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Advanced Nanomaterials in Biomedical Application
Reprinted from: Nanomaterials 2023, 13, 1625, doi:10.3390/nano13101625 . . . . . . . . . . . . . . 1
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Advanced Nanomaterials in Biomedical Application
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1 Department of Engineering and Natural Sciences, University of Applied Sciences Merseburg,
Eberhard-Leibnitz-Str. 2, 06217 Merseburg, Germany

2 Department of Chemistry and Biochemistry, Faculty of Agriculture, University of Serbia,
11080 Belgrade, Serbia

* Correspondence: goran.kaluderovic@hs-merseburg.de (G.N.K.); pantelic@agrif.bg.ac.rs (N.Ð.P.)

Over the last few decades, great efforts have been dedicated to the discovery of various
nanomaterials. Due to their unique optical, magnetic, and electrical properties (among
others), they have found applications in medicine (drug delivery), agriculture, electronics,
catalysis, etc. Thus, due to the increasing possibilities, the need to design and fabricate
novel nanoparticles is rapidly increasing. In this Special Issue “Advanced Nanomaterials
in Biomedical Application”, a total of seventeen articles—including five reviews—have
been published, addressing the most recent advances in nanomaterials in terms of both
synthesis and characterization as well as technological applications. In the following, we
provide a brief overview of the key findings presented in this Special Issue.

In recent decades, platinum-based drugs have been widely used for the treatment
of many types of cancer. However, their clinical utility is limited by severe side effects,
such as neuro-, nephro-, and ototoxicity, and the development of resistance. One of
the strategies for overcoming these issues is the development of nanoparticles that can
enhance cellular accumulation in target cells and reduce the associated toxicity of drugs
in normal cells. In this regard, Giusto et al. [1] prepared a 2D graphene-oxide-based
nanoplatform functionalized with highly branched, eight-arm polyethylene-glycol, which
enhanced the efficiency and loading capacity of platinum-based drugs, achieving a high-
performance and stable nanodelivery system. The results have shown that the fabricated
nanocarrier enables the application of lower amounts of Pt-drugs than a Pt-free complex
to attain similar outcomes. Furthermore, the nanoplatform achieves excellent cellular
proliferation inhibition in osteosarcoma, which is also observed in glioblastoma but in
a less pronounced manner. Moreover, the presented nanoplatform also shows promise
for inhibiting migration, especially in highly invasive breast carcinoma (e.g., MDA-MB-
231 cells). Accordingly, the prepared nanoplatform represents an interesting tool for the
treatment of various cancers. In addition, Predarska and co-workers [2] reported the
synthesis of three novel platinum(IV) conjugates of cisplatin, containing derivatives of
caffeic and ferulic acid in their axial positions, and their immobilization into SBA-15
particles for the preparation of corresponding mesoporous silica nanoparticles (MSNs). The
prepared complexes showed higher or comparable antiproliferative activity with respect
to cisplatin against four human breast cancer cells (BT-474, MCF-7, MDA-MB-468, and
HCC1937). This activity increased significantly after immobilization in SBA-15, and the
IC50 values were more than 1000 times lower compared to cisplatin. Furthermore, the
derivative with the highest activity cisplatin–diacetyl caffeate conjugate and its MSNs
induced apoptotic cell death by causing potent caspase activation. Moreover, in vivo
studies conducted using BALB/c mouse models with breast tumors showed that the same
compound and its MSNs exhibit tumor growth inhibition with a reduced necrotic area
and lowered mitotic rate. The review paper by Spoială [3] focused on smart magnetic
drug delivery systems for cancer treatment. The authors comprehensively describe the
effectiveness of using nanotechnology and magnetic nanoparticles to facilitate the early
detection and selective destruction of cancer cells. This review will help new researchers
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to obtain comprehensive information in the field of drug delivery systems for cancer
diagnosis and treatment. Peserico et al., described the usefulness of nanoparticles (NPs)
in the diagnostic and/or therapeutic sector [4]. The review presents a comprehensive
summary of the accessible technologies targeting cell–NP interaction and/or detection
in cancer and regenerative medicine. The key nanocarrier-impacting elements (e.g., the
typology and functionalization of NPs, the tuning capacity of cells’ in vitro and in vivo
interaction mechanisms, and labeling with NPs) were analyzed.

The rapid spread of bacteria and antibiotic resistance requires new infection control
strategies. In this sense, nanomaterials seem to be promising tools for maximizing drug
activity due to their unique size and properties. Quach and co-authors [5] developed an
efficient method for improving the antibacterial properties of graphene oxide (GO) by
growing nanosilica (NS) on the surface of GO. The silver nanoparticles (AgNPs) that were
immobilized on nanosilica to create a composite GO/NS/AgNPs exhibited remarkable
antibacterial activity against Escherichia coli and Bacillus subtilis, suggesting that this system
has great potential as an efficient antibacterial coating for medical equipment and other
surfaces. In the paper submitted by Lima et al. [6], a new nanoparticle-based approach
to modulating the harmful inflammatory consequences of fungal infection for the host
using β1,3-glucan-functionalized polystyrene nanoparticles (β-Glc-PS) was presented.
Moreover, these nanoparticles were able to down-modulate a Candida-albicans-induced
proinflammatory response of host immune cells in a size-dependent manner. In the study
by Salmerón-Valdés et al. [7], the antibacterial activity against Streptococcus mutans and the
mechanical properties of conventional and hybrid type I glass ionomers modified with
and without halloysite nanotubes loaded with chlorhexidine were investigated. Based
on the obtained results, the authors concluded that the addition of nanotubes preloaded
with chlorhexidine at concentrations of 5% and 10% effectively inhibited the presence of
S. mutans, especially regarding the dose–response relationship, while maintaining and
improving mechanical properties. This suggests that the addition of halloysite nanotubes
to conventional and resin-modified glass ionomer cements could be a new method for
counteracting orthodontic ligament injury, offering the advantage of maintaining and
improving mechanical properties.

The studies conducted by Xue et al. [8] have shown an opposite color response of
a giant polyoxometalate, namely, a brown Keplerate cluster abbreviated as [Mo132] and
containing 72 Mo(VI) and 60 Mo(V), to the existing states of the human papillomavirus
(HPV) major capsid protein, L1-pentamer (L1-p), and virus-like particles (VLPs). The color
responses result from the different binding modes between [Mo132] and the capsid protein.
This straightforward colorimetry approach is of importance to estimating the existing states
of the HPV capsid protein and could be used in the future to analyze the quality of the
HPV vaccine and the existing states of other viruses.

Many studies have shown that CSC chemokine receptor 4 (CXCR4) is a promising
target for cancer therapies, and intracellular siRNA delivery to suppress CXCR4 expression
in cancer cells is an effective therapeutic strategy. Thus, Cao et al. [9] synthesized carriers,
by preparing heptafluorobutyryl-polyethylene glycol-polyethyleneimine (FPP) used to coat
magnetic nanoparticles (MNPs) to obtain magnetic nanocarriers, FPP@MNPs, for siRNA
delivery and CXCR4 knockdown. The results show that the cellular uptake efficiency
of the FPP@MNPs was significantly improved and that they exhibited low cytotoxicity.
Furthermore, the siRNA transfection efficiency was validated in various cell lines, with the
result showing that the developed nanocarriers could effectively reduce CXCR4 expression
on the cell membrane.

Min and co-authors [10] presented a new type of injectable composite hydrogel using
glycol chitosan (GCH), a water-soluble derivative of chitosan, and amino-functionalized
bioactive glass nanoparticles (ABG NPs) to construct a single crosslinker using genipin
(GN) or dual crosslinkers as a combination of GN and poly(ethylene glycol)diglycidyl
ether (PEGDE). Using ABG NPs with GCH while employing GN as a single crosslinker, the
fabricated ABG/GCH gels exhibited strength and elasticity that was moderately dependent
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on the spacer length of the ABG NPs. On the other hand, the combination of GN and PEGDE
as dual crosslinkers significantly improved the strength and elasticity of the gels, while
the gelation time was adjustable. Moreover, some optimally dual-crosslinked ABG/GCH
gels were able to support the growth of seeded osteoblast-like cells and enhance matrix
deposition. The obtained results indicate that a novel dual-crosslinked hydrogel has
potential applications in bone repair.

The work of Tyubaeva et al. [11] explores the effect of hemin on the structure and
properties of electrospun nanocomposite materials based on poly-3-hydroxybutyrate (PHB)
and on their biocompatibility and antimicrobial activity. The results indicate that the
presence of hemin significantly improves the structural properties of the material. The
antimicrobial activity of hemin ensured that both Gram-negative and Gram-positive cul-
tures died after contact with the PHB–Hmi fiber materials. These materials could be used
for regenerative medicine, as dressing layers, as hygienic agents, as filter materials, and
for other clinical products that require an advanced surface combined with antimicrobial
properties and biocompatibility.

Ren and coauthors [12] summarized the recent advances in developing lipid-, metal-,
carbon-, and polymer-based nanomaterials for antibacterial applications, covering the
latest nanotechnologies for the design and development of nano- and nanocomposite
materials designed to combat multidrug-resistant bacteria. Moreover, further development
of antimicrobial nanomaterials was discussed.

Ding et al. [13] designed protein corona cationic liposomes (CLs) with AT-1002 (TJ
regulatory peptide) possessing a core–shell structure based on the characteristics of BSA.
Liraglutide was effectively encapsulated in the CLs, with the drug EE% of the liposomes
equaling 85 ± 5% and the average particle size equal to 203 ± 13 nm. The drug itself,
liraglutide, showed good structural stability. The protein corona liposomes had a good
intestinal internalization effect, longer intestinal absorption time, and good biological
safety. The adaptive protein corona liposomes have potential applications in the oral
administration of proteins and peptides.

In their review article addressing SARS-CoV-2, a hot topic lately, Kianpout et al. [14]
gave an overview of the structure of the virus and the cause of its pathogenicity. Moreover,
the authors examine the biotechnological methods for vaccine production and the available
nano-based concepts for overcoming this viral pandemic. The optimal conditions for the
production of nano-mediated vaccines are discussed, and biotechnological solutions for
forthcoming viral strikes are examined.

A new nano-emulsion adjuvant based on squalane (SNA: Span85, Tween60, squalane,
polyethene glycol-400) containing CpG was prepared, and its in vivo properties were
examined [15]. The SNA particles (diameter ca. 95 nm) showed good stability and bio-
compatibility. SNA was used for the preparation of a foot-and-mouth disease virus-like
particle vaccine. Within 4 weeks in BALB/c mice, the SNA-VLPs vaccine significantly
increased specific antibody levels, including IgG1 and IgG2a and, in the immune serum,
IFN-γ and IL-1β. In guinea pigs, upon treatment with SNA, a noticeable enhancement
of specific and neutralizing antibodies was observed within 4 weeks, thus enabling the
proliferation of splenic lymphocytes. Outstandingly, one dose of SNA-VLPs immunized
the guinea pigs with a protection rate of up to 83%, which was comparable to the group
treated with the ISA-206, indicating that this novel formulation is an effective adjuvant for
the FMD-VLP vaccine.

Harada et al., reported a useful technique for protein delivery to macrophages [16].
By applying low-binding mutant SubABS35A (subtilase cytotoxin; S35A –in B subunit 35th
serine mutated to alanine) with poly(D,L-lactide-co-glycolic) acid (PLGA) nanoparticles,
the selective delivery of cytotoxin to macrophages, in comparison to epithelial cells, was
suggested. This drug delivery system presents anti-inflammatory effects.
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In the study by Wen et al. [17], osteoimmunomodulatory nanoparticles for bone re-
generation, which is a complex process that involves osteoblasts and osteoclasts (skeletal
cells) as well as immune cells, an overview of the most important literature is presented.
Namely, the authors highlighted the importance of osteoimmunology in bone regeneration.
Moreover, the progress and application of nanoparticle-based methods for bone regenera-
tion and macrophage-targeting drugs, respectively, for advanced osteoimmunomodulation
are summarized.
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Abstract: Cancer remains the most devastating disease, being one of the main factors of death and
morbidity worldwide since ancient times. Although early diagnosis and treatment represent the
correct approach in the fight against cancer, traditional therapies, such as chemotherapy, radiotherapy,
targeted therapy, and immunotherapy, have some limitations (lack of specificity, cytotoxicity, and
multidrug resistance). These limitations represent a continuous challenge for determining optimal
therapies for the diagnosis and treatment of cancer. Cancer diagnosis and treatment have seen
significant achievements with the advent of nanotechnology and a wide range of nanoparticles. Due
to their special advantages, such as low toxicity, high stability, good permeability, biocompatibility,
improved retention effect, and precise targeting, nanoparticles with sizes ranging from 1 nm to
100 nm have been successfully used in cancer diagnosis and treatment by solving the limitations of
conventional cancer treatment, but also overcoming multidrug resistance. Additionally, choosing the
best cancer diagnosis, treatment, and management is extremely important. The use of nanotechnology
and magnetic nanoparticles (MNPs) represents an effective alternative in the simultaneous diagnosis
and treatment of cancer using nano-theranostic particles that facilitate early-stage detection and
selective destruction of cancer cells. The specific properties, such as the control of the dimensions
and the specific surface through the judicious choice of synthesis methods, and the possibility of
targeting the target organ by applying an internal magnetic field, make these nanoparticles effective
alternatives for the diagnosis and treatment of cancer. This review discusses the use of MNPs in
cancer diagnosis and treatment and provides future perspectives in the field.

Keywords: magnetic nanoparticles; targeting nanoparticles; linkers; passive targeting; active targeting

1. Introduction

Cancer the second most widespread disease as 14.6% of all human deaths are a conse-
quence of cancer. According to the American Cancer Society, worldwide cancer represents
one of the major public health problems, currently surpassed only by cardiovascular dis-
eases. The International Agency for Research on Cancer (IARC) has estimated that without
increased global investment in cancer research and the application of existing knowledge
on cancer control, and without significant efforts to improve global cancer control, cancer
deaths could increase to 12.9 million/year by 2030 [1].
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Cancer is a disease characterized by uncontrolled, random, invasive cell division. Over
the years, special efforts have focused on detecting cancer risk factors. For some types of
cancer, the aetiology has been associated primarily with the specific environment, such as
radiation and pollution, but also with an unhealthy lifestyle, such as a poorly balanced
diet, smoking, stress, and lack of physical activity. All these factors strongly influence the
development of different forms of cancer [2,3]. Inherited genetics is another determining
factor in cancer occurrence with 5–10% of cases being due to this factor [4]. Advancing age
is another crucial risk factor for cancer, and many individual cancers have an increased
mutation risk and aggregation of factors connected with age [5].

Cancer treatment includes surgery, radiation therapy, immunotherapy, and chemother-
apy. Chemotherapy is used in over 50% of cancer cases as standard treatment, including
metastatic cancers [6]. A major drawback of chemotherapy involves the reduced effective-
ness of targeted drug delivery to tumour cells, causing unintended penetration of drugs
into healthy cells and tissues. They could lead to side effects at a systemic level, including
fatigue, hair loss, nausea, vomiting, and increased infections due to low blood cell counts
(by affecting the blood-forming cells of the bone marrow). Higher doses of anticancer
drugs are used to achieve the necessary drug concentration in the tumour cells, causing
even more side effects due to the toxicity of the chemotherapeutic agents on healthy cells
and tissues [7]. Another significant disadvantage of chemotherapy is a tumour’s intrinsic
or acquired resistance to the drug, which often leads to disease reoccurrence and further
decreases therapeutic outcomes. During the last decades, treatment resistance has been a
major research topic leading to discoveries, such as cancer stem cells, sequence mutations,
and bidirectional inter-conversion of cancer stem and non-stem cell populations [8].

Nevertheless, implementing successful cancer treatment protocols that lead to very
good outcomes will require surpassing these elements of difficulty by a considerable
refinement of our knowledge concerning the treatment, and therefore improving the
survival chances of the patients. The current anticancer drugs are very potent killing
factors. The next logical step is to manage, and design targeted delivery systems, which
can release the drug inside the tumour, blocking the drug’s capability to attack the healthy
tissue [9]. Such results can be obtained by magnetic carriers, which can be designed to
simultaneously assure targeting and triggering, and thus to develop smart systems able to
generate personalized therapy.

2. Nanostructured Carriers

In an attempt to replace current cancer treatments, various nanomaterials, such as
liposomes [10–12], immunoliposomes [13], MNPs [14–16], polymers, nanogels, etc., are
being used in clinical trials to ensure targeted delivery of the biologically active agents into
the desired tissue/organ, according to a desired release profile. Table 1 illustrates the most
important nanocarriers in the targeted delivery of different chemotherapeutic agents.

Such carriers increase the circulation time in chemotherapeutic agents’ bloodstream,
improving their accumulation and retention in tumour cells or tissues. It sometimes
increases chemotherapeutic agents’ release across physiological barriers at the disease
site [17,18].
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Table 1. Type of nanoparticles used as carriers.

Type of Carriers Advantage Disadvantage References

Inorganic
carriers

Small size;
Special magnetic, electric,

and optic properties;
Tuneable size, structure, and

functionalization;
Suitable for theranostic application.

Low
solubility;
Toxicity.

[19,20]

Lipid-based carriers

Ease formulation for
specific applications;
High bioavailability;

Hydrophilic and lipophilic carriers;
Chemical modification;

Improve blood circulation.

Carrier
flexibility;

Low
encapsulation

efficiency.

[19,20]

Polymeric carriers

Easily controlled;
Surface modification;

Biodegradable;
Hydrophilic and

hydrophobic carriers.

Self-
aggregation;

Toxicity.
[19,20]

As a result of their nanometric dimensions (10 to 100 nm) and the enhanced per-
meability and retention rate (EPR) of the tumoral cells, these nanocarriers accumulate in
tumour cells or tissues much faster than in healthy cells or tissues. This phenomenon can be
explained by the fact that the tumour cells are more active, and internalization is also faster
because they need more nutrients and oxygen to grow (which is why angiogenesis is faster),
leading to increased therapeutic efficacy and reduced side effects [21]. The carrier’s size is
essential because small particles, such as the quantum dots, facilitate cell internalisation,
and the surface charge and chemistry are crucial [22].

Among the various MNPs used as systems for releasing chemotherapeutic agents,
special attention has been shown to Fe3O4 nanoparticles. They offer opportunities for
biomedical applications due to their superparamagnetism [23]. However, there are a series
of major disadvantages, such as high susceptibility to acid and oxidative degradation.
Additionally, the high degree of agglomeration is due to strong van der Waals and mag-
netic attractions between particles, which cause the accumulation of MNPs and limit the
practical applications of these nanoparticles. To overcome these disadvantages, coating
the nanoparticles with an outer protective layer is an effective strategy to maintain the
magnetic components’ stability and avoid excessive agglomeration [24,25]. An efficient
and often used procedure to achieve this is by encapsulating Fe3O4 nanoparticles in an
inorganic (C, SiO2, ZnO, etc.) or organic coating (PEG is the most used polymer) to obtain
magnetic systems with a core–shell structure [26,27], which can expand their technical
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application as a result of the unique characteristics of the coating (high stability in bio-
logical conditions) and their ability to provide a platform for chelating groups. However,
the use of Fe3O4@inorganic for cancer treatment is limited. Most inorganic shells are
hydrophobic and chemically inert, which disadvantages their applications in an aqueous
environment. Indeed, additional surface modification can be done to achieve the proper
stability, hydrophilic/hydrophobic ratio, bioaccumulation tendency, and release rate, but
also an appropriate reactivity of the surface [28].

Therefore, an organic coating of MNPs can accomplish more than one goal: provide a
suitable surface for hydrophilic interactions, loading capacity similar to a sponge, antibody
functionalization for targeted delivery, biocompatibility to evade the human body immune
system, and capacity to deceive the tumour cell defence mechanisms [29–32]. A promising
synthetic material extensively reported in the literature for surface modifications of MNPs
is polyethylene glycol (PEG) [33], a hydrophilic, highly water soluble, biocompatible, non-
antigenic, and protein-resistant polymer [24]. According to Tai et al. [34], compared to
unmodified MNPs, PEG-coated MNPs showed high colloidal stability for up to 21 days.
This long-term stability is not always necessary, as cytostatic release occurs within only a few
days. Depending on the application, release profile, loading capacity, and targeted delivery
are much more important. Therefore, finding suitable capping agents for a particular
application is still a limitation/challenge of current approaches.

In oncology, MNPs are specially designed as Trojan horses. They are expected to
internalize into the tumoral cells, followed by additional therapies, such as the release of
antitumoral agents or radiotherapy [35–37]. This approach is beneficial because, in this
way, the systemic toxicity is decreased (the targeting being assured by magnetic fields or by
decorating these carriers with specific receptors: folic acid, specific peptides, and antibodies
being some of the most studied). These carriers primarily accumulate in the desired cells
and tissues [38–40].

3. Antitumoral Agents and Nanomedicine

The National Institute of Health has defined “nanomedicine” as the applications of
nanotechnology for the treatment, diagnosis, monitoring, and controlling of biological
systems. Scientists have focused on researching the adequate modality to deliver and target
pharmaceutical, therapeutic, and diagnostic agents, and they turned towards nanomedicine.
Using nanomedicine in cancer means identifying a precise target with specific clinical con-
ditions and choosing suitable nanosystems-drug conjugates to achieve the desired response
while minimizing the side effects of anticancer drugs. Therefore, today’s nanotechnology
and nanomedicine approaches have designed and expanded the basis of drug formulations
for humankind’s benefit [41].

Nanomedicine has great potential to improve anticancer therapy. Thus, a relatively
small number of nanomedicine products are approved for clinical trials that could ensure
specific therapeutic benefits for patients. Still, the perspectives in the field are immense.
Improving nanomedicine’s clinical impact in cancer therapy requires novel perspectives
on establishing smart strategies. By integrating clinical trials, pharmaceutical companies,
and the authorities in developing innovative anticancer drugs, some crucial achievements
are expected, including improved efficiency and lower toxicity [42,43]. Nanoscience has
shown that designing various drug formulations with enhanced diagnostic and therapeutic
effects could shift into synthesizing a mono-nano-drug [44,45]. Several features must be
followed to configure nano-drug formulations. For example, their core is based on organic
or inorganic molecules, or a combination must hinge for the intended use. Properties, such
as surface charge, tuneable size, and hydrophobicity, could be improved for the desired
function [46,47]. In this viewpoint, nanomedicine shifted attention to a significant class of
nanoparticles, such as MNPs, with great applicability in developing platforms to combat
cancer [48].

MNPs have unique characteristics, being able to be used successfully in diagnosing and
treating cancer due to their special physicochemical properties. Due to their easy synthesis,
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high affinity to surface functionalization, low toxicity, and good biodegradability, MNPs act
as outstanding imaging tools and drug delivery carriers in cancer therapies [49–51]. MNPs
possess great biomedical potentials, such as biosensing [52], magnetic hyperthermia [53],
MRI [54], and controlled drug release [55]. Due to their high magnetization, MNPs have
drawn attention towards a new imaging technique.

Moreover, to understand the applications of MNPs in cancer therapy, one must con-
sider their synthesis, characterization, size, shape, and coating (Figure 1). MNPs usually
have a magnetic core–shell and a polymeric coating, showing that essential properties
are enhanced through functionalization, decoration, and surface coating. The literature
includes some traditional syntheses for MNPs, such as co-precipitation, sonochemistry,
hydrothermal, or solvothermal methods, reverse microemulsion, pyrolysis, and thermal
decomposition [56].

Figure 1. Correlation between synthesis method and application.

Lately, researchers have designed novel synthesis strategies, such as biogenic and
microfluidic synthesis. Microfluidic synthesis uses many materials, such as glass, silicon,
ceramics, and polymers, which provide significant advantages over the final size, shape,
and homogeneity of the formed nanoparticles. For example, Cabrera et al. [57] designed
a latex-based microfluidic platform synthesizing gold and iron oxide nanoparticles. It is
worth mentioning that the obtained nanoparticles could be mixed and form 10 nm-sized
iron oxide NPs decorated with 4 nm AuNPs with monodisperse core sizes.

This new application of MNPs implies the ability of the nanoparticles to detect cancer-
ous cells within diverse necrotic tissues. This capacity could be explained by the fact that
the shape, and physical and chemical properties of MNPs are interdependent. The main
condition-based advantages of the MNPs are morphology, chemical composition, shape,
size, magnetic and functionalization features, which are very important aspects for the
desired biomedical usage [58,59]. The magnetic properties of MNPs could be customized
with a biocompatible coating to increase their specificity for targeted cancerous tissue. The
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biocompatible coating can form many surface modifications that could transform into
various multi-functionalities approaches of MNPs [60].

