 mL of a marine mineral medium (see experimental part) [20], fed with naphthalene
(0.1%) at 30 ◦C and under constant agitation (180 rpm). The FeNP-NDI-DA nanoparticles
were provided at 1% and 0.5% (v/v). The growth was monitored by reading absorbances
at λexc = 595 nm.

3. Discussion

In these systems, the π-π interactions have most likely taken place between the host
and the guest molecules. The strength of the π-π interaction will largely depend on the
geometry and electronic properties of both the electron-deficient host (FeNP-Diimide-DA)
and the electron-rich guest (PAHs). Therefore, if an electron-poorer host is used, as was
the case with the substituted tetrabromo perylene diimide, this interaction will be fur-
ther favoured. The results obtained for the Langmuir constant support this hypothesis;
when comparing the values obtained with the FeNP-BrPDI-DA and its synthetic precursor,
the perylene diimide FeNP-PDI-DA, equal or higher (by one order of magnitude) Lang-
muir constants were observed for the former, in the case of association with pyrene, BKF,
DB[ah]A, and chrysene. The computed electrostatic potential also supports this statement.
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The biocompatibility of the bacterium S. aestuarii 357 with the nanomaterial FeNP-
NDI-DA was manifested by being able to grow when naphthalene was added as the sole
nutrient, the only source of carbon and energy (Figure 6A,B, grey circles). On the contrary,
the bacteria cannot grow if FeNP-NDI-DA (white circles) was the only available compound.
The addition of FeNP-NDI-DA nanoparticles (black circles), in the presence of naphthalene,
accelerated the growth of S. aestuarii 357. This phenomenon was more pronounced the
higher the concentration of nanoparticles used (Figure 6A vs. Figure 6B). The non-growth
of bacteria with only nanoparticles, and the acceleration of growth with the mixture of
nanoparticles and naphthalene, via formation of naphthalene@FeNP-NDI-DA complex,
suggests not only that the FeNP-NDI-DA nanoparticles are not toxic to S. aestuarii 357—
otherwise, either there would be no growth, or it would have been delayed—but, also, they
increase the bioavailability of naphthalene, the only source of carbon and energy usable by
S. aestuarii 357 in our experiments.

4. Materials and Methods

4.1. General

Reactions were carried out in oven-dried glassware under an atmosphere of argon un-
less otherwise indicated. Thin-layer chromatography (TLC) was conducted on aluminum
plates coated with silica gel (60 F254, Merck, Merck Life Science S.L.U., Madrid, Spain).
Column chromatography was performed using silica gel (Geduran Si 60 from Merck (Merck
Life Science S.L.U., Madrid, Spain), particle size 0.040–0.063 mm) as a stationary phase.

4.2. Materials

All commercially available reagents: dopamine hydrochloride, triethylamine, perylene
and 3,4,9,10-tetracarboxylic dianhydride, were supplied by Sigma–Aldrich (Merck Life Sci-
ence S.L.U., Madrid, Spain). All the solvents were purchased from Scharlab (Scharlab, S. L.,
Barcelona, Spain).

4.3. Instrumentation
1H and 13C NMR spectra were recorded on a Bruker Advance Spectrometer (Bruker

Española S.A., Madrid, Spain) at 300 and 75 MHz at 25 ◦C. Chemical shifts are reported as
a part per million (δ, ppm) referenced to the residual protium signal of deuterated solvents.
Spectral features are tabulated in the following order: chemical shift (δ, ppm), multiplicity
(s-singlet, d-doublet, t-triplet, and m-multiplet), number of protons. (FTIR) were obtained
on Bruker Tensor 27 (Bruker Española, Madrid, Spain) instrument in solid-state. Matrix-
assisted laser desorption/ionisation mass spectra (MALDI) were recorded with an Autoflex
III MALDI TOF/TOF mass spectrometer provided with a Smartbeam Laser at 200 Hz
(Bruker Española, Madrid, Spain). Functionalization of iron nanoparticles was performed
on a Biotage Initiator Classic Microwave Synthesizer (Biotage, NASDAQ, Stockholm) at
400 W and 2 bar.