Nanoparticles synthesized in the presence of dispersing agents are more reactive than
materials synthesized in the absence of dispersing agents due to their high surface/volume
ratio [56]. Additionally, they show a high degree of protection against oxidation due to
MNPs coating. By covering the MNPs, the degree of toxicity in the body is prevented and
reduced in the case of their use in in vivo applications. The choice of the coating materials
has to take into account the nature of the coating, especially from the point of view of
stability, and the possibility of further physical or chemical functionalization, according to
the desired final application. The following examples show a range of coating materials
used to develop medical application carriers [61].

The functionalization of the surfaces of magnetic materials using organic linkers
is widely used because organic linkers confer specific surface properties to the various
biomolecules to be linked. In the specialized literature, a series of organic, such as amines,
carboxylic acids, aldehydes, and thiols linkers, are used in the functionalization process of
MNPs, the most organic linkers used are those that create electrostatic interactions. This
is because the binding strength is relatively easy to manipulate, either by adding ions
or changing the pH of the medium. For example, for the use of MNPs as carriers for
gene delivery, the surface of the MNPs must be strongly positively charged, as they must
ideally bind through electrostatic interactions, a large amount of negatively charged DNA
molecules. These electrostatic interactions allow the release of genes after the internalization
of MNPs in the cell [62]. For the delivery of drugs, such as ibuprofen and aspirin, which
have negatively charged groups (e.g., carboxylate, sulphonate, etc.) in their molecular
structure, the surface of MNPs must be functionalized with organic linkers that decorate
the surface of these nanoparticles with positive groups, such as ammonium salts. Once
these MNP-drug systems reach the target organs, drug delivery will be triggered due to
the anion exchange (chlorides and phosphates) [61].

Another material used to modify the surface of MNPs is amorphous silica and/or
mesoporous silica. The modification of MNPs with silica is usually carried out as the
hydrolysis of tetraethyl orthosilicate (TEOS) at a neutral-slightly alkaline pH by salinization
with functionalized silanes such as 3-aminopropyl trimethoxysilan or the neutralization of
silicic acid.

Using natural polymers in coating MNPs is a common alternative, due to their high
biocompatibility, to use them in medical applications. For example, MNPs covered with
dextran are used in the treatment of cancer, the modification of the surfaces of the MNPs
being possible by making hydrogen bonds between the -OH groups in the structure and
those behind the surface of the MNPs. Dextran was used with other organic (alginate, chi-
tosan, poly-L-lactic acid) and inorganic (silica) polymers to improve the surface properties
and generate new ones [61].

The following section of the review is devoted to using superparamagnetic iron oxide
materials (SPIONs) in cancer therapy. SPIONs are considered promising nanostructured
platforms suitable for drug delivery due to their functionalization ability, good biocompati-
bility, and enhanced contrast effects for MRI [63].

Zuvin et al. [64] showed the anticancer properties of SPIONs stabilized with poly-
acrylic acid on breast cancer tumours. The modified NPs successfully provided more
effective treatment, showing low toxicity, high stability, and ultra-small particle size.

A study by Kandasamy et al. [65] reported designing a new multifunctional magnetic-
polymeric NPs built from ferrofluids by encapsulating hydrophobic SPIONs stabilized
with oleylamine into the PLGA-based NPs, with two drugs, curcumin or verapamil. The
authors investigated the biocompatibility, magnetic properties, and heating capacity of the
formed MF-MPNs. The results showed that PLGA encapsulation significantly improved
the stability of SPIONs with minimal toxicity and maximum treatment efficiency.

In this case, polycaprolactone (PCL)-coated SPIONs were used to design a new
therapeutic drug with improved thermosensitivity and cytocompatibility. The obtained
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nanomedicine showed significant advantages, high stability, good dispersion, cytocompati-
bility, and the possibility of high control when heating [66].

4. Magnetic Hyperthermia

Magnetic hyperthermia is another treatment option, along with chemotherapy and
radiation therapy, used in cancer therapy [67]. For therapeutic purposes, hyperthermia
therapy (HT) involves exposure to high temperatures of the whole body or specific areas
of the body to achieve a therapeutic effect. In recent years, this therapy has begun to be
increasingly used as a complementary form of cancer treatment [68].

Techniques currently used to achieve a localized hyperthermic effect are radiofre-
quency, ultrasound, microwave, laser, and MNPs. The use of MNPs to generate therapeutic
hyperthermia is known as magnetic hyperthermia (MHT), and was used as a cancer ther-
apy in 1957 [68]. MHT was first used when Gilchrist et al. [69] selectively heated tumours
using magnetic particles by applying an alternating magnetic field (AMF). Later, MHT was
introduced clinically as an alternative approach for the local treatment of tumours without
affecting the surrounding healthy tissues [70–73].

Hyperthermia treatment generally uses heat from various sources, such as electromag-
netic waves or ultrasound, to destroy cancer cells by denaturing the proteins that combine
the cell membrane and cytoplasm. Techniques currently used to achieve a localized hy-
perthermic effect are radiofrequency, ultrasound, microwave, laser, and MNPs. The idea
of hyperthermia used as an artificial temperature inducer above the threshold of 46 ◦C in
the human body has been around for decades. Hyperthermia is usually used with other
therapies, such as chemotherapy or radiotherapy [5,35–37].

Available MHT techniques do not efficiently direct the heat to the tumour, thus
exhibiting low efficiency. Consequently, this lack of efficiency has led to the development of
nanomaterials with properties capable of dissipating energy at the tumour site, increasing
efficiency and specificity for deeper tumours [6,21]. In addition, the development of diverse
strategies for the cellular internalization process and/or paramagnetic nanoparticles [22],
such as iron oxide nanoparticles, contributes to increasing the efficiency of this therapy.

Heat destroys tumour cells due to the low dissipation of thermal energy associated
with the heterogeneity of oxygen intake and nutrient demand caused by the excessive
tortuous branching of blood vessels and the absence of lymphatic vessels. The increase in
temperature leads to the modification of the functions of structural and enzymatic proteins
in tumour cells, followed by the modification of the cell proliferation index that finally
shows their apoptosis/necrosis [74,75].

The heating capacity is closely related to the NPM material’s properties and the pa-
rameters of the applied field. However, for nanostructured magnetic materials, the heating
effectiveness relies on the correlation between the intrinsic time-dependent relaxation
processes of the NPM magnetic moments and the time scale of the AMF field vector [76].

The MHT technique is based on two MNP relaxation processes, Néel relaxation
and Brownian relaxation, both associated with intracellular and extracellular MHT pro-
cesses [77]. In the case of nanoparticles internalized in tumour cells, by applying an alter-
nating magnetic field (AMF), only the Neel relaxation contributes to the thermal energy
(intracellular MHT). Brownian relaxation does not contribute to the thermal energy due to
the high viscosity of the medium, which does not allow the nanoparticles to rotate freely.

For nanoparticles not internalized in tumour cells, the contribution of Néel relax-
ation and the contribution of Brownian relaxation are relevant to the extracellular MHT
process [78].

MHT consists of using the heat generated by MNPs when applied to an alternating
magnetic field (AMF) to destroy cancer cells by denaturing the proteins that make up the
cell membrane and cytoplasm, resulting in altered physiology of the cancer cell, which
ultimately leads to their apoptosis/necrosis (Figure 2).
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Figure 2. Schematic illustration for the MNPs-mediated MH working mechanisms under AMF.

In exposing iron oxide nanoparticles to alternating magnetic fields, heat is generated by
Neel relaxation and Brownian rotation. Ideally, using active or passive targeting processes,
MNPs can be targeted to the tumour, where they accumulate. Thus, by applying an external
magnetic field, the temperature of the cells around the MNPs is considerably increased
compared to the temperature of the cells further away. Thus, cells in the vicinity of MNPs
can be selectively destroyed, at the same time reducing the body’s exposure period to
external stimuli (Figure 2).

MNPs-mediated MH therapeutic treatment (MNPs-MH) helps achieve intracellular
hyperthermia [72] by applying an alternating magnetic field. This directly leads to the
therapeutic heating of cancer cells, the local and homogeneous heat obtained leads to higher
selectivity and efficacy of therapy. The most significant advantage of MNPs-mediated MH
(MNPs-MH) is deep tissue penetration and selective killing of cancer cells without affecting
healthy cells and tissues. As a result of these advantages, MNPs-MH-based tumour
treatment was introduced into clinical trials not long ago, and has been successfully used
for the treatment of glioblastoma, pancreatic cancer, and prostate cancer [79]. This technique
has proven effective, producing good results in various preclinical studies performed on
animals and phase III clinical studies on humans [80,81].

5. Passive Targeting

Passive targeting of a target organ is an essential process because the free accumulation
of MNPs in the tumour area leads. In some cases, effective MRI detection facilitates cancer
diagnosis and, implicitly, its subsequent treatment. Nanoparticles preferentially accumulate
in tumour tissues due to EPR for suitable-sized NPs [82–84]. It has been demonstrated that
an NP with d = 10–100 nm may be accumulated predominantly in tumours, compared to
normal tissues. Passive targeting is strongly influenced by the nanoparticles’ size, surface
charge, and hydrophobicity [85]. For example, NPs smaller than 20 nm predominantly
accumulate in the kidneys. In comparison, the NPs with d = 30–150 nm predominantly
accumulate in the bone marrow, heart, kidneys, and stomach. NPs with d > 150 tend to
bio-accumulate in the liver and spleen. Another important property that influences passive
targeting is represented by retention times. Due to opsonisation, Gobbo et al. [86] showed
that hydrophobic and positively charged structures have short circulation times. In contrast,
hydrophilic and negatively charged nanostructures have long circulation times [86,87].

As is known from the literature, tumours develop a series of abnormal vessels through
which the blood supply takes place, and abnormal vessels that present cracks through
which NPs can accumulate in tumours [86,88]. As observed in Figure 3, there is an essential
difference in the blood vessel construction between healthy and tumour tissue. As the
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tumoral tissue grows, the blood vessels are hastily created to keep pace with the increasing
need for nutrients. This generates poorly constructed blood vessels permeable to the
magnetic nanoparticles or other nanometre drug delivery systems. In addition, these
nanoparticles are preferentially accumulated in the tumoral cells and tissues because
more blood vessels irrigate these tissues, and their uptake is upregulated. By this passive
targeting, therapeutics only target the tumour cells, leaving the healthy ones unharmed.

Figure 3. Passive targeting of tumour tissue occurs in blood vessel construction.

6. Active Targeting

In treatments with magnetic support, biologically active molecules are conjugated with
the surface of MNPs or could be encapsulated in the MNPs, such as liposomes, micelles,
or dendrimers [85,89]. Thus, applying an external magnetic field to the charged MNPs
with active molecules should be brought to and maintained in the area of interest. Figure 4
illustrates the action mechanism of passive and active targeting.

Figure 4. Action mechanism of passive and active targeting.
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To understand the mechanism of action of passive and/or active targeting, one must
comprehend the specifically targeted organ, and which method is appropriate for the best
outcome. As already presented in the previous section, passive targeting is essential and
correlated to the accumulation of MNPs and their circulation time. In contrast, active
targeting occurs precisely, directly delivering therapeutics to the targeted cancerous cells
by ligands to receptors [89,90].

7. Smart Magnetic Drug Delivery Systems

A simple, smart drug delivery system is represented by COLL/HA-Fe3O4@cisplatin [91],
which was proposed to treat bone cancer. In this case, the multifunctional magnetic
composite material loaded with cisplatin is implanted in the bone defect, as presented by
Andronescu et al. [92,93]. In this case, such multifunctional materials can be used, and
the loco-regional delivery is suitable to avoid systemic toxicity (Figure 5). These systems
can be considered smart because they can be externally controlled. Due to the induced
hyperthermia, the cisplatin delivery rate can be enhanced; thus, the antitumoral activity
is enhanced. Such systems are suitable candidates for assuring personalized therapy, and
depending on the evolution of the healing, the active agents’ release can be adapted.

Figure 5. The procedure of treating osteosarcoma using multifunctional materials (with the kind
permission of Springer [92]).

Due to its unique properties, such as high stability and the possibility of very easy
functionalization via thiol (–SH) linkers [94], gold (and silver) is one of the most frequently
used materials as a decorating material [95]. It is well known that various sulphur com-
pounds, such as thiols and more, have a high affinity for gold [61]. Gold-coated MNPs
were described in the literature in 2001, when researchers [68], using the reverse micellar
mechanism, synthesized multifunctional systems of the “Fe3O4@Au” type with a core–shell
structure and diameters 18–80 nm. These systems were later functionalized for binding
biomolecules using -SH as linkers with an amine functional group [61]. When magnetic core
and Au/Au nanoparticles are assembled via the thiolic linkers, the obtained systems can
be used in cancer therapy. Magnetite nanoparticles can ensure magnetic targeting and pro-
duce hyperthermia. At the same time, these nanoparticles can exhibit photothermic effects
and antimicrobial activity while providing the specific binding of receptors. If the silver
content is high enough, core@shell@shell structures (Fe3O4@Cys@NM, where NM = noble
metals, Au/Ag) can be obtained. The as-obtained magnetic systems can be loaded with
adequate antitumoral drugs, and their release will be triggered by NIR or magnetic fields
(Figure 6) [96].
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Figure 6. Smart MNP with triggered delivery and targeted capacity [96].

Recently, several studies have developed silica based MNPs for cancer therapy which
will be presented next. Hsiao et al. [97] developed an innovative theranostic platform
consisting of L-cysteine-grafted mesoporous folic acid-europium-gadolinium-silica (FA-
EuGd-MSNs-SS-Cys). This innovative platform has proven to be an effective tool for
transporting, imaging, and delivering therapeutic drugs. The advantage of this approach is
to function simultaneously as a therapeutic and guided ageing agent in cancer treatment.
Another example showed that Fe3O4@SiO2@ tannic acid NPs are used as pH-sensitive
drug delivery systems to simultaneously release the anticancer drugs methotrexate (MTX)
and doxorubicin (DOX). Findings reported that Fe3O4@SiO2@Tann could be considered a
double-shell nano-drug platform for treating cancer [98,99].

Dai et al. [100] developed a DOX-loaded Fe3O4@SiO2 platform by the solvothermal
method. The results showed that 82.8% of lung cancer cells were killed by Fe3O4@SiO2@DOX
treatment with a drug concentration of only 10 μg/mL of DOX. Furthermore, 81.3% of lung
cancer cells were killed during incubation with Fe3O4@SiO2@DOX with a concentration of
only 0.5 μg/mL of DOX and 15 min of NIR irradiation, thus proposing a unique synergism
between chemotherapy and the photothermal effect [100].

Recently, combining chemotherapy and photothermal therapy with strong theranostic
NPs, and integrating diagnostic and therapeutic agents has been a tremendously beneficial
alternative in the fight against cancer. Elbialy et al. [101] developed multifunctional mag-
netic gold NPs (MGNPs) conjugated with PEG and DOX type MGNP_DOX. It was found
that by integrating chemo/photothermal treatment, MGNP_DOX had higher efficiency
both in vivo and in vitro. Additionally, examination of MGNP-DOX by immunohistochem-
ical and histopathological studies confirmed using it as a theranostic material. Additionally,
using MGNP-DOX as an MRI contrast agent for synergistic chemo/photothermal targeted
therapies has led to promising results.

As acknowledged worldwide, triple-negative breast cancer (TNBC) is a very aggres-
sive cancer cured via standard chemotherapy. Therefore, it is foremostly required to develop
an innovative approach to treating TNBC [102]. In the presented study, Li et al. [103] fab-
ricated a multifunctional magnetic gold hetero nanostructure with photosensitizer Ce6
(chlorine e6) loading (MF_MGN@Ce6) for synergic effects of photodynamic and pho-
tothermal (PDT/PTT) ability of TNBC. The obtained nano-drug MF_MGN@Ce6@RT was
functionalized with mitochondria-targeting molecular and cell membrane-targeting pep-
tide of cRGD of TPP. Results confirmed the guaranteed efficiency of the MF_MGN@Ce6@RT
to TNBC tumours.

Lately, using natural polysaccharides in nanomedicine applications has gained signifi-
cant interest. Chitosan (CS) has been used in cancer therapies as a drug delivery nanocarrier
with promising achievements in targeted drug delivery [104,105]. Shanavas et al. [106]
synthesized a hybrid based on MNPs with a core of PLGA functionalized with a folate-CS
shell as an MRI contrast having anticancer features. The folate/CS shell was obtained
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from carbodiimide covered by SPIONs with a thin layer of PLGA loaded with docetaxel.
In conclusion, it has been shown that the biocompatible hybrid core–shell has immense
potential for simultaneous MR imaging and cancer treatment [106].

Adimoolam et al. [90] designed MNPs conjugated with DOX via a pH-sensitive
imine bond with glutaraldehyde as a cross-linker. Cell viability tests confirmed that
the MNPs conjugated DOX presented an improved therapeutic impact. An important
outcome of MNPs was the low toxicity to the normal cell, which was assigned to the precise
targeting capacity.

Recently, magnetic carbon-based nanomaterials gained significant attention due to
their ability to develop platforms in which ligands or drugs are conjugated for cancer
therapy applications. An example was Ag@Fe3O4@C_PEG_FA (FA-folate) NPs loaded with
DOX, which have suitable biocompatibility and stability and exhibit synergistic potential
and targeting capacity without any toxic side effects. Therefore, it has been proven that
Ag@Fe3O4@C_PEG_FA NPs are suitable nano-platforms for chemo/photothermal therapy
and imaging contrast [107].

Another example of a nano-drug platform for cancer therapy is discussed next.
Kievit et al. [108] synthesized a new formulation based on chitosan-PEG-PEI coated on
SPIONs functionalized with chlorotoxin (CTX) and green fluorescent protein (GFP) en-
coded DNA. The use of chlorotoxin is justified based on the targeting capacity of this ligand
to brain tumours, such as glioma. After administering the complex DNA_CTX in the C6
xenograft tumour in mice, Kievit discovered an increased uptake of the complex DNA_CTX
in the targeted tumour compared to the control DNA. Therefore, Kievit et al. [109] demon-
strated the importance of copolymer coating of Fe3O4 NPs in targeting and gene therapy
applications [110].

Even if there have been made significant breakthroughs in clinical trials with various
nano-drug based on MNPs platforms towards cancer theranostic applications, further
research still needs to be done to overcome many issues related to long-term toxicity and
nano-bio human toxicity interactions. However, despite their importance in many clinical
studies, especially in cancer therapy, no MNPs formulations are approved for therapeutic
use [110]. Additionally, a significant problem was directing the target towards the organ,
with each method presenting advantages and disadvantages.

Tumour delivery of macromolecular drugs based on MNPs has attracted great interest
in cancer therapy. However, macromolecular drugs could be proteins, peptides, DNA-
based constructs, and even lipids. It has been demonstrated that many proteins and
peptides have enhanced biological effects, making them perfect therapeutics for developing
anticancer agents. It is well known that tumour tissues differ anatomically from normal
tissues, which makes them well-distinguished. Using macromolecules for cancer therapy
has the advantage of penetrating and accumulating only in tumour tissues, which leads
to extensive pharmacological accumulation. To achieve significant development and
therapeutic potential of the anticancer drugs, they must attach macromolecules to based-
targeting nanoparticles. One of the most commonly used nanoparticles as nanocarriers for
targeted therapy are iron oxide nanoparticles, which are used as contrast agents for specific
targeted drug delivery [54,111,112].

Yang et al. [113] developed an enzyme-responsive hybrid DOX-SMNPs (silica MNPs)
for selective drug delivery and intracellular tumour imaging. The hybrid of enzyme-
responsive nanoparticles demonstrated effective DOX release upon specific enzyme in-
teraction in vitro. This multi-responsive hybrid exhibits better cellular tracking of DOX
molecules through the help of MRI and fluorescence imaging techniques.

Another study presented an anticancer drug delivery system based on MNPs grafted
with carboxymethyl chitosan (CS) and β-cyclodextrin (β-CD). The obtained nano-drug was
designed to enhance the delivery of prodigiosin (PG) to cancer cells. The anticancer drug,
prodigiosin, loaded into the nanoparticles, was used as a model antitumor drug, targeting
aggressive tumour cells. The results show that CS-MNPs presented efficiency and better
targeting ability for prodigiosin toxicity effect on cancerous cells than β-CD-MNPs [114].
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Wang et al. [115] synthesized polyethylenimine (PEI)-MNPs as nanocarriers for tumour
treatment of glioblastoma multiforme, a very aggressive type of malignant brain tumour.
Scientists are working to develop effective treatments for curing this bold, incurable brain
tumour. The literature provides numerous intriguing insights regarding using surviving as
a potential new target for cancerous tumour treatment. Currently, controlling the expression
of surviving RNA might be the best approach for cancer research. Additionally, it is a
valuable device for specific proteins encoded by mRNA, which become potential cancer
therapeutic [116]. Therefore, choosing the appropriate carrier system for small interfering
RNA (siRNA) delivery was challenging. MNPs are viable carriers for siRNA delivery due
to their unique properties, such as size, nontoxicity, biocompatibility, great stability, and
easy functionalization. Therefore, developing PEI-MNPs for siRNA gene delivery has
practical applications in brain tumours. Results confirmed that fabricating PEI-MNPs with
a cationic polymeric shell could effectively absorb adequate siRNA molecules and protect
them from enzymatic media in vitro. This study indicated that the nanocarriers presented
successful results in imaging and siRNA delivery for in vitro therapy of glioblastoma
multiforme [115].

Another study developed a new magnetic nanovector targeting transgene therapy for
oral squamous cell carcinoma (OSCC). The magnetic nanovector fabricated from MNPs
modified by PEI polymer was tested as gene transfer vectors. The results indicated that
PEI-modified Fe3O4 nanoparticles could target Tca83 cell killing and provide a potentially
novel method for the future treatment of the OSCC [117].

Tanaka et al. [118] developed an intratumoral injection of immature dendritic cells
(DCs) combined with magnetite cationic liposomes (MCL) with the induced effect of
hyperthermia in vitro studies. When the DCs were pulsed with mouse B16 melanoma-
heated cells, major histocompatibility complex (MHC) I/II and costimulatory molecules
(CD80/CD86 and CCR7) were upregulated, concluding in DCs maturation. Additionally,
it has been reported that DCs regulate the immune response in tumour cancer and have
proven that they were triggered by heat shock proteins (HSPs). Very important to mention
is that HSP70 induces antitumor immunity after hyperthermia. Therefore, suggesting that
injecting DCs into tumour tissue will release HSP70 after hyperthermia implies that using
magnetite nanoparticles is possible for malignant melanoma.

Another example of nanocarriers for cancer therapy was developed by Sun et al. [119],
demonstrating that coupling DOX with BMs (bacterial magnetosomes) displayed efficient
antitumour properties. In this study, bacterial magnetosomes (BMs) were used as carriers
in cancer therapy and coupling DOX with BMs (DBMs) showed compatible results similar
to DOX. BMs’ potential as drug carriers for enzymes, nucleic acids, and antibodies has been
experimentally used for developing magnetic-targeted drug carriers. Results indicated that
BMs showed good biocompatibility, and DBMs may offer an innovative target in cancer
therapy; thus, clinical studies must be done to overcome any research obstacles.

Colon cancer is considered one of the most aggressive types of cancer. Therefore, stud-
ies have shown that the anticancer activity of human cathelicidin LL-37 peptide attached
to the surface of MNPs would considerably be improved. Niemirowicz et al. [120] used
two colon cancer culture cells (DLD-1 and HT-29 cells), LL-37 antimicrobial peptide and
its synthetic analogue ceragenin CSA-13 (mimic peptides). They developed two novel
nanosystems based on MNPs, MNP@LL-37 and MNP@CSA-13, to evaluate the effect of
MNPs as a drug delivery system. Results proved that combining antimicrobial peptides
with MNPs drug systems will decrease the viability of the colorectal cancer cell line. Ad-
ditionally, studies showed that the ceragenin CSA-13 had enhanced apoptotic properties
on colon cancer cells than LL-37. Hence, these results show that both nanosystems are
excellent instruments in developing targeted therapy, mainly due to their capability to be
incorporated into tumorous cells [121,122].

In another study, Gao et al. [123] developed new nanoplatforms for drug delivery
based on nanomagnetic liposomes (Lips)- encapsulated parthenolide (PTL) and glucose
oxidase (GOD) with efficient synergic antitumour therapy. This multifunctional drug
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was synthesized from modified MNPs, PTL and GOD-encapsulated to form the delivery
system GOD-PTL-Lips@MNPs, targeting the tumour’s acidic environment. The formed
nanoplatforms drug delivery system showed a significant antitumour effect, minimising
the tissues’ toxicity in vivo. Through the synergistic effect of the constituent compounds
of the drug delivery system, it has been provided with a possible approach, which could
improve the efficiency in targeting and curing cancerous tumours.

8. Conclusions

As cancer is a disease provoked by the uncontrolled division of the cells, any antitumor
drug is a killing agent or is a substance that stops the natural multiplication of the cells.
Therefore, being an anti-growing substance, it will affect both tumoral and healthy cells,
hence the unwanted side effects of the chemotherapy. The new therapies are counting
on target delivery of the drugs with the help of appropriate nanocarrier. As the drug
is encapsulated, the new paradigm is to manage the delivery only to the tumour tissue.
Magnetic nanocarriers present the distinct advantage of following an external magnetic
field and concentrating in the tumour zone. In addition, these nanocarriers can generate
hyperthermia and stress, which induces apoptosis and/or necrosis of the tumoral cells.
However, maybe more importantly, the increased temperature can assure a triggered
delivery. Thus, the active agent can be released at the desired moment and according to a
desired rate.

Moreover, by decorating these nanoparticles with adequate molecules or applying an
appropriate magnetic field, targeted accumulation and cell internalization can be achieved
in the desired tumoral tissue/organ. Hyperthermia is controlled externally by using the
correct electromagnetic field. The triggering and targeting can ensure an efficient therapy.
At the same time, the release can be tuned according to the field characteristics and applied
time to create the premises of personalized therapy/treatment.
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Abstract: Treatment of large bone fractures remains a challenge for orthopedists. Bone regeneration
is a complex process that includes skeletal cells such as osteoblasts, osteoclasts, and immune cells
to regulate bone formation and resorption. Osteoimmunology, studying this complicated process,
has recently been used to develop biomaterials for advanced bone regeneration. Ideally, a biomaterial
shall enable a timely switch from early stage inflammatory (to recruit osteogenic progenitor cells) to
later-stage anti-inflammatory (to promote differentiation and terminal osteogenic mineralization and
model the microstructure of bone tissue) in immune cells, especially the M1-to-M2 phenotype switch
in macrophage populations, for bone regeneration. Nanoparticle (NP)-based advanced drug delivery
systems can enable the controlled release of therapeutic reagents and the delivery of therapeutics into
specific cell types, thereby benefiting bone regeneration through osteoimmunomodulation. In this re-
view, we briefly describe the significance of osteoimmunology in bone regeneration, the advancement
of NP-based approaches for bone regeneration, and the application of NPs in macrophage-targeting
drug delivery for advanced osteoimmunomodulation.

Keywords: nanoparticles; bone regeneration; osteoimmunomodulation; targeted drug delivery;
nanomedicine

1. Introduction

Treatments for large bone defects caused by cancer, trauma, infection, and progressive
congenital conditions remain challenging for orthopedic surgeons [1,2]. Trauma or disease
can cause segmental bone defects, a common and severe clinical condition that can delay
the union or non-union of bone [3]. Bone grafting is among the most often utilized surgical
approaches to treat bone defects; with almost two million annual surgeries, it is the second
most frequent medical procedure worldwide following blood transfusion [4]. Despite the
availability of grafts, autologous bone is still the preferred option and gold standard be-
cause autologous bone grafts have natural osseointegration, osteoinductivity, and excellent
biocompatibility. However, appropriate bone tissue for autologous grafting is generally in
short supply, and its harvesting is frequently linked with recipient morbidity [5,6]. Alterna-
tively, bone allografts are the second most popular choice for orthopedic treatment, which
have provided feasible alternatives for some complicated bone defects without some of
the weaknesses of autografts [7,8]. Bone allografts are mainly osteoconductive, with only
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demineralized bone matrix (DBM) preparations retaining lower osteoinductivity. Despite
this, inferior recovery was detected compared with autologous grafts, and the risk of
disease transmission and other infectious agents was also documented [9]. More critically,
the typical amounts of naturally available bone graft substitutes are still insufficient to meet
therapeutic demands, especially in light of the approaching aging and obesity situations
worldwide [10]. Such cases call for an urgent need for artificial bone substitutes.

Biomaterials, especially nanoscale materials with high biocompatibility and plastic-
ity, have been widely utilized in preclinical studies for managing bone-associated dis-
eases. Nanomaterials have shown their potential in guided bone regeneration (GBR) and
achieved satisfying biocompatibility, mechanical properties, essential barrier function,
and enhanced osteogenesis and angiogenesis [11,12]. Recent studies suggest that the
immune microenvironment is critical for biomaterial-regulated bone regeneration. The im-
planted cells or scaffolds often fail to integrate successfully with the host tissues due to the
unfavorable immune response. On the contrary, a biomaterial capable of generating an
ideal immune environment for osteogenesis benefits bone regeneration, an effect termed
“osteoimmunomodulation”. Meanwhile, nanomaterials, especially nanoparticles (NPs),
are well-developed in the drug delivery field for multiple disease treatments, which can
load and release functional chemicals and proteins to regulate the local immune microen-
vironments [13]. Multifunctional NPs encapsulated in cell membranes with a wide range
of functions are considered as a future-proof platform for targeted drug delivery [14].
Therefore, novel osteoimmunomodulatory nanomaterials are expected to enhance osteoin-
duction by generating a favorable bone regeneration environment. In this review, we focus
on the importance of osteoimmunology in bone regeneration, summarize the effects of
using different materials and different modified NPs to further enhance and promote bone
regeneration, and discuss the potential application of NPs as osteoimmunomodulatory
tools to improve bone regeneration. Primarily, it innovatively focuses on the recent ad-
vances in the development of macrophage-targeted nanotherapeutic agents, a novel and
popular research field in Material Science and Nanotechnology, pointing out the potential
application of this technology in bone healing, and therefore shedding light on future
nanomaterial development for advanced osteoimmunomodulation.

2. Bone Regeneration Process

Bone regeneration is a complex, well-coordinated physiological process (Figure 1) [15].
Immediately after fracture, the blood vessels which supply blood to the bone are ruptured,
resulting in the formation of a hematoma around the fracture site [1]. This hematoma
serves as a temporary framework for healing [1]. Inflammatory cytokines such as inter-
leukins (e.g., IL-1), bone-morphogenetic proteins (BMPs), and tumor necrosis factor-alpha
(TNF-α) are released into the injury site. These cytokines attract monocytes, lymphocytes,
and macrophages, which work together to eliminate dented, necrotic tissue and produce
growth factors such as vascular endothelial growth factors (VEGF) to promote angiogenesis
for bone healing. Inside the hematoma, granulation tissue begins to develop. More osteo-
progenitor cells/mesenchymal stem cells (MSCs) are attracted to the region, where they
start to differentiate into chondroblasts and fibroblasts. As a result, chondrogenesis occurs,
a collagen-rich fibrocartilaginous network spans the fracture sites, and hyaline cartilage
encloses it. Alongside the periosteal layer, osteoprogenitor cells simultaneously construct
a surface of woven bone [16]. Osteocytes, osteoclasts, and chondroblasts are typically
stimulated to differentiate during endochondral ossification of the cartilaginous callus.
The callus of cartilage is trapped and begins to calcify [16]. Subperiosteally, woven bone is
deposited. At the same time, newly formed blood vessels grow, allowing MSCs to migrate.
At the end of this process, an abrasive callus of immature bone forms. In a process known
as “coupled remodeling”, the osteoclasts repeatedly remodel the hard callus [16]. This
process involves both osteoblast bone formation and osteoclast resorption [16]. The spongy
bone of the soft callus is supplanted by lamellar bone, and the callus center is substituted
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mainly by compact bone [16]. The vasculature has undergone significant remodeling in
addition to these modifications [17].

Figure 1. The figure of bone (fracture) healing process. The several phases of bone regeneration are
presented, from the initial hematoma formation phase to callus formation and subsequent remodeling.
At each phase, the major cell populations are indicated. Created with BioRender.com.

Numerous essential molecules that control the intricate physiological process of bone
regeneration have been identified. BMPs are potent and effective osteoinductive factors
that have received the most attention. They promote the differentiation of osteoprogenitors
into osteoblasts by encouraging their mitogenesis. BMPs, which act as strong osteoinduc-
tive constituents in diverse tissue-engineering products, show much promise for clinical
cartilage and bone regeneration [18]. Cervical fusion, the repair of lengthy bone deformities,
and craniofacial and periodontitis applications are just a few of the current clinical applica-
tions. The US FDA recently approved BMP-7 and BMP-2 for specific clinical conditions,
which can be administered in absorbable collagen, food, and drugs [19]. Except for BMPs,
biological substances such as growth factors derived from platelets (PDGF) and plasma
rich in platelets (PRP), have been found to aid in the healing of bone defects [20].

3. Osteoimmunology in Bone Regeneration

Osteoimmunology is defined as the study of the communication between the immune
system and skeletal system [1,21]. The skeletal and immune systems appear separate but
are integral and closely related [1,22]. The basic framework for immune system regulation
is established by the enrichment and different environment provided by bone marrow for
the growth of hematopoietic stem cells (HSCs), which are the common progenitors of all
immune cell types [22]. The communication between immune and skeletal cells, on the
other hand, is critical for the pathogenesis and progression of skeletal damage diseases,
postponed bone regeneration, and some other infectious diseases. Osteoclasts, osteoblasts,
and immune cells, such as macrophages and T cells, play a crucial role in bone regeneration
and healing. They interact with each other and the surrounding microenvironment to
regulate bone remodeling balance and determine bone regeneration (Figure 2). As a result,
cells from both the immunologic and skeletal systems interfere widely in the same bone
microenvironment [22]. The receptor activator of nuclear factor-B (RANK) and RANK
ligand (RANKL) osteoprotegerin (OPG) regulates bone homeostasis and the progression of
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autoimmune bone diseases by recognizing key signals which regulate intercellular com-
munication among bone and immune cells [21]. To initiate differentiation and stimulation
programs, RANK present on the surface of osteoclast progenitors should bind to RANKL
present on the surface of many other cells (including osteoblasts) inside the bone microen-
vironment. On the other hand, the activating threshold of the RANK–RANKL axis is
influenced by the relative expression of OPG, which intervenes with the RANK–RANKL
axis by acting as a coreceptor for RANK. This axis also exists in immune–skeleton interplay,
where immune cells can produce RANKL to activate osteoclastogenesis [23]. Importantly,
this invention has resulted in the effective treatment of bone loss related to metastasis and
osteoporosis, in which RANKL is targeted with a therapeutic neutralizing antibody [24].

In bone injury, immune cells are the first responders at the defect site, restoring
vasculature and initiating signal cascades to attract cells to undertake the healing process.
T lymphocytes and B lymphocytes are observed at the injury site after three days of injury,
and their quantities are diminished when chondrogenesis starts. It has been discovered that
T-cell depletion reduces bone health and fracture healing [25]. B lymphocytes are reported
to be increased in the injury site and peripheral blood during fracture healing, and reduced
production of IL-10 by B cells has been linked to delayed fracture healing. One of the earliest
cell types infiltrated in bone healing hematoma is the macrophage, which remains active
through the healing process. Derived from the mononuclear phagocyte system (MPS) in the
bone marrow, macrophages appear to serve as regulators for the differentiation and function
of osteoblasts and osteoclasts, participating in intermodulation as well as interaction to
reach equilibrium in bone remodeling, which makes them crucial for bone formation and
remodeling [26]. Macrophages have been broadly characterized into unpolarized M0,
pro-inflammatory M1 phenotypes (M1a and M1b), and anti-inflammatory M2 phenotypes
(M2a, M2b, and M2c) based on local stimulators, surface markers, and different functions
(Figure 3) [27]. The M1 macrophages, which can be stimulated by lipopolysaccharide
(LPS), interferon-gamma (IFN-γ), or cytokines, including tumor necrosis factor-alpha
(TNF-α), primarily infiltrate the site of the bone defects during the early inflammatory
stage. In contrast, the M2 macrophages are stimulated by cytokines such as IL-4 and
IL-13, which appear during the subacute phase [1]. The function of M1 macrophages
includes clearance of intracellular pathogens and secreting pro-inflammatory cytokines,
whereas the activation of the M2 phenotype mainly results in anti-inflammatory responses
and subsequent tissue healing. Therefore, the M1 phenotype is traditionally considered to
induce/enhance inflammation. In contrast, the M2 phenotype can reduce inflammation and
promote tissue repair [28,29]. However, some recent researchers have discovered that the
presence of M1 macrophages enhances osteogenesis [30], and an excessive exchange to the
M2 phenotype leads to fibrous tissue healing [31,32]. Therefore, it is hypothesized that both
M1 and M2 are crucial during the bone healing process [1]. During the first stage of healing,
the recruited macrophages polarize to pro-inflammatory M1 phenotypes and generally
remain at the site of the defect for three–four days, recruiting immune cells and MSCs.
Then, they gradually polarize to anti-inflammatory M2 phenotypes along with the healing
process, releasing anti-inflammatory cytokines, eliminating inflammation, and promoting
tissue restoration [1,33]. Therefore, early and short-term activation of M1 macrophages
is essential, as the M1 macrophage depletion or over-inhibition during the initial stages
would inhibit tissue healing [34]. Meanwhile, early activation of the M2 macrophages
impairs tissue healing and induces fibrous encapsulation. Therefore, it is indispensable to
effectively control M1 to M2 polarization at an appropriate time, conduct an osteogenesis-
favoring cytokine release pattern, and benefit the subsequent bone formation 2/8/2023
1:04:00 PM.
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Figure 2. The mechanisms of osteoimmunomodulation in bone regeneration. Reprinted/adapted
with permission from Ref. [35]. Copyright 2021 Zhou, Wu, Yu, Tang, Liu, Jia, Yang and Xiang.

Figure 3. Macrophages have been characterized as unpolarized M0, pro-inflammatory M1 pheno-
types, and anti-inflammatory M2 phenotypes (M2a, M2b, and M2c) with different functions. Created
with BioRender.com.

4. Bioapplication of Nanoparticles

Biomaterials, including polymers, ceramics, and metals, are usually utilized in bone
regeneration treatments, which act as bone substitutes or tissue engineering scaffolds [36].
Biomaterials for bone-associated applications have undergone significant improvement in
recent years, intending to generate functionalized materials capable of delivering bioactive
chemicals that may directly regulate cell activity [37]. The anatomical intricacy of bone
makes bone one-of-a-kind and nearly impossible to replicate in artificial materials, along
with the severe mechanical stress to which it is subjected. Nonetheless, certain tactics have
been implemented with success [38] via nanotechnology. Nanotechnology has enabled
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the creation of nanostructures to mimic the structures and sizes found in natural bone.
Nanomaterials exhibit unique physical and chemical properties, making them attractive
for various applications in various fields, including medicine, electronics, energy, and the
environment. The physical and chemical properties of nanomaterials are determined by
their size, shape, composition, and surface characteristics. One of the most significant
physical properties is their size, which results in a large surface area and enhanced reac-
tivity, making nanomaterials more reactive than their bulk counterparts. The shape of the
nanomaterials ranges from spherical, rod-like, or triangular to more complex shapes, which
can affect their performance, such as the dispersibility in the liquid base [39]. Chemical
properties of nanomaterials, such as composition, surface chemistry, surface charge, solu-
bility, and hydrophobicity/hydrophilicity, can affect their stability, solubility, and reactivity,
as well as their interaction with other materials and biological systems. The surface charge
of nanomaterials can affect their interaction with other materials and biological systems
and can be used to control the release of therapeutic agents [40]. Structural properties
determine the size and shape of the nanomaterials and the arrangement of the atoms in the
material. For example, the electrical, optical, and magnetic properties of nanomaterials are
significantly affected by the performance of atoms in the NP structure [41].

Nanoparticulate systems, bioactive glass, hybrid materials, metal and metal oxide
nanomaterials, and carbon-based nanomaterials are categories of osteoimmunomodula-
tory nanomaterials that have gained significant attention in recent years regarding their
potential applications in bone tissue engineering. Nanoparticulate systems, including NPs,
liposomes, and dendrimers, have effectively delivered therapeutics to bone tissue [42].
Bioactive glass has osteoinductive and osteoconductive properties, making it valuable
for promoting bone growth and repair [43,44]. Hybrid materials combine inorganic and
organic materials to enhance biological responses, making them ideal for bone tissue en-
gineering applications [45]. Metal and metal oxide nanomaterials exhibit antibacterial
and anti-inflammatory properties, making them useful for preventing infections in bone
tissue [46]. Carbon-based nanomaterials, such as graphene and carbon nanotubes, have
high mechanical strength and excellent biocompatibility, providing a supportive scaffold
for bone cells to grow and proliferate [47]. Different types of NPs and nano-hybrid par-
ticles, such as ceramic and metal NPs, are used as material coatings and provide great
potential for material modification [48]. Hence, NPs can change the scaffold qualities, result-
ing in improved attributes such as better mechanical properties, induced osteoinduction,
and improved osteoconduction. NPs are prospective biomaterials with sizes smaller than
100 nanometers, which have an essential influence on modern medicine [49] by delivering
therapeutics in a controlled and reliant manner [50]. There are two main types of NPs:
organic (e.g., liposomes, polymeric NPs) and inorganic NPs such as silica, carbon, magnetic,
and metallic NPs (Figure 4).

Liposomes have been used in drug delivery. To achieve drug delivery, the cargo should
be included in the liposome structure [51]. Depending on the characteristics of the products
to be transported, this process can be carried out in two ways. If the cargo is hydrophobic,
it is combined with an organic solvent and incorporated into the hydrophobic portion.
However, when the cargo is hydrophilic, it should be supplied as an aqueous medium so
that it can be retained in the inner section of the liposome. Liposome size is another critical
factor that directly impacts the circulatory period. Liposomes throughout the nanoscale
range, in particular, can be used to administrate therapeutics [52]. The major disadvantage
of liposome biomedical application is that the reticuloendothelial system can recognize
liposomes quickly, which facilitates the removal of liposomes from circulation [53] and
impairs their drug delivery efficiency.

Polymers are employed to synthesize polymeric NPs. The self-assembly of adaptive
block copolymers could also produce structures with a high degree of complexity. Another
benefit of polymeric NPs is their high drug-loading capacity [54]. The loaded molecules
can be directly dissolved, distributed, or bonded to polymeric elements through covalent
connections. As a result, polymeric NPs are now being used to deliver molecules in various
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biomedical fields, including vaccination, cancer treatments, inflammation, neurologic
diseases, and tissue regeneration [55].

Figure 4. Physical and chemical properties of NPs, including the surface, shapes, characteristics,
responsiveness, and nano-based materials. Created with BioRender.com.

Silica is well-known for its biocompatibility, chemical stability, and well-defined
surface features. Silica-based NPs, especially mesoporous silica NPs (MSNPs), have been
widely applied due to their adjustable particle and pore size, easy surface modification,
specific porous structure, high surface area, big pore volume, etc. Consequently, MSNPs
can load immense quantities of biomolecules [56]. For bioapplication, MSNPs with pore
sizes ranging from 2 nm to 50 nm are ideal choices [57]. Additionally, MSNPs are resistant
to degradation by heat, pH, mechanical forces, and dissolution and are thus ideal drug
vehicles. Furthermore, their good biocompatibility, ease of production, and excellent
binding to multiple antibiotics suggest the good bioapplication potential of MSNPs [58].

In addition to drug delivery, NPs have attracted significant attention in medical
imaging. For example, iron oxide NP-based fluorescent probes have been well-accepted [59].
Meanwhile, the versatility of gold NPs makes them appealing for bioimaging procedures.
The optical properties of the AuNPs can be adjusted and optimized by engineering the
shape and size ratio of the AuNPs [60]. Tailored to absorption nearly in the infrared range,
gold NPs allow for better visualization of the deep tissue [61]. Biological applications,
including biosensing and diagnostics, can benefit from this technology [62].

5. Application of NPs in Bone Regeneration

As a nanostructured material, bone comprises organic and inorganic components with
hierarchical structures ranging from the nano- to the macroscopic level. In addition to
traditional treatments, nanomaterials offer a novel strategy for bone repair. Nanostructured
scaffolds control cellular proliferation and differentiation, which contributes to the regenera-
tion of healthy tissues, and give cells a more supportive structure comparable to native bone
structure [63]. The specific properties of NPs, including their physical properties, chemical
properties, and different modifications, as well as their quantum physical mechanisms,
make them advantageous over conventional materials [64]. There are plenty of approaches
using NPs to regulate bone regeneration. For example, in the initial implantation period,
NPs can be an effective enhancer on the surface of biomaterials to acquire good mechanical
properties and stability, providing structural function in the injury site for bone healing [65].

31



Nanomaterials 2023, 13, 692

NPs can also be incorporated into biomaterials to offer them adjustable mechanical strength
(stiffness), stimulating stem cells to take on an extended shape to differentiate preferentially
into osteoblasts [66,67]. Meanwhile, a CaP ceramic–magnetic NP (CaP-MNP) composite
can use magnetic fields to promote bone healing [68]. Moreover, some NPs themselves
can directly improve osteogenesis. For instance, titanium oxide nanotubes of 70 nm di-
ameter induced osteogenic differentiation by regulating H3K4 trimethylation [69]. In the
deficiency of any osteoinductive factor, one kind of synthetic silicate nanoplatelet can
promote the stem cells’ osteogenic differentiation [70]. Another common application of
nanotechnology in bone regeneration is to use NPs to load biomolecules/drugs facilitating
osteogenesis, including osteoinductive factors (e.g., osteopontin, BMPs, VEGF) [71–73];
drugs reducing bone resorption; and inducing osteogenesis (e.g., alendronate, simvastatin,
dexamethasone) [74–76], microRNAs (e.g., miR-590-5p, miR-2861, miR-210) [75,77,78] and
others [55,79,80].

Despite delivering one bioactive factor, combining two growth factors can better mimic
the natural process of bone healing. For example, stromal cell-derived factor 1 (SDF-1),
a significant chemokine for stem cell migration, plays a crucial role in the recruitment of
MSCs. Meanwhile, BMP-2 is an inducer of osteogenesis in MSCs. Wang et al. introduced a
chitosan oligosaccharide/heparin NPs for delivery. They sustained the release of BMP-2
and SDF-1, which sequentially induced migration of MSCs and promoted their osteogenic
differentiation for bone repair, an efficient strategy to avoid the rapid degradation of SDF-1
and BMP-2 [81]. Another research study by Poth et al. also loaded BMP-2 on bio-degradable
chitosan-tripolyphosphate NPs to induce bone formation [73].

VEGF is a kind of growth factor that plays a vital role in the process of angiogenesis [82].
VEGF is primarily expressed during the early stages to promote blood vessel formation
and re-establish vascularization throughout normal bone repair and healing. Meanwhile,
BMPs are uninterruptedly expressed to stimulate bone remodeling and regeneration [83,84].
Many researchers have reported that the synergistic effects of BMP-2 and VEGF would
better benefit bone regeneration than one growth factor. VEGF expression in bone defects
can upregulate the production of BMP-2, which is indispensable in bone healing [85,86].
As a result, more and more studies focused on the co-delivery of VEGF and BMP-2 using
NPs. Geuze et al. created poly(lactic-co-glycolic acid) (PLGA) microparticles for sustained
release of BMP-2 and VEGF, which achieved improved osteogenesis [84]. Young Park et al.
developed 3D polycaprolactone (PCL) structures with hydrogel decorated with both VEGF
and BMP-2 and showed more capillary and bone regeneration compared with the delivery
of BMP-2 alone [87]. To achieve sequential release of VEGF and BMP-2, some researchers
used microspheres (e.g., PLGA microspheres, O-Carboxymethyl chitosan microspheres)
loaded with BMP-2 integrated into scaffolds (e.g., poly(propylene) scaffold, hydroxyapatite
collagen scaffold) loaded with VEGF. The scaffolds exhibited a substantial initial strong
release of VEGF and a sustained release of BMP-2 over the rest of the implantation period.
These studies indicated that it is beneficial for bone formation and remodeling to have a
sequential angiogenic and osteogenic growth factor secretion [88,89].