4.4. Synthesis of Magnetite Nanoparticles (FeNP)

For the synthesis of Fe3O4 nanoparticles, an adapted procedure of F. Yazdani et al. [14]
was used. At room temperature, 50 mL FeCl3 of 0.1 M solution and 25 mL FeCl2 of 0.1 M
solution were added to 350 mL distilled deionised water under an argon atmosphere and
magnetically stirred. Then 35 mL of the 1 M NaOH solution was added to the reaction
vessel and the mixture stirred for 3 min. The black precipitated product was separated with
a boron–neodymium magnet. The precipitate was washed 3 times with 50 mL deionised
water. After washing, the black product was dried in a vacuum oven for 12 h at 80 ◦C.

FTIR (KBr): 3406, 2921, 2851, 1591, 1384, and 632 cm−1.

4.5. Preparation of Ligands

Preparation of 1,6,7,12-tetrabromoperylene-3,4,9,10-tetracarboxylic acid bisanhydride [21]:
The bromination of perylene-3,4,9,10-tetracarboxylic acid bisanhydride, was carried out with
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Br2 in a mixture of sulfuric acid and fuming sulfuric acid. Then, 0.516 g of perylene-3,4,9,10-
tetracarboxylic acid bisanhydride, (1.31 mmol) was dissolved in a mixture of 6 mL of sulfuric
acid 98 wt% with 1 mL of fuming sulfuric acid, under magnetic stirring for 12 h. After the
12 h, the temperature was raised to 80 ◦C, and 7.75 mg of iodine (0.03 mmol) and 150 µL of
bromine were added dropwise (2.63 mmol). The mixture was heated for 48 h at 80 ◦C. Then,
7.75 mg of iodine (0.03 mmol) was added, and the temperature was raised to 100 ◦C, and
150 µL of bromine was added again dropwise. The mixture was heated at 100 ◦C for 80 h.
Finally, the brown-oil was poured onto ice water, and a dark red precipitate was observed.
The solid was filtered and washed with 10 mL of sulfuric acid. The red solid was washed with
miliQ water until the filtrate became neutral. The product obtained, as a dark red powder,
was dried in a vacuum at 120 ◦C for 8 h, giving 0.409 g (44%, 0.578 mmol). The crude product
was used directly in the next step without further purification. 1H NMR (300 MHz, DMSO-d6).
δ: 8.74 (4H, s). FTIR (KBr): ν = 3442, 1716, 1634, 1591, 1557, 1431, 1361, 852, 810, 768 cm−1

.
HRMS (EI): m/z = 708 (M+).

Preparation of 2,9-bis(3,4-dihydroxyphenethyl)-1,6,7,12-tetrabromoperylene tetracar-
boxylic bisimide: In a round bottom flask 0.176 g (0.250 mmol) of 1,6,7,12-tetrabromoperylene-
3,4,9,10-tetracarboxylic acid bisanhydride was dissolved in 15 mL of a 1:1 (v/v) mixture of
H2O and DMF. Then, 2 mL of Et3N was added and stirred for 2 h plus. After that, 99 mg
(0.522 mmol) of dopamine hydrochloride was dissolved in 10 mL of a 1:1 (v/v) mixture of H2O
and DMF and was added dropwise to the first flask. Once the addition was complete, the mix-
ture was refluxed overnight. The oil obtained was allowed to temper and was transferred to a
falcon tube, where concentrated HCl was added until a brown–reddish precipitate was formed.
The crude was centrifuged and washed repeatedly with miliQ water, by centrifugation, until
neutrality of the supernatant liquid was observed. The product was dried in a vacuum at
120 ◦C for 8 h and obtained as a reddish–brown powder, 98 mg (0.100 mmol, 40% yield).
1H NMR (300 MHz, DMSO-d6): δ: 8.7 (s, 4H), 7.9 (s, 4H), 6.90 (m, 6H), 3.65 (s, 4H), 2.67 (t, 4H).
13C NMR (300 MHz, DMSO-d6). δ: 176.9 (C=O), 137.7 (C=C), 132.4 (C-Br), 128.3 (C=C), 127.9
(C=C), 127.7 (C=C), 120.8 (C=C), 45.3 (CH2), 41.7 (CH2). FTIR (KBr): ν = 3442, 1716, 1634,
1591, 1557, 1431, 1361, 852, 810, 768 cm−1

. MALDI-TOF-MS m/z (%): [M]+ calculated. for
C40H22Br4N2O8 978.2380 found 977.8069.