Nanoemulsification is one of the most common and well-known methods for produc-
ing NPs. It is characterized by synthesizing nanosized particle dispersions by combining
the polar phase with the non-polar phase when a surfactant is available and enables the
production of 100 nm, injectable, 3D-printable with a high specific surface area and lim-
ited mass transport restrictions NPs. Hydroxyapatite NPs synthesized via nanoemulsion
technology are thoroughly explored as inorganic components of composite bone implant
materials. The combination of nano-hydroxyapatite with an elastic biodegradable polymer,
which mimics the organic materials of bone extracellular matrix, has been demonstrated
to enhance viability, adhesion, and proliferation significantly. Osteogenic differentiation
of cells seeded onto implants such as human mesenchymal stem cells (hMSCs), which is
attributed to osteoinductive properties of hydroxyapatite nanomaterials [90]. Additionally,
the NPs synthesized from hydroxyapatite and metal materials have significant bactericidal
properties [91]. Therefore, nano-hydroxyapatite has been used to create osteoinductive
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coating materials for bone implants, a strategy to facilitate their osseointegration with
the host tissue [92]. Bone implants modified with silver NPs synthesized by bioreduction
techniques have enhanced antibacterial and antioxidant properties [93].

Recently, many endeavors have been devoted to developing NPs that bind specifically
to the bone. Such NPs can accumulate at the targeted sites, increasing therapeutic efficiency,
limiting the adverse side effects of the drug delivery to other tissues/organs [94] and can be
widely used in diagnosis, bone tissue engineering, and treatment of bone disease [95]. Bone-
targeting NPs are typically created by modifying them with compounds with high affinity
for bone tissue, such as Ca2+ ions. Examples of these compounds include bisphosphonates
(BP), which comprise two Ca2+-binding phosphonate groups in their molecules [96], and al-
endronate, an anti-osteoporotic drug that can bind to hydroxyapatite via multiple Ca2+

ions [97]. When NPs are functionalized with alendronate, they can selectively target bone,
restraining bone resorption and acting as “anchors” to strengthen the interaction of the
implant with the host tissue [98,99]. For this reason, alendronate has been widely utilized
for the functionalization of NPs for bone regeneration applications such as inorganic (e.g.,
Fe3O4, hydroxyapatite, clay) [80,100,101] and polymer (e.g., poly(g-benzyl-L-glutamate),
PLGA) NPs [55,79,99].

NPs have unique properties, such as a high surface area-to-volume ratio, which
can make them more efficient delivery vehicles for drugs and other therapeutic agents.
However, their unique properties also raise several safety concerns, primarily related to
their biocompatibility, immunogenic properties, and toxicity.

NPs are generally considered biocompatible as long as they do not cause obvious
inflammation or irritation. Otherwise, the application of NPs can be limited due to their
bio-incompatibility. One study showed that 50 nm-sized particles of Fe2O3-NP caused
severe oxidative stress in HepG2 cells and extreme damage in rat liver [102]. NPs may be
immunogenic if they contain foreign proteins or other molecules the body recognizes as
threats. Immunogenic NPs can trigger an immune response, leading to inflammation, cell
death, and other adverse reactions [103]. The toxicity of NPs depends on their composition
and size. Smaller NPs have a larger specific surface area and therefore are more likely
to interact with cellular components and are more likely to enter cells and be taken up
by organs, which can result in toxicity. For example, in one study, the effects of silver
nanoparticles of different sizes (20, 80, 113 nm) on cytotoxicity, inflammation, genotoxicity,
and developmental toxicity were compared in in vitro experiments, and 20 nm silver
nanoparticles were more toxic than larger nanoparticles [104]. The released Ag+ endangers
cellular functions, causing damage to deoxyribonucleic acid and cell death [105].

NPs have been frequently used in bone regeneration in recent years. Integrating
nanotechnology into tissue engineering applications has created a plethora of new potential
for researchers and new clinical applications.

6. Applications of NPs in Osteoimmunomodulation

Osteoimmunomodulation refers to the modulation of the immune system to make the
local immune environment beneficial for bone regeneration. It aims to use functional mate-
rials to regulate the immune cell responses to sequentially modulate the bone remodeling
processes, facilitating bone healing [106]. It involves regulating immune cells or cytokines
to influence bone remodeling and maintain bone health [107].

Immune suppression benefits certain conditions, such as allergies, autoimmune dis-
orders, and organ transplants. Immunomodulatory or anti-inflammatory characteristics
are required for these applications. Several experimental and characterization methods are
used to assess the properties of nanomaterials, such as polymers, ceramics, composites,
and metals in osteoimmunomodulation (Table 1).

Engineered NPs serve as vehicles for delivering anti-inflammatory drugs to phago-
cytes, lowering therapeutic doses and immune-related adverse effects [108]. Immune
system activation is inevitable when NPs invade. The innate immune cells interact with
newly initiated NPs immediately and produce complex immune reactions as a first defense
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against impending threats to the host. Depending on their physicochemical characteristics,
NPs can engage the interactions between proteins and cells to stimulate or inhibit the innate
immune response and complement system activation or avoidance. NP size, structure,
hydrophobicity, and surface chemistry are the major factors that affect the interactions
between the innate immune system and NPs [109].

Table 1. Experimental Approach for Osteoimmunomodulation Characterization.

In Vitro and In Vivo Assays
Physical and Chemical

Characterization
Biocompatibility Evaluation and

Biomechanical Analysis

Cell culture-based assays (osteoblast,
osteoclast, macrophage)
Enzyme-linked immunosorbent assays
(ELISA)
Alkaline phosphatase activity assays
Mineralization assays

X-ray diffraction (XRD)
Transmission electron microscopy (TEM)
Scanning electron microscopy (SEM)
Dynamic light scattering (DLS)

Cytotoxicity assays (MTT, LDH)
Hemocompatibility assays (hemolysis,
platelet activation)
Inflammation assays (IL-1β, TNF-α, IL-6)

Implantation studies in animal models
(rats, mice, rabbits)
Histological analysis (bone formation and
resorption)
Micro-computed tomography (μCT)
Bone density measurements

Fourier transform infrared spectroscopy
(FTIR)
Energy-dispersive X-ray spectroscopy
(EDS)
X-ray fluorescence (XRF)
Nuclear magnetic resonance spectroscopy
(NMR)

Contact angle measurements
Zeta potential measurements
Surface roughness analysis
Compression tests
Tensile tests
Indentation tests

For bone regeneration, immunomodulation is required to generate an ideal environ-
ment for the subsequent osteogenesis, which can be achieved by NPs. As explained in
Section 3, macrophage populations are critical regulators of bone regeneration. The pro-
inflammatory M1 phenotype of macrophages causes a rise in pro-inflammatory cytokines
such as IL-1β, IL-6, and TNF-α, resulting in the inhibition of osteogenesis [110,111] and
promoting osteoclastogenesis [112]. Alternatively, the anti-inflammatory M2 phenotype can
reverse inflammation and secrete osteogenic cytokines, including BMP2 and VEGF, to en-
courage bone regeneration [113–115]. Hence, targeting macrophages to induce their M2
polarization has been regarded as an efficient way to enhance bone regeneration, and nano-
materials are shown as effective agents for macrophage polarization (Table 2). Some NPs
(Figure 5) can efficiently promote M2 polarization, such as gold, TiO2, and cerium oxide
(CeO2) NPs [116–118]. Moreover, the nanopore structure and pore size were discovered to
affect the inflammatory response and release of pro-osteogenic factors of macrophages by
influencing their spreading, cell shape, and adhesion [119,120]. For instance, Chen et al.
ascertained that macrophages grown on larger pore size NPs (100 and 200 nm) were highly
anti-inflammatory, demonstrating a decrease in pro-inflammatory cytokine and expression
of M1 phenotype surface-marker [119]. One study found that silver NPs with different sizes
and shapes showed different effects on bone metabolism and immunity, indicating that
controlling the size and shape of nanomaterials can affect their osteoimmunomodulatory
effects [121]. NPs with rough surfaces also alter macrophage activation and cytokine release.
Research indicated that titanium (Ti) with a smooth surface could induce M1 activation and
inflammatory cytokines expression, including IL-1β, IL-6, and TNF-α. Meanwhile, Ti with
a rough and hydrophilic surface enhances anti-inflammatory macrophage polarization and
the secretion of cytokines such as IL-4 and IL-10 [122]. Another way to promote M2 polar-
ization is to modify the composition of NPs surfaces by doping anti-inflammatory elements
or decorating bioactive molecules [123–125]. For example, hexapeptides Cys-Leu-Pro-Phe-
Phe-Asp [112], peptide arginine-glycine-aspartic acid (RGD) [126], and IL-4 [127] have
been successfully conjugated on gold NP surfaces to achieve successful anti-inflammation.
Besides, CeO2 NPs have been coated with hydroxyapatite to promote M2 polarization [128].
A previous study indicated that surface modification of hydroxyapatite nanorods with
chitosan reduced macrophage activation and enhanced osteoblast proliferation [129]. More-
over, strontium (Sr) or copper (Cu)-decorated bioactive glass particles have been found
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to enhance M2 polarization and promote osteogenesis [124,125]. Zhang et al. synthesized
strontium-substituted sub-micron bioactive glasses (Sr-SBG), which have been found to
advance the proliferation and osteogenic differentiation of mMSCs [130].

As potential drug delivery systems, NPs have been widely used for bioactive molecule
delivery, such as cytokines, growth factors, gene-modulators, and signaling pathway
regulators, to stimulate the M1-to-M2 polarization. For instance, IL-4, a widely used
anti-inflammatory cytokine, has been frequently adopted as cargo delivered by various
nanocarriers to induce M2 polarization [131–133]. One research study introduced an IL-
4-incorporated nanofibrous heparin-modified gelatin microsphere, which can alleviate
chronic inflammation due to diabetes and improve osteogenesis [132]. Sphingosine-1-
phosphate (S1P), as a sphingolipid growth factor, can also stimulate macrophages to
polarize to the M2 phenotype [134]. Das et al. synthesized nanofibers composed of
polycaprolactone (PCL) and poly (D, L-lactide-co-glycolide) (PLGA) for an S1P synthetic
analog delivery, which was found to induce macrophage differentiation to M2 phenotypes,
facilitating osseous repair in an animal model of the mandibular bone defect [135]. CD163
is an M2 phenotype marker affiliated with the scavenger receptor cysteine-rich (SRCR)
family [136]. One study encapsulated CD163 gene plasmid into polyethyleneimine NPs
assembled with a mannose ligand for selectively targeting macrophages and inducing
CD163 expression, and further transferring macrophages into their anti-inflammatory
phenotype [137]. Upregulation of miR-223 can drive the macrophage polarization toward
the anti-inflammatory (M2) phenotype, whereas local-targeted delivery of miRNAs is
still challenging due to the low stability of miRNA. To solve this problem, Saleh et al.
developed an adhesive hydrogel with NPs loaded with miR-223 5p mimic to regulate
macrophage polarization to M2 to promote tissue remodeling [138]. Yin et al. loaded
an anti-inflammatory drug, resolvin D1, into the gold nanocages (AuNC) coated with
cell membranes from LPS-stimulated M1-like macrophages to facilitate M2 polarization.
The overexpressed inflammatory cytokine receptors on the cell membrane can competitively
bind to the pro-inflammatory cytokines with cell surface receptors, thereby impeding
inflammatory responses [139]. The results indicate that this nanosystem could efficiently
inhibit inflammatory responses, stimulate an M2-like phenotype polarization, and promote
bone regeneration in the femoral defect.

Despite the crucial role of M2 macrophages in promoting bone tissue regeneration,
more and more studies have focused on the importance of M1 macrophages in osteoim-
munomodulation. As mentioned, M1 macrophages dominate in the early stage of inflam-
mation, enhancing the early commitment and recruitment of angiogenic and osteogenic
precursors. In contrast, M2 macrophages function in the later stage of bone regeneration by
facilitating osteocyte maturation and determining the microstructure of the newly formed
bone tissue [140]. Therefore, a highly orchestrated immune response comprising sequential
activation of M1 and M2 macrophages is essential for subsequent bone healing [141]. Thus,
a sequential release of therapeutics from NPs to instruct the timely phenotypic switching
of macrophages is deemed necessary. For example, as IFN-γ and IL-4 can induce M1
and M2 polarization, Spillar et al. designed a scaffold with a quick release of IFN-γ to
increase the M1 phenotype, subsequently with a release of IL-4 to enhance the M2 pheno-
type. The sequential release feature was achieved by physically adsorbing IFN-γ onto the
scaffolds, while loading IL-4 on the material via biotin-streptavidin binding [142]. In an-
other example, miRNA-155 is highly expressed in M1 and less in M2, while the delivery
of miRNA-21 can promote macrophage polarization toward M2 phenotypes [143–145].
Li et al. synthesized NPs through free radical polymerization carrying both miRNA-155
and miRNA-21 to induce macrophages first toward M1 sequentially and then M2 polar-
ization, a new strategy for bone regeneration [146]. Zinc (Zn) is an essential trace element
in various immune responses. Zn’s scarcity and low concentration caused inflammation,
while a proper concentration of Zn exhibited an anti-inflammatory effect [147,148]. There-
fore, one study fabricated microcrystalline bioactive glass scaffolds with different doses of
ZnO to orchestrate the sequential M1-to-M2 macrophage polarization, taking advantage
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of varying amounts of Zn2+ released from the material [149]. Yang et al. incorporated
IFN-γ and Sr-substituted nanohydroxyapatite (nano-SrHA) coatings to the surface of native
small intestinal submucosa (SIS) membrane, which is widely applied in GBR to direct a
sequential M1-M2 macrophage polarization. The nano-SrHA coatings were loaded on
the SIS membrane using the sol-gel method, while the IFN-γ was physically deposited.
As a result, the physically absorbed IFN-γ released in a burst manner to induce temporary
M1 macrophage polarization, then a more sequential release of Sr irons to promote M2
polarization, which intensely improved the vascularization and bone regeneration [150].
Bone marrow macrophages have various receptors on their surface that enable them to
recognize molecules such as cytokines, chemokines, lipids, and glycans. NPs to ensure a
drug delivery to target bone marrow macrophages can be achieved using strategies such as
surface modification of NPs with components interacting with bone marrow macrophage
receptors. However, NPs in circulation are removed by the mononuclear phagocyte system
(MPS), including the spleen, liver, and Kupffer cells, affecting the NP-based targeted de-
livery on bone marrow macrophages. Therefore, combining the NPs with bone implants
(via approaches such as surface coating, 3D printing, etc.) is suggested instead of systemic
administration, which can facilitate the NPs to modulate the local bone healing immune
environment and avoid particle clearance due to blood circulation and MPS.

Table 2. Applications of NPs in osteoimunomodulation via modulating macrophage response.

Strategies for Regulating Macrophage
Polarization

Applications of NPs in Osteoimunomodulation References

Intrinsic properties Gold, TiO2, and cerium oxide (CeO2) NPs can enhance M2 polarization. [116–118]

Nanopore structure and pore size

NPs with pores of larger size (100 and 200 nm) were highly anti-inflammatory
and inhibited M1 polarization. [119]

The nanoneedle structure induced M2 polarization.
The micropattern sizes of 12 μm and 36 μm in the micro/nano hierarchy

enhanced M2 polarization.
[120]

Surface roughness Ti with smooth surface stimulated M1 activation.
Ti with rough surface enhanced M2 polarization. [122]

Composition

Gold NPs fused hexapeptides Cys-Leu-Pro-Phe-Phe-Asp, peptide
arginine-glycine-aspartic acid (RGD), and IL-4 could stimulate M2

polarization.
[112,126,127]

CeO2 NPs with hydroxyapatite could enhance M2 polarization. [128]
Strontium (Sr)- or copper (Cu)-doped bioactive glass particles promoted M2

polarization and enhanced osteogenesis. [124,125]

Drug delivery

Various nanocarriers have delivered IL-4 (anti-inflammatory cytokine) to
induce M2 polarization. [131–133]

NPs can deliver S1P synthetic analog to direct macrophage polarization
toward M2. [134]

CD163 gene has been encapsulated into polyethyleneimine NPs decorated
with a mannose ligand to induce CD163 expression and macrophage

polarization toward M2.
[137]

miR-223 5p mimic was delivered to induce macrophage polarization to M2. [138]
Resolvin D1-loaded gold nanocages (AuNC) were coated with M1-like

macrophage membranes to enhance M2 polarization. [139]

A sequential release of therapeutics
induces the M1-to-M2 phenotype switch

during tissue regeneration.

Spillar et al. designed a scaffold that achieved a sequential release of first
IFN-γ and then IL-4 to modulate macrophage polarization from early stage

M1 to later-stage M2.
[142]

NPs carry both miRNA-155 and miRNA-21 to sequentially stimulate
macrophage polarization first toward M1 and then the M2 phenotype. [146]

Microcrystalline bioactive glass scaffolds with different doses of ZnO
orchestrate the sequential M1-to-M2 macrophage polarization. [149]

Sr-substituted nanohydroxyapatite (nano-SrHA) coatings and IFN-γ to the
surface of native SIS membrane control a sequential M1-M2 macrophage

transition.
[150]
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Figure 5. Composite images (TEM and SEM images) of different nanoparticle structures. (a) SEM
image of 110 nm titania nanotubes (TNTs) [116]; (b,c) SEM images of anodic alumina structures with
different sized pores (100 nm and 200 nm) [119]; (d) TEM image of peptide-coated gold NPs (P12) [112];
(e) SEM image of surface morphology of SIS/SrHA [150]; (f,g) SEM images of HA bioceramics with
nanoneedle structures. (g: high magnification image) [120]; (h) TEM images of 150 nm extra-large pore
mesoporous silica NPs (XL-MSNs) (inset: high magnification image) [133]; (i) SEM images of 150 nm
XL-MSNs (inset: high magnification image) [133]; (j,k) TEM images of biomimetic anti-inflammatory
nano-capsules (BANC) [139]; (l) SEM image of 5 wt% ZnO incorporated microcrystalline bioactive
glass (5Zn-MCBG) [149]; (m) SEM image of strontium-substituted submicrometer bioactive glass
(Sr–SBG) [124]. Reprinted/adapted with permission from Ref. [112]. Copyright 2020 Wang, Zhang,
Sun, Gao, Xiong, Ma, Liu, Shen, Li and Yang. Ref. [116]. Copyright 2019 Shen, Yu, Ma, Luo, Hu, Li,
He, Zhang, Peng and Song. Ref. [119]. Copyright 2017 Chen, Ni, Han, Crawford, Lu, Wei, Chang,
Wu and Xiao. Ref. [124]. Copyright 2016 Zhang, Zhao, Huang, Fu, Li and Chen. Ref. [133]. Copyright
2017 Kwon, Cha, Cho, Min, Park, Kang and Kim. Ref. [139]. Copyright 2020 Yin, Zhao, Li, Zhao,
Wang, Deng, Zhang, Shen, Li and Zhang. Ref. [149]. Copyright 2021 Bai, Liu, Xu, Ye, Zhou, Berg,
Yuan, Li and Xia. Ref. [150]. Copyright 2021 Yang, Zhou, Yu, Yang, Sun, Ji, Xiong and Guo.

Taken together (Figure 6), osteoimmunology is a fascinating field focusing on the inter-
connected molecular pathways between the immune and skeletal systems. Among all the
immune cells, macrophages play the most crucial role, secreting cytokines that determine
the immune response and modulate the subsequent bone regeneration. Nanomaterials
can assist in regulating immune responses by targeting macrophages and managing their
polarization, bringing a new strategy for managing bone-related diseases [151].
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Figure 6. NPs as drug delivery systems to introduce functional osteoimmunomodulation to pro-
mote bone regeneration. Ideally, NPs should modulate the immune system to enable the forma-
tion of an ideal immune microenvironment for subsequent osteogenesis and bone regeneration.
Macrophage polarization is essential in osteoimmunomodulation. The pro-inflammatory M1 phe-
notype of macrophages could secrete pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α
to promote osteoclastogenesis. The anti-inflammatory M2 phenotype of macrophages could secrete
osteogenic cytokines, including BMP2 and VEGF, to enhance bone regeneration. The timely M1-
to-M2 phenotype switch is critical in bone regeneration, which can be induced by NP-based drug
delivery. NPs can regulate macrophage polarization through different strategies, such as nanopore
structure and size, surface roughness, chemical properties, and delivered drugs. NPs can inhibit M1
polarization, promote macrophage polarization to M2, or enhance M1 to M2 polarization, further
promoting bone healing.

7. Conclusions and Future Remarks

NPs have been widely applied in bone regeneration and showed great potential in
osteoimmunomodulation. However, certain disadvantages, such as biocompatibility, im-
munogenic properties, and toxicity, limit the clinical application of NPs. Additionally,
how to ensure the NPs target the bone marrow macrophages instead of macrophages in
other organs (e.g., spleen, liver, etc.) remains a challenge for future research. Meanwhile,
the complex multi-stage regenerative process of bone healing, the discrepancy or mismatch
between the degradation rate of NPs and the growth rate of bone tissues, the problem of
regulating the release rate of therapeutic cargo (drugs, factors, or genes), and other limita-
tions still pose obstacles to the application of NPs, which still need further improvement.
The fabrication process and approach of nanotopography should be enhanced and opti-
mized to modify the immune response accurately. As previously stated, ordinary materials
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have imprecise chemical properties that are typically overlooked. The administration must
consider the chemical characteristics of the outermost surface. Plasma polymerization is
an excellent technique for creating a persistent and non-pinhole biocompatible coating
on diverse nanostructures, allowing for specific chemical adjustment of the outermost
material, thus achieving precision-tuned bio-physicochemical and biomechanical surface
properties. With the development of nanomaterials and material modification approaches,
macrophage-targeting nanotherapeutics can ensure the drugs are delivered more pre-
cisely to the therapeutic site, therefore allowing for advanced osteoimmunomodulation
to improve bone regeneration. Furthermore, the improvement of NP-based drug delivery
systems enables the delivery of multiple drugs to target the different stages of bone regen-
eration. For example, immunomodulatory therapeutics can be released in the early stage
of bone healing to ensure the local environment suits bone regeneration. The osteogenic
factors can be sequentially released later to boost bone regeneration. Other approaches,
such as environmental-responsive releases of immunomodulators and osteogenic factors,
can facilitate personalized osteoimmunomodulatory regulation and bone healing.

In summary, this review introduced the importance of osteoimmunology in bone regen-
eration, the types and current biomedical applications of NPs, the multiple roles of NPs in
osteogenesis, and specifically, the significance of NP application on macrophage-targeting
osteoimmunomodulation for advanced bone regeneration. Therefore, it is expected that ad-
vanced nanotechnology will shed light on bone tissue engineering and facilitate functional
bone repair in the future.
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Abstract: The development of oral drug delivery systems is challenging, and issues related to the
mucus layer and low intestinal epithelial permeability have not yet been surmounted. The purpose
of this study was to develop a promising formulation that is more adapted to in vivo absorption
and to facilitate the administration of oral liraglutide. Cationic liposomes (CLs) linked to AT-1002
were prepared using a double-emulsion method, and BSA was adsorbed on the surface of the AT-
CLs, resulting in protein corona cationic liposomes with AT-1002 (Pc-AT-CLs). The preparation
method was determined by investigating various process parameters. The particle size, potential,
and encapsulation efficiency (EE%) of the Pc-AT-CLs were 202.9 ± 12.4 nm, 1.76 ± 4.87 mV, and
84.63 ± 5.05%, respectively. The transmission electron microscopy (TEM) imaging revealed a nearly
spherical structure of the Pc-AT-CLs, with a recognizable coating. The circular dichroism experiments
confirmed that the complex preparation process did not affect the secondary structure of liraglutide.
With the addition of BSA and AT-1002, the mucosal accumulation of the Pc-AT-CLs was nearly two
times lower than that of the AT-CLs, and the degree of enteric metaplasia was 1.35 times higher than
that of the PcCLs. The duration of the intestinal absorption of the Pc-AT-CLs was longer, offering
remarkable biological safety.

Keywords: liposome; oral drug delivery systems; osmoregulatory peptide; mucus layers; intestinal
epithelial permeability

1. Introduction

Protein and peptide drugs possess both chemical and protein properties and offer
the advantages of high activity, safety, specificity, selectivity, and good drug-formation
capability. Due to patient compliance and ease, oral administration is the most preferred
route. However, due to the key physical and chemical properties of proteins and peptides,
including their vulnerability to enzyme degradation and poor permeability through the
intestinal mucosa, their absorption is incomplete [1]. Due to their poor oral bioavailability,
many drugs must be injected intravenously rather than administered orally, rendering such
treatments expensive [2]. Currently, polypeptide drugs are widely used in the treatment of
many diseases, including diabetes, which is a metabolic disease. Diabetes is mainly caused
by insufficient insulin secretion and is mainly treated by insulin or glucagon-like peptide-
1 (GLP-1) analogs and other drugs. Among these drugs, liraglutide has 97% structural
homology to endogenous human GLP-1 and can stably resist metabolic degradation by
dipeptidyl peptidase-4 (DPP-4). Its half-life after subcutaneous administration is 13 h,
implying that it needs to be administered once daily [3,4]. Its most common adverse
reactions include gastrointestinal problems, which range from mild to moderate. Treatment
costs are high. Without insurance, the average out-of-pocket expenses per month exceed
USD 1000. Moreover, liraglutide can only be administered by subcutaneous injection,
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which may pose difficulties for some patients [5]. Thus, it is necessary to develop an oral
preparation of liraglutide. The improvement in oral bioavailability is a major challenge
faced by formulators in the development of successful products [6]. This endeavor requires
a deep understanding of the behavior of an oral drug delivery system in the gastrointestinal
tract during the development of the preparation process, and it is recommended that
this preparatory process must be conducted according to the drug’s nature; indeed, it is
important to predict the drug’s in vivo behavior [7]. The pressing questions concerning
the development of oral drug delivery systems are as follows: (1) How can drug design be
guided by the information obtained from oral delivery barrier characteristics? (2) What are
the stability-related issues of peptide drugs before they arrive at the site of action? (3) Which
structural features of nano-formulations affect their intestinal absorption efficiency?

Concerning oral drug delivery systems, the mucus layer is the first barrier to the
passage of exogenous substances. Mucus is produced by specialized cells and secreted
apically as a protective and lubricating fluid [8]. The second barrier is the phospholipid
bilayer of the epithelial cell itself and the intracellular environment [9]. Nanoparticles
initially penetrate through the mucus layer to gain entry to the surface of epithelial cells,
and most nanocarrier transport relies on endocytosis (the involvement of endosomal
capture can lead to inefficient delivery) [10,11]. Additionally, nanoparticles can also enter
cells through the paracellular route [12]. The paracellular pathway is composed of tight
junctions (TJs) maintained by a complex network of protein interactions. TJs are selectively
permeable barriers that often represent a rate-limiting step in paracellular trafficking [13].
However, a TJ chain is a dynamic structure, and nanocarriers can temporarily and reversibly
open intercellular TJs by using auxiliary agents or smart formulations to penetrate cells [14].
Existing transcellular penetration enhancers (PEs) acting on the paracellular pathway have
been shown to enhance the permeability of macromolecules [15]. For example, researchers
have constructed citric acid cross-linked shells made of carboxymethylcellulose wrapped
around core nanoparticles for efficient transcellular transport by reversibly opening tightly
connected paracellular transport pathways [16]. Anthocyanins from strawberries can
enhance the intestinal permeability of drugs, as evidenced by the screening of polyphenolic
compounds isolated from plants [17].

AT-1002 is a hexamer synthetic peptide (FCIGRL) and is the active domain of the
second toxin of Vibrio cholerae, namely, the zonal closure toxin (Zot). Zot can bind to
putative surface receptors, activate intracellular signaling, and, finally, decompose TJs.
Due to the expression and purity of prokaryotic toxins, some side effects can occur; thus,
synthetic peptide AT-1002 was developed to enhance intestinal permeability and avoid
the abovementioned problems [18]. AT-1002 can cause the TJ opening of the Caco-2 cell
monolayer [19,20], and this effect is reversible. The mechanism of action of AT-1002 can be
reversed by octapeptide azapeptide [21], which is a reversible TJ regulator that functions
via the inhibition of zonlin [22]. In our previous study, chitosan (CS) nanoparticles linked
to AT-1002 as a core and poly-N-(2-hydroxypropyl) methacrylamide (pHPMA) as a smart
escape in a core–shell structure overcame the pH and mucus barriers, demonstrating that
this delivery system significantly enhanced the oral hypoglycemic effect of liraglutide [23].

A liposome is a self-assembled spherical vesicle system containing water-borne nuclei,
showing the characteristics of biodegradability and high biocompatibility. The physical and
chemical properties of liposomes can be changed, including particle size, surface charge,
lipid composition, and bilayer fluidity, and can be used to design effective drug carriers
for diseases [24]. In recent years, cationic liposomes (CLs) have been used as oral drug
carriers, owing to their increased permeability through intestinal cells via their electrostatic
interactions with the intestinal epithelial cell membrane. Therefore, CLs were selected
as the oral drug delivery agents in this study. Cationic amphiphilic compounds are the
main components of CLs, which are usually used for their positively charged lipids and
polymers. The use of polymer carriers to modify the surface of liposomes to design more
effective drug delivery systems is an effective preparation method [25].
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Bovine serum albumin (BSA) is a plasma protein widely distributed in bovine blood,
with a relative molecular weight and an isoelectric point of 66.5 kDa and 4.7, respectively.
As endogenous macromolecules from a wide range of sources, these plasma proteins are
widely used in the preparation of albumin-derived prodrugs and albumin-loaded nano-
carriers [26]. BSA, as a part of the mucus-penetrating carrier, is degraded by trypsin in the
process of penetrating the mucus, thereby exposing the core structure for the oral delivery
of insulin [27]. CLs can be prepared by adding cationic materials to the nano-prescription
of liposomes. Because albumin is negatively charged at a neutral pH, it can be adsorbed
on the surface of the cationic nanocarrier through electrostatic attraction, changing the
positive charge surface of the cationic nanocarrier and resulting in electrically neutral and
hydrophilic nanoparticles.

There are few related studies for improving the oral delivery of peptides that involve
both protein-crowned liposomes combined with cellular bypass-regulating peptides. There-
fore, in this study, we used BSA as a protein coating with CLs attached to an osmoregulatory
peptide as the core to improve mucus permeability and enhance absorption efficiency in the
intestine. First, the physicochemical properties, encapsulation efficiency, drug release, and
stability of the optimal formulation of the liraglutide protein corona CLs were evaluated.
Through the mucus and intestinal uptake experiments, the protein coating was found to
significantly improve intestinal absorption efficiency. The IVIS spectral imaging system
and hematoxylin–eosin (HE) staining were used to evaluate the distribution and biological
safety of the liraglutide protein corona cationic liposomes in vivo.

2. Materials and Methods

2.1. Materials

Distearoyl phosphatidylcholine (DSPC) was purchased from Penske Biologicals (Shang-
hai, China). Chol-PEG-AT-1002 and FITC-liraglutide were purchased from the Shanghai
Qiang Yao Biochemical Co., Ltd. Cholesterol (Chol) was purchased from the RVT Pharma-
ceutical Technology Co., Ltd. (Shanghai, China). Fluorescein isothiocyanate (FITC) and
mucin were purchased from the Yuanye Biochemical Co., Ltd. (Shanghai, China). N-acetyl-
l-cysteine (NAC) was procured from the Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Mice were purchased from the Gem Pharmatech Co., Ltd. (Jiangsu, China).

2.2. Prescription Screening

DSPC is a synthetic phospholipid that is widely used in pharmaceutical preparations.
In clinical liposome products, Onivyde (irinotecan liposome injection) [28] and DaunoXome
(daunorubicin liposome) [29] with 6.81 mg/mL of DSPC and 65% DSPC in the membrane
component, respectively, were used. Chol is an amphiphilic substance, which can be
used as a medicinal excipient, including liposome membrane materials, especially in
liposome preparations. (2,3-Dioleyl-propyl)-trimethylamine (DOTAP) is a commonly used
cationic lipid.

As shown in Table 1, we investigated the formulation process of the preparation by
using dynamic light scanning (DLS) to evaluate the particle size, potential, polydispersity
index (PDI), and particle size stability within three days. In the follow-up investigation, the
optimal value obtained in the previous step was used to formulate the optimal prescription.

Table 1. Single factor list for prescription screening.

Investigation Factors Single Factor Ratio

DSPC: Chol (mg/mg) 2:1 3:1 4:1
DOTAP: Chol (mg/mg) 1:1 2:1 3:1
Drug: Lipid (mg/mg) 1:5 1:10 1:15

Concentration of BSA (mg/mL) 5 10 15
BSA: CLs (v/v) 1:1 2:1 3:1

Internal water phase to oil phase (v/v) 100:1000 200:1000 300:1000
DSPC: 1,2-Dioctadecanoyl-sn-glycero-3-phophocholine; Chol: Cholesterol; DOTAP: (2,3-Dioleoyloxy-propyl)-
trimethylammonium-chloride; BSA: Bovine serum albumin.
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2.3. Preparations of Protein Corona Liposomes

CLs were prepared by a double-emulsion method as follows: the membrane materials,
including 4 mg of DSPC, 1 mg of Chol, and 1 mg of DOTAP, were dissolved in 1 mL of
dichloromethane (DCM); a total of 200 μL of phosphate-buffered saline (PBS) containing
0.6 mg of liraglutide was added and sonicated at 80 W for 1 min (ultrasonic 60 times, 1 s
bursts, 1 s intervals). Colostrum was added to a 4 mL polyvinyl alcohol (PVA) solution (1%
w/v). Double milk was formed at 250 W ultrasound for 1 min. The organic solvent was
removed by stirring overnight to obtain the CL suspension.

The CL suspension was mixed with 10 mg/mL of BSA (dissolved in 0.9% NaCl
solution) in a volume ratio of 1:1. The incubation was carried out at 37 ◦C for 2 h. This
was followed by centrifugation at 15,000 rpm for 20 min. The precipitate was resuspended
using PBS, washed by centrifugation, and repeated three times. The PcCL suspension was
obtained by resuspending in 0.9% NaCl solution.

Following the above method, the Pc-AT-CL suspension was obtained by replacing
Chol with Chol-PEG-AT-1002. The preparation process is shown in Figure 1.

Figure 1. Schematic diagram of Pc-AT-CL preparation.

2.4. Characterization of Protein Corona Liposomes
2.4.1. Characterization of Liposome Nanoparticles

The particle sizes and zeta potentials of the nanoparticles were characterized by
DLS. Free liraglutide was separated by ultrafiltration, and the concentrated liposome
solution in the upper chamber was demulsified. The absorbance of the liposome after
demulsification was measured by using an ultraviolet–visible (UV-VIS) spectroscopy (UV-
2450). For PcCLs/Pc-AT-CLs, trypsin was used to degrade and shed the protein canopy,
and methanol was used for demulsification. The amount of protein coating was measured
using the BCA kit. The encapsulation efficiency (EE%) and the drug-loading capacity (LC%)
of liraglutide were calculated using the following equations:

EE% = (Demulsification liposome liraglutide content)/(Total amount of liraglutide) × 100% (1)

LC% = (Demulsification liposome liraglutide content)/(Total amount of nanocarriers) × 100% (2)

2.4.2. Study on Co-Localization

To investigate whether the protein coating had coated the surface of CLs/AT-CLs well,
we first performed fluorescence microscopy to observe the relative positional relationship
between protein coating and CLs/AT-CLs. 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine,4-chlorobenzenesulfonate salt (Did) was used to label CLs
and AT-CLs, and FITC-BSA fluorescence-labeled protein corona was added to observe the
co-localization relationship between the Did-AT-CLs and FITC-BSA by using fluorescence
microscopy analysis.
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2.4.3. Preparation Characterization by Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM)

The liposomes were freeze-dried into powder form, and an appropriate amount of the
liposome samples were fixed on a plate using conductive glue. Gold was sprayed under a
vacuum, and the morphology of the preparation was observed by using SEM.

The morphology of the liposomes was studied by using TEM following a standard
procedure. Briefly, a drop of the liposome dispersion was placed on a carbon support film
and allowed to adsorb. The surplus was removed using blotting paper. A drop of 1%
phosphotungstic acid was added, and the liposomes were stained for 60 s. The stained
liposomes were allowed to dry under ambient conditions, and TEM analysis was performed
(JEM-1230; JEOL, Tokyo, Japan).

2.5. In Vitro Release and Evaluation of Peptide Stability

Drug release performances were studied in a simulated gastric fluid (SGF) (pH = 1.2)
and a simulated intestinal fluid (SIF) (pH = 6.8). The same concentration of different
liposome nano-solutions was placed in dialysis bags (100 kD, Spectrum) at 37 ◦C. It was
placed in the SGF (10 mL) for the first 2 h and then transferred to the SIF (10 mL). At
specified time points (0, 1, 2, 3, 4, 6, 8, and 10 h), 1.0 mL of the solution was removed from
the release medium and replaced with an equal volume of the fresh release medium. The
samples were analyzed using high-performance liquid chromatography (HPLC), and the
cumulative release profile was determined.

The liraglutide solutions or liposomal nanoparticles were put into the dialysis medium
and incubated overnight at 37 ◦C in a shaker at 100 r/min. The dialysate was taken
out, concentrated to the same concentration, and subjected to circular dichroism (CD). A
400 μL sample was placed in a micro quartz dish, and the spectrum was recorded on a CD
spectrophotometer with a scanning speed of 1 nm/s (190–260 nm). The sample temperature
was set at 20 ◦C. The sample background was recorded and subtracted from the values for
different samples. After the baseline subtraction, a 6-point curve smoothing was performed
on the spectra to plot the CD curve.

2.6. Mucus Co-interaction Measurement

The binding rate of mucin to different NPs was determined as follows: first, disodium
hydrogen phosphate and potassium dihydrogen phosphate were used to configure the
buffer solution at pH = 6.5, and an appropriate amount of mucin was weighed to prepare
the mucin solutions with concentrations of 0.1%, 0.3%, and 0.5% w/v. The Did-labeled
CLs, Pc-CLs, AT-CLs, and Pc-AT-CLs were added to different concentrations of mucin
solution, and three groups were parallelly established. The mixture was transferred to
37 °C and incubated for 30 min; it was then centrifuged at 1500 rpm for 10 min, and the
supernatant was collected. Next, the aggregation of nanoparticles and mucins was studied
by measuring the fluorescence intensity of the supernatant.

2.7. Transmucosal Transport

In situ absorption studies in rats were performed to investigate the influences of the
mucus barrier on the internalization of nanoparticles in the small intestines. The SD rats
were forced to fast overnight before the experiments and given free access to water. The
rats were anesthetized by an intraperitoneal injection of chloral hydrate (4 mg/kg), and
a midline laparotomy was performed to expose the jejunum. A 4–5 cm intestinal loop
was created and ligated at both ends. The mucus layer was removed at pre-treatment or
post-treatment with N-acetyl-L-cysteine (NAC). Subsequently, the pre-treated, post-treated,
and un-treated intestinal tissues were mixed with 0.5 mL of the Did-labeled CLs, AT-CLs,
PcCLs, and Pc-AT-CLs (3 μg/mL) for 2 h. The intestinal tissues were homogenized on a
high-speed shear machine, and each sample group was quantified.
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2.8. Biosafety Evaluation

Healthy rats were administered the drug once daily (540 μg/kg) for one week to
investigate the long-term safety of drug administration. The control group did not receive
any treatment. All animals were fed with normal feed and given free access to drinking
water. After one week, the rats in each group were sacrificed, and their hearts, livers,
spleens, lungs, and kidneys were excised after perfusion, fixed in 4% paraformaldehyde,
paraffin-embedded, and stained with hematoxylin and eosin (HE). The histological status
of the different tissues was observed using a light microscopy.

2.9. In Vivo Distribution

Twelve mice, weighing 25–30 g (whole body hair removal), were randomized into two
groups of six mice each, and 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide
(Dir) was used label to PcCLs and Pc-AT-CLs were injected via the intra-jejunum route.
The mice were dissected at 2, 4, 8, 12, 14, and 24 h after injection, and the gastrointestinal
tract, heart, liver, spleen, lung, and kidney were imaged on a real-time imager (IVIS Spec-
trum Imaging System S091, PerkinElmer, Waltham, MA, USA). Two mice were randomly
selected and anesthetized intraperitoneally. The distribution of the nanoparticles in vivo
was observed at 2, 4, 8, 12, and 24 h.

2.10. Statistical Analysis

All data are expressed as mean ± standard deviation (SD). The statistical analysis
was performed using the IBM SPSS Statistics software (version 26). One-way analysis of
variance (ANOVA) was used to compare and analyze the differences among three or more
groups. A p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Characterization of Protein Corona Liposomes
3.1.1. Process and Prescription Optimization

The application of liposomes containing a protein canopy in the field of proteins
and peptides has gained traction for the use of these carriers to deliver liraglutide orally.
These liposomes have good mucus penetration and intestinal cell uptake [27]. The size
and surface charge of nanoparticles are known to severely affect drug delivery efficiency
in vitro and in vivo [30]. To penetrate the mucus barrier and intestinal epithelial barrier and
to exert a good hypoglycemic effect, there must be appropriate particle size, zeta potential,
and better encapsulation efficiency.

When investigating the prescription process of CLs, small particle size, obvious posi-
tive charge, and good stability need to be considered. We first examined the mass ratio of
DSPC to Chol. As shown in Figure 2, DSPC: Chol at a mass ratio of 4:1 has a particle size
(Figure 2a) of 108.1 nm and a potential (Figure 2b) of 29.05 mV, showing the best particle
size stability (Figure 2c) over three days and the lowest volatility. When examining the
mass ratio of DOTAP to Chol, the prescription was screened based on a 4:1 mass ratio of
DSPC:Chol. The three evaluation criteria of particle size (Figure 2d), potential (Figure 2e),
and stability (Figure 2f) were combined, and the observations are as follows: the particle
size is too large for a 3:1 ratio and the stability is poor for a 2:1 ratio. Thus, a 1:1 mass ratio
was selected. Based on the drug-to-lipid ratio examination, the particle size (Figure 2g) is
128.9 nm, the potential (Figure 2h) is 28.56 mV, and the stability (Figure 2i) is the best at a
ratio of 1:10. In the ultrasonic process of colostrum, due to its small volume and excessive
power, it is easy to cause liquid splash. Therefore, in the colostrum process, smaller power
was used to minimize the loss of excipients and drugs during the preparation. Therefore,
we mainly studied the ultrasonic power of double milk. At a constant power for the
colostrum, the particle size decreases with an increase in the ultrasonic power of the com-
pound emulsion. Simultaneously, as shown in Table 2, EE% is the highest when the power
is 250 W. Through the prescription and process investigation, the particle size was reduced
to nearly 200 nm, the potential was close to neutral, and the best EE% was selected. In
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summary, the prescription process of CLs is DSPC:Chol:DOTAP = 4:1:1, drug:lipid = 1:10,
a colostrum ultrasound power of 80 W, and a compound milk ultrasound power of 250 W.

Table 2. Investigation using ultrasonic power.

Ultrasonic Power
of Colostrum (W)

Ultrasonic Power of
Double Milk (W)

Zeta Potential
(mV)

Size (nm)
Polydisperse
Index (PDI)

Encapsulation
Efficiency (EE%)

150 150 24.78 144.9 0.26 73%
80 150 21.54 140 0.24 54%
80 200 21.44 122.7 0.24 78%
80 250 27.51 120 0.29 87%

By using the CLs prepared above, the prescribed dosage of the protein canopy was ex-
amined. Nanoparticles with small particle sizes, near electric neutrality, and better stability
are required for penetrating the mucus layer. As shown in Figure 3, at a BSA concentration
of 10 mg/mL and a volume ratio of 1:1 with CLs, the particle size is approximately 200 nm,
the potential is close to electroneutrality, and the formulation’s stability is the best.

The physical and chemical properties of the AT-CLs were verified by replacing all
Chol with Chol-PEG-AT 1002; the results in Table 3 show no difference in particle size
potential, encapsulation rate, and drug loading with CLs.

Table 3. Size (nm), zeta potential (mV), and encapsulation efficiency (%) of the nanoparticles.

Formations Size (nm) Zeta (mV) Encapsulation Efficiency (EE%) Drug Loading (DL%)

CLs 127 ± 10.0 36.09 ± 2.7 85.85 ± 1.79 8.19 ± 0.17
AT-CLs 119.6 ± 5.6 36.14 ± 0.16 84.63 ± 5.05 8.08 ± 0.48
PcCLs 209.0 ± 9.6 0.67 ± 0.36 85.85 ± 1.79 2.92 ± 1.67

Pc-AT-CLs 202.9 ± 12.4 1.76 ± 4.87 84.63 ± 5.05 2.08 ± 0.30

3.1.2. Characterization of Liposome Nanoparticles

In this study, PcCLs/Pc-AT-CLs were successfully prepared and used for the oral
treatment of diabetes. Due to the electrostatic interaction, BSA and CLs/AT-CLs formed a
core–shell structure of the nanoparticles. Liraglutide was encapsulated during liposome
formation, and BSA was introduced to form a protein coating on the surface of CLs/AT-CLs.
This protected the peptides that penetrated the mucosal and intestinal epithelial cells.

As shown in Table 3, the particle size of the Pc-AT-CLs is 202.9 ± 12.4 nm, and the
potential is closer to the neutral charge (1.76 ± 4.87 mV), which may be due to the incom-
pletely uniformity of the BSA-coating layer, and the zeta potential measurement is sensitive.
However, the slight change in the particle size between the Pc-AT-CLs (202.9 ± 12.4) and
PcCLs (209.0 ± 9.6), as well as the AT-CLs (119.6 ± 5.6) and CLs (127 ± 10.0), may be
due to the enhanced interaction force of the cell-penetrating peptide AT-1002 with CLs,
resulting in a slight decrease in particle size. The second goal of this preparation was to
achieve high loading; the EE% in CLs is 84.63 ± 5.05%, and the drug-loading efficiency is
8.08 ± 0.48%. However, during protein coating, the drug-loading efficiency of the protein
corona liposomes is 2.08 ± 0.30% due to the loss of the CL solution and the addition of
protein coating.

52



N
an

om
at

er
ia

ls
2
0
2
3
,1

3,
54

0

F
ig

u
re

2
.

Pr
es

cr
ip

ti
on

sc
re

en
in

g
of

ca
ti

on
ic

lip
os

om
es

.T
he

ra
ti

o
of

D
SP

C
to

C
ho

lw
as

ch
an

ge
d

w
hi

le
ke

ep
in

g
ot

he
r

fa
ct

or
s

fix
ed

.T
he

pa
rt

ic
le

si
ze

(a
),

po
te

nt
ia

l(
b

),
an

d
p

ar
ti

cl
e

si
ze

an
d

P
D

Is
ta

bi
lit

y
(c

)w
er

e
in

ve
st

ig
at

ed
.T

he
op

ti
m

al
ra

ti
o

of
D

SP
C

to
C

ho
lw

as
ad

op
te

d
,a

nd
ot

he
r

fa
ct

or
s

w
er

e
u

nc
ha

ng
ed

,w
hi

le
th

e
ra

ti
o

of
D

O
TA

P
to

C
ho

lw
as

ch
an

ge
d.

Th
e

pa
rt

ic
le

si
ze

(d
),

po
te

nt
ia

l(
e

),
an

d
pa

rt
ic

le
si

ze
an

d
PD

Is
ta

bi
lit

y
(f

)w
er

e
in

ve
st

ig
at

ed
.T

he
op

tim
al

ra
tio

s
of

D
SP

C
to

C
ho

la
nd

of
D

O
TA

P
to

C
ho

lw
er

e
ad

op
te

d,
an

d
ot

he
r

fa
ct

or
s

w
er

e
un

ch
an

ge
d,

w
hi

le
th

e
ra

tio
of

dr
ug

to
lip

id
w

as
ch

an
ge

d.
Th

e
pa

rt
ic

le
si

ze
(g

),
po

te
nt

ia
l(

h
),

an
d

pa
rt

ic
le

si
ze

an
d

PD
Is

ta
bi

lit
y

(i
)w

er
e

in
ve

st
ig

at
ed

.

53



N
an

om
at

er
ia

ls
2
0
2
3
,1

3,
54

0

F
ig

u
re

3
.