4.6. Preparation of Functionalised Magnetite Nanoparticles

In a microwave tube 25.26 mg (0.026 mmol) of 2,9-bis(3,4-dihydroxyphenethyl)-
1,6,7,12-tetrabromoperylene tetracarboxylic bisimide was introduced with 4 mL of MiliQ
water, one drop of 1M NaOH and 1 mL of magnetite nanoparticles suspension (11.4 mg/mL).
The mixture was sonicated for 5 min and then introduced in the microwave reactor. The re-
action conditions of the microwave reactor were: 120 ◦C, 3 bar and 30 min of reaction time.
Once the reaction was over, the nanoparticles were decanted with the help of a boron-
neodymium magnet and washed 3 times with EtOH. Finally, the hybrid nanomaterial was
suspended and stored in 10 mL of EtOH in an argon atmosphere.

FTIR (KBr): ν = 3442 (s), 1692 (s), 1643 (m), 1594 (s), 1517 (s), 1403 (s), 1385 (s), 1319 (s),
672 (s) and 588 cm−1 (s).

4.7. General Procedure for the Formation of Microfibres

The preparation of magnetic microfibres was carried out as follows: Two hundred
microlitres of a 1.14 mg/mL suspension of magnetite nanoparticles functionalised with one
of the FeNP-diimide-DA receptors was introduced into a 10 mL vial. Afterward, 4.70 mL
of miliQ water was added to the vial. To this solution, 100 µL of a 10−4 M solution of
chrysene, benzo[a]pyrene, benzo-k-fluoranthene, or dibenzo[a,h]anthracene dissolved in a
mixture of water/ethanol, 1:3 (v/v) was added, respectively. The vial was tightly closed
and was left at room temperature, in the dark, for 14 days. Enough time for microfibres
to develop and observed with the naked eye. After this time, no further growth occurred.
The final concentrations were: functionalised nanoparticles: 0.456 mg/mL, and polycyclic
aromatic hydrocarbon, PAHs: 10−6 M.
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4.8. Growth Curves of S. aestuarii 357

The bacterium S. aestuarii 357 was grown using 100 mL flasks, in 20 mL of a marine
mineral medium (see experimental part) [20], fed with naphthalene (0.1%) at 30 ◦C, under
constant agitation (180 rpm). The FeNP-NDI-DA nanoparticles were provided at 1% and
0.5% (v/v). The growth was monitored by reading absorbances at λexc = 595 nm.

5. Conclusions

This study showed that in the global assembly process of magnetic nanoparticles
modified with PAHs, resistant supramolecular aggregates are always formed, which in
some cases can form fibres of up to several hundreds of micrometres in length, most
likely due to the π-π interactions established between PAHs and the electron-deficient
surface of the diimides anchored to FeNP, as can be inferred from ESP calculations. On the
other hand, it was shown that the formation of the supramolecular aggregates with naph-
thalene, the most abundant PAH pollutant in the environment, promotes bioavailability,
and accelerates the degradation of naphthalene. These results allow us to propose, as a
strategy for the removal and biodegradation of PAHs from contaminated aqueous media,
the combined use of FeNP-diimides-DA together with a marine microorganism, such as
S. aestuarii 357, belonging to the bacterial lineage of Roseobacter, as a sustainable measure of
environmental decontamination, based on the capture, sequestration, and biodegradation
of toxic pollutants.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/1422
-0067/22/1/17/s1.
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