Pr
es

cr
ip

tio
n

sc
re

en
in

g
fo

r
pr

ot
ei

n
ca

no
py

.T
he

co
nc

en
tr

at
io

n
of

BS
A

w
as

ch
an

ge
d

w
hi

le
ke

ep
in

g
ot

he
r

fa
ct

or
s

fix
ed

.T
he

pa
rt

ic
le

si
ze

(a
),

po
te

nt
ia

l(
b

),
an

d
pa

rt
ic

le
si

ze
an

d
PD

Is
ta

bi
lit

y
(c

)w
er

e
in

ve
st

ig
at

ed
.T

he
op

ti
m

al
co

nc
en

tr
at

io
n

of
BS

A
w

as
ad

op
te

d,
an

d
w

hi
le

ot
he

r
fa

ct
or

s
w

er
e

un
ch

an
ge

d,
th

e
vo

lu
m

e
ra

ti
o

of
pr

ot
ei

n
so

lu
ti

on
to

ca
ti

on
ic

lip
os

om
e

so
lu

ti
on

w
as

ch
an

ge
d.

Th
e

pa
rt

ic
le

si
ze

(d
),

po
te

nt
ia

l(
e

),
an

d
pa

rt
ic

le
si

ze
an

d
PD

Is
ta

bi
lit

y
(f

)w
er

e
in

ve
st

ig
at

ed
.

54



Nanomaterials 2023, 13, 540

3.1.3. Co-localization Relationship

The relative positional relationship between the BSA and the inner core liposomes was
investigated by using fluorescence microscopy analysis. The inner core liposomes were
tracked by wrapping the red fluorescent dye, Did, inside the liposomes by drug-loading,
and the protein coating was tracked by labeling BSA with the green fluorescent dye, FITC.
As shown in Figure 4a, the FITC-BSA and Did-AT-CLs/Did-CLs show green and red
fluorescence, respectively. Using Image J analysis, the yellow fluorescence shows their
co-localization. Thus, the BSA and inner core liposomes are in the same position.

 

Figure 4. Preparation characterization of PcCL and Pc-AT-CL nanoparticles. (a) Visualization of the
double-labeled Pc-AT-CLs by fluorescence microscopy. (b) SEM images of the AT-CLs and Pc-AT-CLs.
(c) TEM images of the AT-CLs and Pc-AT-CLs.

3.1.4. Preparation Characterization by SEM and TEM

Since the protein crown liposome is a nano-preparation, SEM and TEM were used to
determine its morphology. As shown in Figure 4b, the lyophilized AT-CLs and Pc-AT-CLs
are observed by the SEM, and both are spherical. The TEM results show a distinct protein
coating on the surface of the Pc-AT-CLs compared to the AT-CLs (Figure 4c), confirming
successful protein crown coating.

3.2. In Vitro Release and Evaluation of Peptide Stability

The liraglutide release profiles from different formulations were tested by an in vitro
assay. The pH was set to 1.2 and 6.8 to simulate the acidic environment of gastric and
intestinal fluids in vivo, respectively [31]. As shown in Figure 5a, the amount of liraglutide
released from CLs/AT-CLs is approximately 80% at 8 h, unlike the liraglutide released
from the PcCLs/Pc-AT-CLs, which is significantly slower at approximately 55%. The same
method was used to verify the release of pure liraglutide. The release rate of pure liraglutide
was linear and rapid in the first 3 h, gradually reaching an equilibrium.
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Figure 5. In vitro liraglutide release profiles and stability studies. (a) Liraglutide release profiles of the
CLs, PcCLs, AT-CLs, and Pc-AT-CLs in SGF (2 h) and SIF (8 h). (b) Circular dichroism spectra of the
liraglutide released from the CLs, PcCLs, AT-CLs, and Pc-AT-CLs (data are presented as mean ± SD,
n = 3).

Liraglutide may be sensitive to interfacial pressure when subjected to ultrasound, so
it is important to ensure the stability of liraglutide in the final product. To characterize
the secondary structure of liraglutide, it was determined in the far ultraviolet region
(190~260 nm) using the CD experiments (Figure 5b). The original liraglutide has two
negative absorption peaks at 209 nm and 220 nm. The AT-CLs/CLs have two negative
absorption peaks at 208 nm and 220 nm with a slight change; the characteristic peaks of the
PcCLs/Pc-AT-CLs are unchanged. This indicates that the secondary structure of liraglutide
is preserved, and the ultrasonic pressure did not cause its instability.

3.3. Mucus Co-Interaction

Nanoparticles with a near-neutral or negative charge and a smaller absolute value
can effectively reduce the electrostatic interactions with mucus [32,33]. The lumen pH of
the proximal small intestine (duodenum and jejunum) is about 6.0–7.0 [34–36]. Herein,
we chose pH = 6.5 to model the pH in the intestinal mucus environment. To detect the
effect of the protein corona modification on mucus adsorption, various concentrations of
mucin solutions were prepared to evaluate the aggregation of different nanoparticles in
the mucin solutions. As shown in Figure 6a, the aggregation of the PcCLs and Pc-AT-CLs
decreases significantly, indicating that adsorption and aggregation occur between mucins
and the CLs/AT-CLs, while the capture ability of the PcCLs/Pc-AT-CLs weakens relatively.
The coating of the protein cap reverses the surface charge of the original CLs, and the
nanoparticles close to electrical neutrality are more beneficial in penetrating the mucus.
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Figure 6. Mucus aggregation and transmucosal transport. (a) The binding rate of CLs, PcCLs, AT-CLs,
and Pc-AT-CLs with different concentrations of mucus (data are presented as mean ± SD, n = 3).
(b) Transmucosal transport of CLs, PcCLs, AT-CLs, and Pc-AT-CLs with or without a pretreatment or
post-treatment process to remove mucus (data are presented as mean ± SD, n = 3, ** p < 0.05).

3.4. Transmucosal Transport

To further investigate the obstructive influence of mucus on the absorption of the
PcCLs and Pc-AT-CLs, in situ absorption studies were undertaken. Specifically, the mucus
layer adherent to the surface of the intestine epithelium was removed at pre-treatment
or post-treatment with 0.2% NAC, because NAC is a widely used mucolytic agent in
clinical setting to break hydrogen and disulfide bonds of mucus [37,38]. The internal-
ized amounts of Did are shown in Figure 6b. In the presence of mucus, the intestinal
absorption of the Pc-AT-CLs is always higher compared to the AT-CLs, indicating that
hydrophilic and electrically neutral preparations are more beneficial properties for mucus
penetration. In the case of NAC pre-treatment, compared to the Pc-AT-CLs, the amount
of intestinal internalization of the AT-CLs increases significantly, confirming that positive
and hydrophobic preparations are more conducive to the internalization and absorption by
intestinal epithelial cells. Simultaneously, compared to the CLs, the AT-CLs are more easily
absorbed in the intestine, proving that AT-1002 plays an important role in the absorption
of nanoparticles. In the case of NAC post-treatment, the uptake of the CLs and AT-CLs
reduces significantly compared to the untreated samples, indicating that these are easily
trapped by the mucus layer. However, the mucus layer has little effect on their absorption
of PcCLs and Pc-AT-CLs, proving that the protein coating facilitates easy penetration to the
mucus layer, ultimately increasing the efficiency of intestinal internalization.

3.5. Biosafety Evaluation

Biosafety assessment is a prerequisite for evaluating utility in future biological appli-
cations [39]. After continuous administration for a week, the viscera were dissected and
stained with H&E, and the histopathological changes were observed. The microscopic
examination results of the H&E staining are shown in Figure 7. There are no obvious
pathological changes in the heart, liver, spleen, lung, or kidney. In general, compared to the
control group, no signs of inflammatory reactions were observed in the experimental group.
Thus, the oral administration of the nanoparticles prepared in this study had no obvious
toxicity in the experimental animals. The PcCLs and Pc-AT-CLs are safe and effective with
good application prospects.
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Figure 7. Histopathological images of the heart, liver, spleen, lung, and kidney on the 7th day,
obtained using an upright fluorescence microscope (scale bar = 50 μm).

3.6. In Vivo Distribution

The small animal in vivo imaging system was used to visualize the distribution of the
nanoparticles in the animal models, and the in vivo distribution of the PcCLs and Pc-AT-
CLs was mainly evaluated based on the luminescence intensity. As shown in Figure 8a,
after administration, the fluorescence intensity of the PcCLs and Pc-AT-CLs decreases
with the extension of time, and at 24 h after administration, the fluorescence intensity of
both groups is weak, indicating that the drug has been digested and degraded or excreted
in vitro. As shown in Figure 8b, the fluorescence intensities from other major organs (heart,
liver, spleen, lung, and kidney) increase. The fluorescence intensity attenuation in the PcCL
group is greater than that of the Pc-AT-CL group 2–8 h after administration, indicating
that the latter has a longer absorption time. This was also verified by comparing the renal
fluorescence intensity; the renal fluorescence intensity of the PcCL group is higher than
that of the Pc-AT-CL group.
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Figure 8. Fluorescence images of mouse organs. (a) After the administration of PcCLs and Pc-AT-
CLs labeled with Dir, the in vivo distribution was observed at different time points. (b) In vivo
fluorescence images of the stomach, intestine, heart, liver, spleen, lungs, and kidneys after the
administration of Dir-labeled PcCLs and Pc-AT-CLs at different time points.

4. Conclusions

According to the properties of the mucus and intestinal epithelial barriers during oral
delivery, a protein corona liposome with neutral hydrophilic properties and a core–shell
structure was designed based on the characteristics of BSA and the TJ regulatory peptide,
AT-1002. After penetrating the mucus layer, the outer shell gradually peeled off and exposed
the core CLs that crossed the intestinal epithelial cell layer efficiently. First, liraglutide
was effectively encapsulated in the CLs by the emulsion solvent evaporation method. By
optimizing the preparation process, the drug EE% was improved to the best possible extent.
Under the optimum conditions, the EE% of the liposomes was 84.63 ± 5.05%, and the
average particle size was 202.9 ± 12.4 nm. The in vitro release of liposomes and the stability
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of liraglutide after release were investigated in vitro. Liraglutide showed good structural
stability. The intestinal absorption potential, drug distribution, and biological safety of
the adaptive protein crown liposomes were studied in vivo. The results showed that the
protein corona liposomes had a good intestinal internalization effect, longer intestinal
absorption time, and good biological safety. The adaptive protein corona liposomes have
potential application for the oral administration of proteins and peptides.
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Abstract: The effect of the hemin (Hmi) on the structure and properties of nanocomposite electrospun
materials based on poly-3-hydroxybutyrate (PHB) is discussed in the article. The additive significantly
affected the morphology of fibers allowed to produce more elastic material and provided high
antimicrobial activity. The article considers also the impact of the hemin on the biocompatibility of
the nonwoven material based on PHB and the prospects for wound healing.

Keywords: poly-3-hydroxybutyrate; hemin; electrospun fibrous materials; biocompatibility;
antimicrobial activity

1. Introduction

The interest in materials from renewable resources for formulation of innovative
biomedical materials is growing rapidly [1]. High attention is paid to biopolymers—
for instance, to polyhydroxyalkanoates (PHA)—which is a class of sustainable aliphatic
polyesters produced by various microorganisms [2].

Poly(3-hydroxybutyrate) (PHB) has become the most widespread biopolymer among
all PHA due to the large number of advantages. PHB is biodegradable, biocompatible, and
thermoplastic polymer [3]. Figure 1a shows the monomeric link of the PHB. PHB particles
could be extracted from microorganisms, which synthesize, store, and able to degrade this
polymer as a natural source of energy [4]. PHB decay products are nontoxic [4]. Moreover,
PHB is able to be decomposed in a short period—Singh and coauthors reported full PHB
decay during 30 days in 25% humidified compost [5]. PHB has found wide application in
biomedicine [6]: scaffolds [7] and implants [8] design in tissue engineering; nanoparticles
for controlled drug release [9] and delivery [10].

The PHB-based composites become popular in the biomedical application due to
high biocompatibility [11,12]. Biomedical PHB-based materials with a large surface area
including highly porous films [13] and fibrous materials [14] possess high similarity with the
structures and surfaces of live organisms and promotes cell adhesion, viability, migration
and growth [15]. PHB has shown also high efficiency in design of the new materials for
wound healing [16,17].

However, industrial and commercial application of PHB-based materials is limited
due to poor mechanical properties—low tensile strength and elongation [18]. Nevertheless,
many collectives developed effective methods for PHB modification [19]. Especial efficacy
demonstrated various nanocomposites based on PHB and biopolymers or additives of nat-
ural origin: poly(ethylene glycol) [20], polylactide [21], polycaprolactone [22], chitosan [23],
nanoparticles [24], catalysts and enzymes [25], bioactive molecules [26].

A number of efforts were made by the different collectives in order to improve or en-
dow PHB with specific properties: control of hydrophobicity [26,27] and permeability [28],
increase mechanical [29] and antimicrobial [30,31] properties.
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(a) (b)

Figure 1. Structural formulas of PHB (a) and hemin (b).

Among the number of additives, porphyrins represent a particular interest. Re-
searchers apply widely synthetic and natural porphyrins in biomedicine [32,33], photo-
and chemotherapy [34–36]. Most of the porphyrins are biocompatible, chemically and
thermally stable [37]. Moreover, the porphyrins demonstrated a high antimicrobial and
antiviral activity [38]. Earlier, the several groups developed the porphyrin-polymer systems
through hydrogen bonding, weak interactions (hydrophobic or electrostatic) or coordina-
tion bounding [39,40].

The researchers display especial interest to natural porphyrins, among which is hemin
(Hmi). Figure 1b shows the structural formula of Hmi. Hmi is applied in various biomedical
materials: as a moiety promoting protein-polymer binding [41]; as a container for bioactive
molecules [42]; as a biocatalyst [43]. The chemical structure explains a wide variety of
applications and unique properties of Hmi, among which, probably the most important—
biocompatibility [44] and high antimicrobial activity [45].

In this research, we formulated PHB–Hmi composites by electrospinning method
(ES) [46]. ES allowed to obtain fibrous materials with a large surface area and constant
distribution of Hmi in polymer matrix, which is very valuable in the production of biocom-
patible materials [47]. A number of reports are described application of electrospun for PHB-
porphyrin composite materials fromulation: polystyrene/polyhydroxybutyrate/graphene/
tetraphenylporphyrin [48], polyhydroxybutyrate/Hemin [49], polyhydroxybutyrate/
tetraphenylporphyrin with Fe [50], and polyhydroxybutyrate/5,10,15,20-tetrakis(4-hydroxy-
phenyl)-21H,23H-porphine [51].

In our previous study, we described the nature of Hmi effect on the supramolecular
structure of PHB formation [52]. Comparing the formulated composite with the HPB fibers
supplemented with a synthetic Fe3+ porphyrin complex, we revealed the high potential of
these composite materials based on PHB–Hmi fibers [53].

The main goal of this study was assessment of the changes in the structure and
properties of PHB under the influence of hemin, and influence evaluation of the Hmi
molecular complexes on the biocompatibility and antimicrobial activity.

2. Materials and Methods

2.1. Materials

Polyester of natural origin—poly-3-hydroxybutyrate (PHB) was used in the work [49,53].
PHB was used in the form of a finely dispersed powder (16F series, BIOMER, Schwalbach
am Taunus, Germany), characterized by 59% of crystalline phase, 206 kDa of molecular
weight, 1.248 g/cm3 of density (Figure 1a). A tetrapyrrole complex of natural origin—hemin
(Hmi) was used in the work (Figure 1b) [54]. Hmi was obtained by the extraction method
from the bovine blood (production by Aldrich Sigma, Saint Louis, MO, USA). Phosphate
buffered saline (PBS) (Biolot, St. Petersburg, Russia); 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrasolium bromide (MTT) and Mowiol (Sigma-Aldrich, St. Louis, MO, USA);
96% ethanol (Chimmed, Moscow, Russia); Dulbecco’s modified Eagle’s medium (DMEM)
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(Gibco, Waltham, MA, USA); fetal bovine serum (FBS) (Gibco, Waltham, MA, USA); 0.9%
saline (PanEco, Moscow, Russia); dimethyl sulfoxide (DMSO) (Amreso, Solon, OH, USA);
0.02% EDTA; 0.05% trypsin solutions (Gibco, Waltham, MA, USA); and gentamycin (PanEco,
Moscow, Russia) were used for the experiments with cell cultures.

2.2. Methods
2.2.1. Preparation of the Electrospun Materials

Electrospinning (ES) method was used for obtaining the fibrous materials based
on PHB–Hmi [49,52]. The laboratory unit EFV-1 (Moscow, Russia) was single-capillary.
Conditions of the ES process are given in the Table 1.

Table 1. Conditions of the ES method.

Diameter of
Capillary, mm

Voltage, kV
Distance between the

Electrodes, mm
Gas Pressure on the
Solution, kg(f)/cm2

0.1 17–20 190–200 10–14

Since Hmi is soluble in N,N-dimethylformamide and PHB is soluble in chloroform, the
method of double-solution electrospinning was used for obtaining PHB–Hmi fibers [55,56].
For preparation of forming solutions PHB powder was dissolved in chloroform at a temper-
ature of 60 ◦C and Hmi powder was dissolved in N,N-dimethylformamide at a temperature
of 25 ◦C. Both solutions were homogenized and were used 12 h after manufacture. The
properties of the forming solutions based on PHB–Hmi are given in Table 2.

Table 2. The properties of the forming solution.

Content PHB, wt. %
Content of Hmi, wt.

% of PHB Mass
Electrical

Conductivity, μS/cm
Viscosity, Pa s

7 0 10 1.0
7 1 11 1.4
7 3 13 1.7
7 5 14 1.9

2.2.2. Scanning Electron Microscopy

Images of electrospun materials based on PHB–Hmi were obtained by scanning
electron microscopy using the Tescan VEGA3 (Brno, Czech Republic) on the samples with
a platinum layer.

2.2.3. Mechanical Analysis

Tensile strength and elongation at break were obtained by the mechanical test on the
tensile compression testing machine Devotrans DVT GP UG 5 (Istanbul, Turkey) on the
samples 10 × 40 mm at the stretching speed was 25 mm/min without preload pressure. All
data were averaged on the ten samples. Tensile strength was registered by the Devotrans
software with the average statistical error in measuring thermal effects was ±0.02 MPa.
Elongation at break, ε, was calculated as:

ε =
Δl
l0

× 100% (1)

where Δl—the difference between the final and initial length of the sample; l0—the initial
length of the sample. The average statistical error in measuring thermal effects was ±0.2%.

2.2.4. X-ray Diffraction Analysis

Degree of crystallinity of PHB and the average sizes of crystallites were obtained by
X-ray diffraction analysis on the HZG4 diffractometer (Freiberger Präzisionsmechanik,
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Germany) HZG4 diffractometer (Freiberger Präzisionsmechanik, Germany). To calculate
the degree of crystallinity, the method was used [57].

Average sizes of PHB crystallites, L020, were calculated from diffractograms obtained
with the Bragg–Brentano method using the Selyakov–Scherrer formula, the method was
used [58].

2.2.5. Differential Scanning Calorimetry

Thermal properties of the PHB–Hmi samples were obtained by differential scanning
calorimeter (DSC) using Netzsch 214 Polyma (Selb, Germany), in an argon atmosphere,
with a heating rate of 10◦ K/min and with a cooling rate of 10◦ K/min with samples’ weight
6–7 mg. The DSC temperature program included 2 heating from 20 ◦C to 220 ◦C and 2
cooling to 20 ◦C with average statistical error 2.5%.

Enthalpy of melting, ΔH, was calculated by NETZSCH Proteus software according to
the standard technique [59].

Crystallinity degree, χ, was defined from the melting peak as:

χ =
ΔH

HPHB
× 100% (2)

where ΔH—melting enthalpy; HPHB—melting enthalpy of the ideal crystal of the PHB;
146 J/g [60]; C—the content of the PHB in the composition.

2.2.6. Wetting Contact Angle

Wetting contact angle is a measure of wettability of the surface of the PHB–Hmi sam-
ples. Water drops (2 μL) were applied to three different areas of the nonwoven material’s
surface by an automatic dispenser. Measurements were prepared using an optical micro-
scope M9 No. 63649, lens FMA050 (Moscow, Russia) by Altami studio 3.4 Software. The
relative measurement error was ±0.5%

2.2.7. Permeability to Air

Permeability to air characterizes barrier properties of porous nonwoven material. Air
permeability of the PHB–Hmi porous samples was measured according to the standard
protocol according to Gurley method [61,62]. The pressure was 1.22 MPa, volume of the
air was 100 mL, and the test sample’s area was 6.5 cm2. The relative measurement error
was ±5%

2.2.8. Antimicrobial Tests

The antimicrobial activity of PHB–Hmi samples was studied by biomedical tests on
cellular material of Staphylococcus aureus p 209, Salmonella typhimurium and Escherichia coli
1257. Meat-peptone agar was used for cultures of microorganisms, incubation time was
24 h at 37 ◦C. Concentration of microbial cells in the saline solution was 5 × 105 CFU
per mL. The crops were incubated for 48 h at 37 ◦C after preparation PHB–Hmi samples
in Petri dishes with meat–peptone agar. In parallel, the test culture suspensions used in
the experiment were seeded to control the concentration of viable microorganisms. The
colonies of viable microorganisms grown on the surface of the agar were counted.

2.2.9. Hemin Release Studies

Hemin release study allowed to evaluate time-dependently the amount of additive
released from the material. Electrospun materials containing 5% of Hmi (10 × 10 mm2)
were poured in 1.5 mL of 0.1 M PBS (phosphate-buffered saline, pH 7.4). Samples were
incubated under constant shaking of 180 rpm at 37 ◦C during 48 h. The supernatant samples
were picked at 0 h (just after the films soaking), 5 h, 24 h, and 48 h. The released hemin
absorbance was determined by UV spectrophotometry (SHIMADZU UV-1800 (Shimadzu,
Kyoto, Japan)) at 292 nm. The release data are presented as the average value of five
specimens with the standard deviation.
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2.2.10. Cell Culture

The immortalized human fibroblasts BJ-5ta cell line was maintained in 25 cm2 polystyrene
flasks in the DMEM medium supplemented with 10% FBS and gentamycin (50 μg/mL)
at 37 ◦C in a humidified atmosphere containing 5% CO2. The cells were replated using
trypsin-EDTA solution twice per week.

2.2.11. Cytotoxic Activity Analysis

To assess the cytotoxic activity and biocompatibility, the cells were seeded into 24-well
plates (20,000 cells per well) directly before experiment on film samples and incubated
under standard conditions for 72 h. Cells photo were taken at 24, 48, 72 h of incubation by
Nikon Diaphot phase contrast microscope at 40x magnification and a Levenhuk M1400Plus
camera. We applied standard MTT assay to evaluate cells survival [63]. Each well was
supplemented with 250 μL of MTT solution (1 mg/mL) in the serum-free DMEM and
incubated during 4 h. Next, the medium was aspirated, precipitated formazan crystals
in each well were dissolved in 400 μL of DMSO, and the light absorption was measured
at 540 nm. Survival curves plotting, IC50 values calculation, and statistical analysis were
performed in Excel (Microsoft Corporation, Redmond, WA, USA) and OriginPro (version
2020b, OriginLab Corp., Northampton, MA, USA).

3. Results and Discussion

3.1. Characterization of PHB–Hmi Fibers

Addition of hemin to the poly(3-hydroxybutyrate) fibers is a good approach to modify
its surface and properties. The introduction of Hmi into the forming solution increased
the electrical conductivity by 10–40% and the viscosity by 40–90%, that contributed to a
significant improvement in the fibers’ quality. All key parameters of ES process such as
the flow rate of the polymer solution, the curing rate of the fibers, and the trajectory of
the thread were more stable due to addition of Hmi to the forming solution. As shown in
Figure 2, all the PHB–Hmi fibers displayed uniform and randomly orientated structure.
It fully corresponded to the type of the structure produced by the ES method during
formation of fibrous layer [64]. One of the important parameters of ES is the distance
between the capillary and the collection zone. First of all, this distance affects the size of the
ES area, as well as the diameter of the formed fibers, which makes a significant contribution
to the formation of a uniform layer of nonwoven material [65]. The optimal distance
was selected experimentally taking into account the optimal molding conditions for the
PHB solution to obtain a uniform Taylor cone during the molding process [66]. Another
significant aspect in the formation of composites by the ES method is the contribution of the
solvent. There are a large number of approaches to the implementation of double-solution
electrospinning [55,56]. The main contribution of the two-solution ES process of PHB–Hmi
composites is due to the fact that PHB is not soluble in N,N-dimethylformamide, and Hmi
is not soluble in chloroform. At the same time, the solutions mix well, forming a sufficiently
homogeneous system for forming fibrous materials with a uniform distribution of Hmi
in the structure [52,53]. Moreover, the introduction of Hmi contributed to changes in the
structure of the fibers. Characteristics of the nonwoven materials are presented in Table 3.

The surface density of the material was reduced by 30–40% due to an increase in
porosity. The average fibers’ diameter was reduced by 40–50%. With an increase in the
concentration of Hmi the number of defects on the surface of the fibers noticeably decreased.
Thickenings, gluings, and spherical formations were almost completely absent at 5% wt.
of Hmi.

The reduction in the number of defects and the formation of more uniform fibers
contributed to the growth of mechanical properties of PHB-based materials. The tensile
strength increased by 3.2 times, and the elongation at break increased by 1.7 times. Typical
tensile stress−strain curves of electrospun PHB–Hmi materials are shown on the Figure 3.
The addition of higher concentrations of Hmi caused weakening of mechanical properties
of the material.
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(a) (b) 

  
(c) (d) 

Figure 2. SEM images of electrospun materials based on PHB with different content of Hmi: 0% wt.
(a), 1% wt. (b), 3% wt., (c) and 5% wt. (d).

Table 3. Material properties of PHB–Hmi fibers a.

Sample Density, g/cm3

(Mean ± SD, n = 10)
Average Diameter, μm
(Mean ± SD, n = 100)

Tensile Strength, MPa
(Mean ± SD = 0.05, n = 10)

Elongation at Break, %
(Mean ± SD = 0.2, n = 10)

PHB 0% wt. 0.30 ± 0.01 3.50 ± 0.08 1.7 3.6
PHB with 1% wt. of

Hmi 0.20 ± 0.02 2.06 ± 0.07 0.7 4.7

PHB with 3% wt. of
Hmi 0.20 ± 0.01 1.77 ± 0.04 1.9 4.7

PHB with 5% wt. Hmi 0.17 ± 0.01 1.77 ± 0.04 5.5 6.1
a Density and average diameter were calculated per area 400 × 600 μm2.

The supramolecular structure of the polymer plays a significant role in the key prop-
erties of the material including biocompatibility, degradation, stability under different
environmental conditions [67]. PHB is a semi-crystalline polymer with the orthorhombic
crystal lattice (a = 0.576 nm, b = 1.320 nm, c = 0.596 nm, and space group symmetry of
212121) [68]. Hmi did not affect these parameters of native crystalline phase of PHB. How-
ever, Hmi significantly affected the degree of crystallinity and the size of the crystallites of
PHB (Figure 4).
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Figure 3. Typical tensile stress-strain curves of electrospun materials based on PHB with different
content of Hmi: 0% wt. (blue), 1% wt. (yellow), 3% wt., (grey) and 5% wt. (red).

  
(a) (b) 

Figure 4. Degree of crystallinity (a) and average sizes of PHB crystallites L020 (b) of PHB–Hmi
composites.

The introduction of Hmi led to decrease in the proportion of the crystalline phase by
6–15%, however, the size of the crystallites increased by 26–15%. Probably, hemin could
act as a crystallization center during the curing of the forming solution. Thus, PHB was
able to form more regular and larger crystallites, which also contributed to the mechanical
properties of the material.

These results were consistent with the changes in thermal properties of PHB–Hmi
(Table 4). While Hmi very slightly effected on the melting temperature of the crystalline
phase, the melting enthalpy varied according to the changes in the degree of crystallinity.
During the first melting, it decreased by 12–19%, and during the second one by 13–20%.
so slight differences between the first and second heating showed that the polymer in the
molding solution had time to crystallize sufficiently, and the fibrous structure had little
effect on the phase distribution [69].
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Table 4. Thermal properties of PHB–Hmi, where χ—crystallinity degree Δ ± 2.5%, ΔH—melting
enthalpy Δ ± 2.5%, and Tm—melting temperature Δ ± 2%.

Sample
Concentration of

Additive, %

First Heating Run Second Heating Run
Tm, ◦C ΔH, J/g Tm, ◦C ΔH, J/g

PHB 0 175 93.1 170 90.8
PHB–Hmi 1 172 81.8 168 78.7
PHB–Hmi 3 173 77.8 170 75.4
PHB–Hmi 5 174 75.3 170 72.7

These characteristics showed the significant positive contribution of Hmi to the forma-
tion of nanomaterials. Exerting a significant influence on the crystallization of PHB, this
modifying additive allowed to obtain the material devoid of the disadvantages of pure
PHB (PHB–Hmi was more durable, with fewer defects, more uniform fibers). In addition,
the significant influence of the Hmi on the molding properties of the solution makes it
possible to obtain a material with a more predictable structure, which could not be obtained
using other metal-containing modifying additives [53].

3.2. The Barrier Properties of PHB–Hmi Fibers

PHB is a hydrophobic material, which can make it difficult for cells to consolidate in a
living organism and slow down the wound healing process. The control of hydrophobicity
is an important task. Figure 5 shows the impact of Hmi on the hydrophobicity of the
nonwoven material.

Figure 5. Contact wetting angles of the fibrous materials based on PHB–Hmi.

The introduction of Hmi has a hydrophilic effect due to the polar groups—COOH
(Figure 1b) located in the structure of the tetrapyrrole ring. Moreover, it is known that
tetrapyroll complexes tend to mutual aggregation [70], and with increasing the Hmi con-
centration, this effect could be observed. The wetting angle decreases slightly due to the
smaller number of hydrophilic sites that are freely available on the surface of the fibers
with the growth of the Hmi concentration.

Another important aspect of wound healing is the permeability to air [71]. The
introduction of Hmi made a significant contribution to the control of the breathability of
nonwoven fabric (Figure 6).
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Figure 6. Air volume that passed through the fibrous materials based on PHB–Hmi according to the
Gurley method.

The key parameter affecting the permeability of the nanofibrous material is the mor-
phology of the fibrous layer. With an increase in porosity and with a decrease in the
number of glues and engagements, the material becomes more accessible for air transfer.
Air permeability control is extremely important for the formation of a reliable environment
in the wound healing zone. Thus, we observed five-fold air permeability increment with
the addition of 5% of Hmi.

3.3. The Antimicrobial Tests of PHB–Hmi Fibers

The antimicrobial activity of hemin against S. aureus is well known [72]. The results of
the antimicrobial efficacy of PHB–Hmi electrospun materials against Gram-positive and
Gram-negative cultures are shown in Table 5.

Table 5. Antimicrobial activity of electrospun fibrous materials based on PHB–Hmi composites.

Test Culture
Initial Test Culture, CFU/mL Sample, CFU/mL Control, CFU/mL

PHB with 1 % wt. Hmi

S. aureus 209 2.0 × 104 4.5 × 103 8.6 × 103

E. coli 1257 2.0 × 104 8.5 × 102 9.8 × 103

S. typhimurium 2.0 × 104 7.2 × 103 8.1 × 103

PHB with 3 % wt. Hmi

S. aureus 209 2.1 × 104 1.8 × 103 8.6 × 103

E. coli 1257 2.0 × 104 <1 × 102 9.8 × 103

S. typhimurium 2.0 × 104 2.1 × 103 8.1 × 103

PHB with 5 % wt. Hmi

S. aureus 209 2.0 × 104 0.9 × 103 8.6 × 103

E. coli 1257 2.0 × 104 <1 × 102 9.8 × 103

S. typhimurium 2.0 × 104 2.0 × 103 8.1 × 103

It is known that pure PHB-based materials have no antibacterial activity [73]. On the
contrary, PHB is able to be a good substrate in view of its microbiological origin.

Table 5 shows that the increasing of the Hmi concentration leaded to the growth of
the antimicrobial activity of the fibrous material. 1% of Hmi leaded to the S. aureus CFU
decrease by 47%, and of E. coli by 90%. In relation to S. typhimurium, a small concentration
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of Hmi was less effective reducing the number of colony-forming units within 15%, and 3
and 5% of Hmi provided high activity against S. aureus and S. typhimurium inhibiting CFU
by 79–89% and 74–75% correspondingly. Moreover, 3 and 5% of Hmi displayed almost 98%
CFU inhibition against E. coli.

Probably, the antimicrobial effect is explained by the gradual Hmi release from the
PHB matrix. The Hmi release profile from the electrospun sample containing 5% of Hmi
was recorded from the immersion in PBS solution (pH 7.4, 37 ◦C) for 48 h. Figure 7 shows
the gradual hemin release from PHB containing 5% Hmi. We observed 0.84% Hmi release
after 5 h of incubation: 1.72% after 24 h and 4.03% after 48 h. Thus, the released Hmi
could explain the average antimicrobial properties of nonwoven materials, which may be
beneficial during future applications of these nonwoven materials.

Figure 7. The changes in the Hmi concentration in PBS solution (pH 7.4, 37 ◦C).

3.4. Cytotoxic Activity Analysis and Biocompatibility of PHB–Hmi Fibers

During microscopic examination, we observed the fibroblasts distribution along the
PHB-based fiber samples after 24, 48 and 72 h of the cultivation. The microscopic images of
control PHB with different hemin content in cells-free DMEM are represented in Figure 8.

The cells exhibited a flattened morphology and demonstrated a good adherence to
the polymeric plate surface in presence of PHB membranes. The normal morphology and
proliferation rates were comparable with control cells (Figure 9a) evidencing the lack of
noticeable cytotoxic effect of the PHB-based fibers and good potential biocompatibility.

According to Figure 9, the cells revealed high viability after 24–72 h of incubation in
presence of PHB with different hemin content, indicating low PHB toxicity.

The MTT test results (Figure 10) also evidenced the absence of pronounced cytotoxic
effects of PHB-based fibers.

Summarizing, there were no significant differences in morphology, cells shape, adher-
ence, or survival rate between groups after 24, 48, and 72 h of incubation of BJ-5ta cells with
PHB with different hemin content (Figures 9 and 10). The lack of ruptures, deformations,
or other phenomena confirmed the good biocompatibility of the examined PHBs. Good
biocompatibility is one of the basics of the materials applied in medicine. Thus, these
preliminary results evidence that all examined PHB-based fibers lack toxic effects on cell
viability and morphology.
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(a) (b) 

 
(с) (d) 

Figure 8. The optical microscopic images of PHB with different hemin content: 0% wt. (a), 1% wt.
(b), 3% wt. (c), and 5% wt. (d) before fibroblasts seeding BJ-5ta cells. Bar—50 μm.

 
(a) 

Figure 9. Cont.
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(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 9. The optical microscopic images of the fibroblasts BJ-5ta after 24, 48 and 72 h (the images
aligned left to right respectively) of cultivation in presence of PHB with different content of the hemin:
0% wt. (b), 1% wt. (c), 3% wt. (d), and 5% wt. (e); (a) control. Bar—50 μm.
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Figure 10. Survival of BJ-5ta cells after 72 h incubation with the PHB with different content of the
hemin (0—0% wt., 1—1% wt., 3—3% wt., and 5—5% wt). (mean ± SD, n = 3).

4. Conclusions

We evaluated the effect of 1–5% wt. of the hemin molecular complexes on the structure
and properties of the composite materials based on poly-3-hydroxybutyrate in this research.
The Hmi made it possible to obtain fibers with improved morphology. The presence of an
iron atom in the Hmi structure significantly improved the properties of the solution during
the ES process, which had a positive effect on the structural characteristics of the material.
As a result, the tensile strength of the fibrous layer increased by 3.2 times, and the elongation
at break increased by 1.7 times with the introduction of 5% wt. of Hmi. Although it should
be mentioned that the high modulus of elasticity of the samples, which may impose
restrictions on the use of film samples in clinical products, however, electrospun nonwoven
samples are characterized by high softness and elasticity, due to the high degree of freedom
of the fibers relative to each other. Moreover, Hmi acted as a crystallization center, which
allowed the formation of a more favorable crystal structure of the polymer. The size of PHB
crystallites increased, and their total fraction decreased. The Hmi antimicrobial activity
ensured the death of both Gram-negative and Gram-positive cultures after contact with
the PHB–Hmi fibrous material. Cytotoxic activity results demonstrated that formulated
PHB-based fibers characterized with high potential safety and could be promising vehicles
for regenerative medicine applications. Despite the low statistical differences in the MTT
results, we could assume influence of the localization and behavior of Hmi in the material
on the cells survival. As mentioned earlier, tetrapyrroles are prone to aggregation processes
which are directly related to their concentration [70,74]. The minimum of the aggregation
was detected at 1% of Hmi and corresponded to a high survival rate. The maximum of
aggregation was detected at 3% of Hmi and corresponded to a low survival rate, while at
5% of Hmi, there were both aggregated and free components. This assumption is consistent
with the previously described trends in the accumulation of iron atoms obtained by the
EDX atomic analysis of an iron atom [49]. Thus, we can assume presence of dependence
between Hmi aggregation degree and cells survival, what, of course, have to be tested
further. Thus, summarizing the data obtained, we can recommend PHB–Hmi materials for
regenerative medicine as wound dressing layers, and among alternative applications, we
can offer hygienic agents, filter materials, and other clinical products that require a highly
developed surface in combination with antimicrobial properties and biocompatibility.
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Abstract: The successful development of foot-and-mouth disease virus-like particles (FMD-VLPs)
has opened a new direction for researching a novel subunit vaccine for foot-and-mouth disease
(FMD). Therefore, it is urgent to develop an adjuvant that is highly effective and safe to facilitate a
better immune response to be pair with the FMD-VLP vaccine. In this research, we prepared a new
nano-emulsion adjuvant based on squalane (SNA) containing CpG using the pseudo-ternary phase
diagram method and the phase transformation method. The SNA consisted of Span85, Tween60,
squalane, polyethene glycol-400 (PEG400) and CpG aqueous solution. The average particle diameter
of the SNA was about 95 nm, and it exhibited good resistance to centrifugation, thermal stability,
and biocompatibility. Then, SNA was emulsified as an adjuvant to prepare foot-and-mouth disease
virus-like particles vaccine, BALB/c mice and guinea pigs were immunized, and we evaluated
the immunization effect. The immunization results in mice showed that the SNA-VLPs vaccine
significantly increased specific antibody levels in mice within 4 weeks, including higher levels of
IgG1 and IgG2a. In addition, it increased the levels of IFN-γ and IL-1β in the immune serum of
mice. Meanwhile, guinea pig-specific and neutralizing antibodies were considerably increased
within 4 weeks when SNA was used as an adjuvant, thereby facilitating the proliferation of splenic
lymphocytes. More importantly, in guinea pigs immunized with one dose of SNA-VLPs, challenged
with FMDV 28 days after immunization, the protection rate can reach 83.3%, which is as high as in
the ISA-206 control group. In conclusion, the novel squalane nano-emulsion adjuvant is an effective
adjuvant for the FMD-VLPs vaccine, indicating a promising adjuvant for the future development of a
novel FMD-VLPs vaccine.

Keywords: nano-emulsion; adjuvants; FMD virus-like particles; squalane; immune responses

1. Introduction

Foot-and-mouth disease (FMD) is a disease that spreads rapidly in even-toed ani-
mals [1]. In most countries, animals are immunized with the whole virus inactivated
vaccines to control the virus; however, safety is a concern [2]. Adjuvants provide an im-
portant way to improve the efficacy of FMD vaccines. Hence, the search for specific and
targeted adjuvants combined with protective antigens is a new direction for developing
novel FMD vaccines [3].

The development of virus-like particles (VLPs) technology has strongly impacted
modern vaccinology. Though morphologically similar to native viral particles, VLPs show
higher and safer efficiency in stimulating the immune system because they lack replicable
viral genetic material [4]. VLPs can be generated using recombinant DNA technology in
various exogenous gene expression systems, including yeast, bacteria, mammalian cells,
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baculovirus systems, plant cell cultures, or plant organisms. VLPs-based vaccines are
not only particularly effective and safe, but also have a low cost and can be produced at
scale [5]. Therefore, VLPs are expected to be ideal candidates for vaccine development [6].
Compared to inactivated vaccines, VLPs alone do not induce a sufficient specific immune
response; they also require the appropriate adjuvants to enhance their immune response.
Compared to inactivated and attenuated vaccines, the FMD virus-like particle vaccine is
a new safe and effective vaccine [7]. Therefore, it is necessary to identify a new adjuvant
with high efficiency, low cost, and low toxicity for FMD-VLPs.

Emulsion adjuvants are usually formulated from oils, such as mineral oil (e.g., Mon-
tanide) and squalene (e.g., MF59) and surfactants. They are available in water-in-oil,
oil-in-water and water-in-oil-in-water dispersion forms [8]. The oil emulsion adjuvant has a
high antigen adsorption capacity and can bind to different types of antigens [9]. By adding
immune boosters, nano-emulsion adjuvants can stimulate both humoral and cellular im-
munity in the body; therefore, they have become one of the more widely used adjuvants in
animal vaccines. Montanide ISA-206, a mineral oil-based adjuvant, is produced by Seppic
(Shanghai) Chemical Specialities Co., Ltd. (Shanghai, China)., and is presently used for
formulating FMD vaccines in many South American and Asian countries.

Squalane is a saturated aliphatic hydrocarbon with low toxicity, derived from the
hydrogenation of squalene, which is found in cod liver oil, rice, olives, and soybeans [10].
Based on its strong stability and biocompatibility, squalane is currently used in many
vaccines and drug delivery emulsions [11]. For instance, emulsions MF59 (Novartis, Basel,
Switzerland), AS03 (GlaxoSmithKline, Brentford, UK), and AF03 (Sanofi, Paris, France)
are squalene-based and have been used as adjuvants in anti-influenza virus vaccines [12].
Whether squalane can act as an effective adjuvant to enhance the immune response in an
FMD-VLPs vaccine remains unclear.

Compared with conventional emulsions, nano-emulsion has a low viscosity, small
particle size, good stability and fewer toxic side effects [13]. As a new type of drug
carrier, nano-emulsion has many advantages that are incomparable to other drug carriers.
Due to these characteristics, they show attractive prospects for development in the field
of biologics.

In this study, a basic formulation of a squalane nano-emulsion adjuvant (SNA) was
developed by a pseudo-ternary phase diagram, and CpG was added as an immune booster
to the water phase. The physicochemical properties of the adjuvant were tested. Further-
more, SNA was emulsified with FMD VLPs, and animal experiments were performed to
evaluate the immune response of these VLPs.

2. Materials and Methods

2.1. Selection of the Surfactant and Cosurfactant

Based on preliminary experiments, we chose squalane (Acmec, Shanghai, China) as
the oil phase, Span85 (Aladdin, Shanghai, China) and Tween60 (Sigma-Aldrich, Saint Louis,
MO, USA) as the surfactant, polyethene glycol-400 (PEG-400, Acmec, Shanghai, China) as
the cosurfactant, and deionized water as the aqueous phase. We used 0.8 g of PEG-400 and
1.2 g of the Span85 and Tween60. In the reaction system, the surfactant and co-surfactant
were blended with the oil phase at ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1. In
the surfactant, Span85 and Tween 60 were blended in the ratios of 1:1, 1:2, and 2:1; the
appropriate ratio of Span85 to Tween60 was chosen by recording the maximum area of
the pseudo-ternary phase diagram [14]. Origin 6.0 software (Origin Lab, Northampton,
MA, USA) was used to plot a pseudo-ternary phase diagram, compare the size of the
nano-emulsion area, and select the optimal ratio.

After determining the mass ratio of the two surfactants, the mass ratio of the surfactant
to the co-surfactant (Km) was further determined. The surfactant (Span85 and Tween60)
was coupled with PEG-400 in three groups under different fixed mass ratios of Km (1:1,
2:1, and 1:2), and the total quantity of the mixture (the surfactant and co-surfactant) was
maintained at 2.0 g. For each group, squalane was added and mixed well with the surfactant
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and cosurfactant. The mass ratio of the surfactant and cosurfactant to oil ranged from 1:9,
2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, to 9:1. The phase diagrams under different Km were developed.

Selection of Span85 and Tween60 ratios, and selection of surfactant and co-surfactant
ratios information is provided in the Supplementary Materials.

2.2. Preparation of the SNA

From the pseudoternary-diagram, the precise composition was selected for the nano-
emulsion. Briefly, we made a mixture by weighing a certain mass of Span85, Tween60,
PEG-400, and squalane in proportion to each other. The aqueous phase (with the addition
of CpG) was added to the mixture while stirring at 1000 rpm at room temperature until
a clear and transparent emulsion formed; then, stirring was continued to ensure that the
nano-emulsion was stable.

2.3. Characterization of the SNA

The ultrastructure and morphology of the SNA were observed by transmission electron
microscope (TEM; HT7700, Hitachi, Tokyo, Japan). The SNA for analysis was diluted
100 times by water and magnetically stirred well; then, 10 μL of drops were placed on a
carbon copper grid (300 mesh; Pelco, CA, USA). Next, the samples were allowed to stand
at room temperature for 5 min; then, we added 10 μL of 1% phosphotungstic acid (pH 7.4,
solarbio, Beijing, China) solution, let it dry naturally and observed it. The average size and
zeta potential were measured by dynamic light scattering (DLS) with a Zetasizer-Nano
(Malvern Zetasizer Nano ZS90; Worcestershire, UK).

2.4. Stability Assessment of the SNA
2.4.1. High-Speed Centrifuge Stability and Thermodynamic Stability

Thermodynamic stability was tested according to the methods described previously [15,16].
Briefly, the SNA prepared freshly were centrifuged at 13,000× g for 30 min at 25 ◦C and
4 ◦C, maintain for 48 h. Six cycles of centrifugation were performed. After centrifugation,
we observed whether phase separation and precipitation occurred.

2.4.2. Long-Term Stability Test

The SNA was stored at 25 ◦C for 12 months in the dark. Samples were taken at 0, 3, 6,
9 and 12 months to observe the stratification, precipitation and turbidity. We measured the
average particle size, zeta potential, PDI and pH, and the microscopic morphology was
observed by transmission electron microscopy.

2.5. Biocompatibility Evaluation of the SNA
2.5.1. Tissue Toxicity

Balb/c female mice were purchased from the Experimental Animal Center of Lanzhou
Veterinary Research Institute (Lanzhou, China) (age = 8 weeks; weight = 15–20 g). Two
experimental groups were designed in this study: the PBS control group (each mouse was
injected with 100 μg sterile PBS) and the SNA experimental group (each mouse was injected
with 100 μg SNA) (n = 8 in each group). We observed whether the injection site was red
and swollen, and recorded the weekly weight gain of the mice. Approximately 28 days
later, the mice were anaesthetized with ether. Then, the heart, liver, spleen, lung and kidney
tissues were removed, preserved in 4% paraformaldehyde, embedded in paraffin, and
stained with H&E.

2.5.2. Cytotoxicity

PK-15 (Porcine kidney) cells were inoculated into 96-well cell culture plates. Ap-
proximately 24 h later, different concentrations of SNA (0 μg/mL, 25 μg/mL, 50 μg/mL,
100 μg/mL, 200 μg/mL, 400 μg/mL, and 800 μg/mL) were added to the cells at 10 μL
per well, which were incubated for 24 h. Then, 10 μL MTS (Promega, Madison, WI, USA)
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reagent was added to each well and incubated for 4 h. The absorbance was measured by
an enzyme marker. The cell viability was calculated with the following equation:

Cell survival (%) =
absorbance value of treatment group
absorbance value of control group

× 100%

2.6. Preparation of the FMD-VLP Vaccine with SNA

The expression, purification and assembly of FMD-VLPs in the Escherichia coli system
have been described in our previous studies [7,17]. Expression, purification, and assembly
of FMD-VLPs can be found in the Supplementary Materials. Initially, the mass ratios of
adjuvant to antigen phase (FMD-VLP protein solution) was selected as 1:1, 2:3, 1:2, and 3:2
and emulsified by a shear machine at room temperature. After one week, the non-stratified
one was selected as having the best emulsification ratio. After several experiments, we
finally determined the mass ratio of the adjuvant-to-antigen phase to be 1:1.

2.7. Immunization Studies in BALB/c Female Mice

BALB/c female mice (6–8 weeks old, 15–20 g) were maintained in a specific pathogen-
free (SPF) laboratory and separated into four groups, each including five animals: Group1
was immunized with sterile phosphate-buffered saline (PBS); Group2 was immunized
with the 50 μg FMD VLPs; Group3 was immunized with the vaccine containing 50 μg of
FMD VLPs and emulsified with the same volume of SNA; Group4 was immunized with a
vaccine emulsified with ISA206 adjuvant (containing 50 μg of FMD VLPs). All mice were
immunized by intramuscular injection, and serum was collected 7, 14, 21 and 28 days after
immunization. The specific antibody levels were detected by using a liquid phase blocking
ELISA kit (Lanzhou Veterinary Research Biotechnology Co, Lanzhou, China).

Indirect ELISA evaluated the levels of the specific antibodies, IgG1 and IgG2a in
serum. Briefly, microtiter plates (Coster, Corning, NY, USA) were coated with FMDV VLPs
(2 μg/mL) in coating buffer (0.05 M CBS, pH 9.6) at 4 ◦C overnight and then blocked with
BSA (1%, m). Then, the plates were washed with PBST (10 mM PBS containing 0.05%
Tween 20, pH 7.4) and dried for the subsequent procedure. For determination of IgG1
and IgG2a sera were diluted 1/200 and incubated at 37 ◦C for 1 h; goat anti-mouse IgG1
andIgG2a (Sigma-Aldrich, Saint Louis, MO, USA) were diluted 1/1000 and incubated at
37 ◦C for 60 min; HRP-conjugated rabbit anti goat IgG (Sigma-Aldrich, Saint Louis, MO,
USA) was diluted 1/5000 and incubated at RT for 30 min; the enzyme substrate 3,3′,5,5′-
tetramethylbenzidine (TMB, Surmodics IVD Inc., MN, USA) was added as described
by the manufacturer. Then, the absorbance was measured at 450 nm with a microplate
reader (Bio-Tek, Winooski, VT, USA) after the reaction was stopped with the stop buffer of
sulfuric acid.

The cytokine levels of the IL-1β and IFN-γ in the serum were detected by Quantikine®

ELISA kits (R&D Systems, Inc., Minneapolis, MN, USA).

2.8. Guinea Pig Immunization with FMD-VLP Vaccine with SNA
2.8.1. Animal Vaccination

Twenty-four guinea pigs, 250–300 g each, were purchased from the laboratory animal
centre of Lanzhou Veterinary Laboratory Experimental, China, which were randomly
divided into three groups, each containing eight guinea pigs: Group A, SNA-VLPs (FMD-
VLPs emulsified with SNA); Group B, ISA206-VLPs (FMD-VLPs emulsified with ISA206);
and Group C, phosphate buffered saline (PBS, pH 7.4). Each group received 50 μg of
FMD-VLPs (except the PBS group).

2.8.2. Detection of Specific Antibodies and Cytokine Levels

Specific antibody titres of immunized guinea pigs were determined by indirect ELISA
as previously described [7]. Briefly, O-type inactivated FMDV was diluted with a coating
solution (0.05 M bicarbonate buffer, pH 9.6), and 100 μL was added to each well of a 96-well
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plate overnight at 4 ◦C. Then, 100 μL of PBS containing 5% BSA was added to each well
for 1 h at 37 ◦C to be blocked, washed and drained. One-hundred fold dilutions of tested
sera were added to the 96-well plate and were incubated at 37 ◦C for 1 h. Afterwards,
the sample sera were removed and washed. Horseradish peroxidase (HRP)-conjugated
anti-guinea pig antibody (1:2000) (Sigma, St. Louis, MO, USA) was added and incubated
at 37 ◦C for 1 h. Then, 50 μL of the enzyme substrate o-phenylenediamine (OPD, Sigma,
St. Louis, MO, USA) in sodium citrate was added to each well and incubated for 15 min at
room temperature. Finally, the reaction was stopped with 50 μL of 2 M H2SO4 and the OD
value was read at 492 nm. Antibody reactivity was reported as OD values.

The cytokine secretion levels of the IL-1β and IFN-γ were measured with an ELISA
kit (Shanghai MLBIO Biotechnology Co. Ltd, Shanghai, China), according to the manufac-
turer’s instructions.

2.8.3. Detection of the Neutralizing Antibodies

The guinea pig serum to be tested was inactivated at 56 ◦C for 30 min, with eight
gradients of fold dilution, starting at 1:4 in 96-well cell culture plates, with two replicates
for each dilution. We added 100 TCID50 of the FMDV type O strain O/China99 to each
well of diluted serum and incubate for 1 h at 37 ◦C. A positive control, negative control, cell
control, and virus regression control were also designed. Then, 100 μL of a Baby Hamster
Syrian Kidney (BHK-21) cells mixture was added to each well and incubated in a CO2
incubator for 72 h. Finally, cell lesions were observed under an inverted microscope. The
Reed–Munch method calculated the highest dilution of the serum that protected 50% of the
cells from cytopathic lesions. The dilution reflected the potency of the serum to neutralize
the antibody.

2.8.4. T-Cell Proliferation Assay

The lymphocyte proliferation assay was performed four weeks after immunization, as
previously described [18].

2.8.5. Challenge Protocols

The challenge protocols in guinea pigs were performed 28 days after immunization;
all guinea pigs were subcutaneously and intradermally challenged with 0.2 mL 100 ID50 of
live virus (FMDV/O/China99) on the left back sole. After the attack, the guinea pigs were
kept in isolation and observed for more than 7 days. If the guinea pig had no lesions on
either hind foot, the set-up was indicated as “protected”. If lesions were present on both
hind feet, it was indicated as “no protected” [19].

Protection rate (%) =
Full protection guinea pigs

Total number of guinea pigs
× 100%

2.9. Statistical Analysis

We analysed all data using SPSS 22.0. The t-test was used to determine the difference
between the two sample groups. Differences at 0.01 < p ≤ 0.05 were considered statistically
significant, whereas those at p ≤ 0.01 were considered highly significant.

3. Results

3.1. Preparation of the SNA

In the pseudo-ternary phase diagram, the first axis represents the oil phase, the second
axis represents the aqueous phase, and the last axis represents the mixture of surfactant
and co-surfactant. The size of the enclosed space formed by the three components is related
to the ability to form nano-emulsions, with larger areas indicating greater ability to form
nano-emulsions. According to Figure 1, the size of the area for the Smix (Smix represents
the ratio of Span85 and Tween60) = 2:1 (Figure 1c) was larger than those for the Smix = 1:1

83



Nanomaterials 2022, 12, 3934

(Figure 1a) and Smix = 1:2 (Figure 1b). Based on the largest black area in the phase diagram
(Figure 1d), Smix = 2:1 was accepted and applied for the preparation of nano-emulsions.

Figure 1. Pseudo-ternary phase diagram obtained with different ratios of Span85 and Tween60.
(a) Span85:Tween60 = 1:1. (b) Span85:Tween60 = 1:2. (c) Span85:Tween60 = 2:1. (d) The ratio of the
shaded area to the area of the ternary phase diagram for the different Smix values (based on the (a–c)).
* p < 0.05, ** p < 0.01. Notes: S/C represents the total mass of the surfactant and co-surfactant. Smix
represents the relative ratio of Span85 and Tween60. Span85 and Tween60 form a surfactant complex.

The pseudo-ternary phase diagrams for different Km (Km represents the ratio of
surfactants and co-surfactants) are shown in Figure 2. The area for Km = 3:2 (Figure 2c) was
larger than those for Km = 1:1 (Figure 2a) and Km = 2:1 (Figure 2b). Based on the largest
black area in the phase diagram (Figure 2d), Km = 3:2 was accepted and applied for the
formation of the nano-emulsions.
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Figure 2. Pseudo-ternary phase diagram for different Km values (a) Km = 1:1. (b) Km = 2:1. (c) Km = 3:2.
(d) The ratio of the shaded area to the area of the ternary phase diagram for the different Km values.
(based on the (a–c)). ** p < 0.01. Notes: Km indicates the relative ratio of the surfactant (Span85 and
Tween60) and the co-surfactant (PEG-400).

3.2. Characterization of the SNA

The nano-emulsions observed by transmission electron microscopy were uniformly
sized circles (Figure 3a), with a particle size of about 100 nm. The morphology of FMD-
VLPs is shown in Figure 3c. The SNA prepared by the phase conversion method is shown
in Figure 3d, and the FMDV-VLP vaccine emulsified with SNA is shown in Figure 3e.

The average particle size of SNA was 95 nm; about 75% of the nano-emulsion particles
were concentrated between 68 nm and 105 nm, with a very narrow particle size distribution
(Figure 3b), which were consistent with the results obtained from TEM. In addition, we
determined the polydispersity index (PDI) of nano-emulsion SNA with a value of 0.4; this
PDI value indicates that dispersion is within acceptable limits, and the average potential of
the nano-emulsion was −25.76 mV.
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Figure 3. Basic characteristics of the SNA adjuvant. (a) The TEM images of the freshly formulated
SNA, (b) The particle size of the SNA, SNA-VLPs, and FMD-VLPs were measured by DLS. (c) The
TEM images of the FMD-VLPs. (d) A new preparation of SNA. (e) A new preparation of the FMD-
VLP-SNA vaccine.

3.3. Stability of the SNA

Long-term stability is an essential basis for product preservation conditions and valid-
ity. Figure 4a–f show the transmission electron micrographs of the SNA with preservation
periods of 0, 90, 180, 270, and 360 days, respectively; Figure 4f–h and Figure 4i show the
particle size zeta potential, PDI, and pH for different preservation days, respectively. These
results showed that the SNA prepared in this experiment did not change significantly in
appearance properties when left at 25 ◦C for 360 d in the dark. This emulsion was stable at
room temperature.

 

Figure 4. Stability testing of the SNA adjuvants. (a) SNA transmission electron micrograph of 0 days.
(b) SNA transmission electron micrograph of 90 days. (c) SNA transmission electron micrograph
of 180 days. (d) SNA transmission electron micrograph of 270 days. (e) SNA transmission electron
micrograph of 360 days. (f) The particle size for different preservation periods. (g) The zeta potential
for different preservation periods. (h) The PDI for different preservation periods. (i) The pH for
different preservation periods. (j) The SNA after the high−speed centrifugal and thermodynamic
stability tests.
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The high-speed centrifugation and thermodynamic stability test confirmed that the
nano-emulsion was as transparent and homogeneous as the fresh nano-emulsion, with no
turbidity and no precipitation appearing (Figure 4j).

3.4. Safety Evaluation of the SNA

Within 48 h after injection, the mice took food and water as normal, and there was
no redness or swelling at the injection site. Furthermore, the weight gain trends of the
mice in different injection groups were similar, indicating that the injection of SNA had no
significant effect on the weight gain of the mice (Figure 5a).

 

Figure 5. Safety evaluation of the SNA adjuvants. (a) The body weight of the immunized mice at 0, 7,
14, 21, and 28 days after immunization. (b) The cytotoxicity of different concentration of SNA on the
PK-15 cells. (c) Histopathological changes in the heart, liver, spleen, lung and kidney of mice after
intramuscular injection of SNA and PBS.

Twenty-eight days after injection, the pathological changes of the tissue organs were
analysed. Figure 5c shows that no tissue structure injuries or neutrophil infiltration occurred
in the SNA group compared to the PBS-immunized group. This indicates that the SNA
injection into mice did not cause significant pathological histological toxicity. The PK-15
cells were incubated with different dilution concentrations of SNA, and the results are
shown in Figure 5b. The survival rate of the PK-15 cells all remained high when the SNA
dilution concentration was as high as 400 μg/mL, which indicates that the SNA had little
cytotoxicity in the PK-15 cells (Figure 5b). All the results confirmed that the prepared SNA
had good biocompatibility.

3.5. Effects of the FMDV-VLP Vaccine with SNA on the Antibody Production in BALB/c Mice

After several experiments, we finally determined the mass ratio of the adjuvant to
antigen phase to be 1:1; based on this ratio, we prepared the SNA for the FMD-VLP vaccine
and immunized the animals.
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The specific antibody test results showed that the SNA-adjuvant vaccine produced
higher antibodies than the VLPs and PBS groups at weeks 2–4, comparable to those
produced by the ISA206-adjuvant group. This result indicates that the combination of
SNA and FMDV-VLPs can significantly enhance the immune response in BALB/c mice as
compared to VLPs alone (Figure 6a).

Figure 6. Results of the immunization experiments in mice. (a) Specific antibody levels in the mice
immunized with various vaccines. (b) IFN-γ levels in serum. (c) Levels of IgG1 and IgG2a. (d) IL-1β
levels in serum. * p < 0.05, ** p < 0.01.

The results showed that, at a serum dilution of 1:100, the SNA vaccine group produced
a relatively high IgG1, comparable to the ISA206 group, and produced a higher IgG2a
than the VLPs and PBS groups and slightly lower than the ISA206 group (Figure 6c). The
IgG2a antibody levels reflect the Th1 immune responses, and the IgG1 antibody levels
reflect the Th2 immunity. This result also indicates that the SNA-adjuvant vaccination
mainly induced humoral immunity in the body but also induced different levels of cellular
immune responses.

In the present mouse immunization experiment, the SNA vaccine group produced
higher levels of IFN-γ than the ISA206 vaccine group and the VLPs antigen group (Figure 6b).
This result again demonstrates that the SNA-adjuvant vaccine induced a Th1-type immune
response. Meanwhile, the serum IL-1β in the SNA adjuvant immunization group was
higher than in the ISA206-adjuvant group and the VLPs antigen group (Figure 6d).
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3.6. Evaluation of Immunization Effect after Immunization of Guinea Pigs

As shown in Figure 7 and Table 1, the specific and neutralizing antibody titres were sig-
nificantly higher in the SNA-VLPs immunized guinea pigs compared to the PBS group, and
T lymphocyte proliferation was also promoted. However, compared to the ISA206-VLPs
group, there were no significant differences in the specific antibody titres, T lymphocyte
proliferation levels and protection rates in the SNA immunization group.

Figure 7. The results of the immunization experiments in guinea pigs. (a) The specific antibody levels
in the guinea pigs immunized with various vaccines. (b) The levels of the neutralizing antibody.
(c) The lymphocyte proliferation index. (d) The IFN-γ levels in serum. * p < 0.05, ** p < 0.01.

Table 1. Protection of guinea pigs after challenge with FMDV.

Group Guinea Pigs Number Protection Rate of Protection (%)

FMD VLPs-SNA 6 5 83.3% (5/6)

FMD VLPs-ISA206 6 5 83.3% (5/6)

PBS 6 0 0 (0/6)
Note: When neither the inoculated limb nor the uninoculated limb and vesicles were swollen, this was judged as
protection; When both the inoculated limb and the uninoculated parts were infected, this was judged as unprotected.

To confirm whether the SNA induced cellular immunity, we measured the expression
levels of the related cytokines IFN-γ. The result indicated that the levels of IFN-γ (Figure 7d)
were upregulated compared with the PBS group; the IFN-γ levels in the SNA-VLP group
were comparable to those in the ISA206-VLP group, and there was no significant difference.

4. Discussion

Vaccination is the most effective and economical method with which to control and
prevent FMD. FMD whole-virus-inactivated vaccines have been widely used in various
countries, but there are inherent risks. The successful development of virus-like particles
(VLPs) has opened a new direction for modern vaccines. Recombinant VLPs are a good
alternative to traditional vaccines for FMD because they are non-infectious, require low
production conditions, and can also be modified to improve their stability [19].
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Nanomaterials with targeted delivery and high bioavailability hold promise as a new
delivery system for biocontrol, disease prevention, and chemical antimicrobials [20,21].
Compared with other conventional emulsions, nano-emulsions have a particle size of
20–200 nm, good stability, easy storage, easy penetration of tissue barriers, easier up-
take by dendritic cells, and fewer toxic side effects [22,23]; so, it is important to apply
nano-emulsions as adjuvants in the research and development of vaccines. Joyappa et al.
immunized mice and guinea pigs with a foot-and-mouth disease P1-3CD DNA vaccine
loaded onto calcium phosphate nanoparticles and induced significant cellular and humoral
immunity while effectively protecting immunized mice and guinea pigs from attack by
foot-and-mouth disease virus [24]. Huang et al. developed a novel nano-emulsion PELC
and immunized mice by combining PELC with inactivated influenza virus vaccine and
found that the PELC significantly enhanced the proliferative activity of T lymphocytes,
increased the secretion levels of IFN-γ and IL-4, and induced higher levels of specific
antibodies [25].

Squalene oil-based adjuvants, such as MF59 and AS03, are components in commer-
cially available influenza vaccines in Europe, with average droplet sizes in the subnanome-
tre range of 155–160 nm [26]. In this study, we successfully prepared the squalane nano-
emulsion adjuvant, SNA, with an average particle size of 95 nm, which was smaller than
that of the MF59 and AS03 adjuvants. We also used it for the first time as an adjuvant for
the FMD-VLP vaccine and conducted immunization experiments in mice and guinea pigs.

The key to the preparation of nano-emulsions is the selection of a suitable oil, sur-
factant, and co-surfactant, as well as the appropriate ratio between the oil and the mixed
surfactant (surfactant and co-surfactant). It has been noted that water/oil nano-emulsions
formulated with non-ionic surfactants have no phase separation over a more extended pe-
riod time, are more stable, and have greater biological efficacy [27]. Therefore, in this study,
we chose Span85 and Tween60 as surfactants and determined the exact ratios between the
two surfactants and between the surfactant and the co-surfactant using pseudo-ternary
phase diagrams. We used a simple low-energy emulsification method (phase change
method) to prepare the nano-emulsions by adding the aqueous phase (antigen phase)
dropwise to a mixture of oil, surfactant, and co-surfactant and gently stirring until a clear
clarified emulsion appears. Therefore, this method is easy and has great advantages for
large-scale production.

The stability of the oil–emulsion adjuvant is an essential indicator of the excellent
adjuvant properties; we chose the high-speed centrifugation method [28], the thermody-
namic stability method, and the long-term storage method to assess the stability of the
SNA comprehensively. The results of all three methods proved that the SNA adjuvant had
good stability with uniform particles, good dispersion, and no significant changes in zeta
potential and particle size after 12 months of storage.

The safety evaluation of vaccine adjuvants is a very important link before clinical
application. At present, there are not many normative documents for the safety evaluation
of adjuvants in the world, and no unified evaluation standard has been formed. Currently,
the safety evaluation of vaccine adjuvants mainly refers to the evaluation method of clinical
drugs. In this study, the safety of the SNA was evaluated from two aspects: a cytotoxicity
test in vitro and a tissue toxicity test in vivo. The cytotoxicity test showed that the SNA
did not affect the growth of the PK-15 cells at medium and low concentrations. In the
mouse experiment, the growth condition of mice was not affected after the nano-emulsion
injection, and no pathological changes were found in the tissue sections of essential organs.
Thus, these data indicate that the SNA is safe as an adjuvant for injection.

CpG has a good safety profile, enhances the antigen-presenting function of DCs,
monocytes and macrophages [29], induces B-cell proliferation, indirectly stimulates the
immune activity of NK cells, and significantly favours the immune response to the Th1
type [30,31]. Hence, we added CpG to this new nano-emulsion to obtain a better immune
effect. It has been documented that the immunization of guinea pigs with CpG as a vaccine
adjuvant encapsulated in chitosan-coated poly (lactic acid)-glycolic acid nanoparticles
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provided ideal protection [32]. It has also been reported that the addition of CpG to the
influenza virus VLP vaccine offers complete protection against the 1918 influenza virus [33].

In mice immune experiments, we determined that the SNA adjuvant with the added
CpG component increased the serum levels of IgG2a and IFN-γ, with a significant ten-
dency to induce Th1 cell immune responses and was comparable to ISA206 in promot-
ing IL-1β secretion, lymphocyte proliferation and attack protection, showing the same
immune-enhancing effect as the positive control ISA206. The immunization and challenge
experiments in guinea pigs showed that SNA as an adjuvant for the FMD-VLPs vaccine
induced a stronger specific immune response against FMDV. In particular, there was no
significant difference in antibody levels and protection between the SNA-VLPs-immunized
and ISA206-VLPs-immunized groups. Pervaiz et al. evaluated the adjuvant role of three
oil adjuvants (GAHOL, Montanide ISA-206 and ISA-201) in FMD inactivated vaccines.
Among them, GAHOL is a home-made oil adjuvant. Thirty days after vaccination, 100%
(6/6) of cattle immunized with the Montanide-201 adjuvanted vaccine were protected in
a homologous FMD challenge, which was superior to cattle vaccinated with the ISA-206
(66.6%, 4/6) or GAHOL adjuvanted vaccine (50%, 3/6) [34]. In conclusion, compared with
the results of previous studies, the SNA adjuvant prepared in the present study with FMD
VLPs produced a protection rate in guinea pigs within the ideal range.

5. Conclusions

The present study indicated that the SNA, a novel nano-emulsion adjuvant of squalene,
is simple to prepare and easy to produce on a large scale, has good biocompatibility and
a relatively comprehensive immune-enhancing effect, and can be an effective adjuvant
for FMD VLPs vaccines. Therefore, the current study indicates that SNA may become a
new conventional adjuvant with good application prospects for FMD therapy. However,
whether SNA is suitable for other subunit vaccines and its underlying immune mechanism
need further investigation, which is our future work.
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Abstract: Infections caused by multidrug-resistant (MDR) bacteria are becoming a serious threat to
public health worldwide. With an ever-reducing pipeline of last-resort drugs further complicating the
current dire situation arising due to antibiotic resistance, there has never been a greater urgency to
attempt to discover potential new antibiotics. The use of nanotechnology, encompassing a broad range
of organic and inorganic nanomaterials, offers promising solutions. Organic nanomaterials, including
lipid-, polymer-, and carbon-based nanomaterials, have inherent antibacterial activity or can act as
nanocarriers in delivering antibacterial agents. Nanocarriers, owing to the protection and enhanced
bioavailability of the encapsulated drugs, have the ability to enable an increased concentration of a
drug to be delivered to an infected site and reduce the associated toxicity elsewhere. On the other
hand, inorganic metal-based nanomaterials exhibit multivalent antibacterial mechanisms that combat
MDR bacteria effectively and reduce the occurrence of bacterial resistance. These nanomaterials
have great potential for the prevention and treatment of MDR bacterial infection. Recent advances
in the field of nanotechnology are enabling researchers to utilize nanomaterial building blocks in
intriguing ways to create multi-functional nanocomposite materials. These nanocomposite materials,
formed by lipid-, polymer-, carbon-, and metal-based nanomaterial building blocks, have opened
a new avenue for researchers due to the unprecedented physiochemical properties and enhanced
antibacterial activities being observed when compared to their mono-constituent parts. This review
covers the latest advances of nanotechnologies used in the design and development of nano- and
nanocomposite materials to fight MDR bacteria with different purposes. Our aim is to discuss and
summarize these recently established nanomaterials and the respective nanocomposites, their current
application, and challenges for use in applications treating MDR bacteria. In addition, we discuss
the prospects for antimicrobial nanomaterials and look forward to further develop these materials,
emphasizing their potential for clinical translation.

Keywords: nanomaterials; multidrug-resistant bacteria; antimicrobial; drug delivery systems;
nanoparticles

1. Introduction

Antibiotics have been the primary treatment choice for use on bacterial infections due
to their cost efficiency and powerful and fast-acting outcomes. However, bacteria possess
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the intrinsic ability to evolve rapidly through mutations in developing resistance to these
treatments. In addition, bacteria can transfer drug-resistant genes among their community
through horizontal gene transfer, resulting in the emergence of multidrug-resistant (MDR)
bacteria, which are widely known as superbugs as defined by the medical and research
communities [1]. Since bacterial resistance emerges and spreads via the acquisition of
genetic material from resistant bacterial cells, the evolution of antibiotic resistance is
unstoppable [2]. Recent projections indicate that a post-antibiotic era is approaching, and
this will result in approximately 10 million annual deaths by 2050 from MDR bacterial
infections [3]. Studies have shown that infections caused by multidrug-resistant bacteria
cause more harm and higher patient mortality than infections caused by susceptible strains
of the same species [4]. A continual increase in the numbers of infections resulting from
such resistant strains poses a serious threat globally [5].

The antibiotic resistance crisis is further complicated by a lack of new antibacterial
agents to act as last-line defenders for the treatment of MDR bacterial infections. For
instance, the World Health Organization (WHO) has identified 80 antibacterial agents that
are under clinical development to treat top-priority MDR bacteria up to November 2021,
but most of these are modifications of current antibiotics and will act merely as short-term
solutions [6]. Only seven of these antibacterial agents are novel chemical entities that will
contribute to expanding the current antibiotic pipeline [6]. Due to economic and regulatory
hurdles, the biopharmaceutical industry has largely withdrawn from developing new
antibiotics, further exacerbating the situation [7]. This has triggered initiatives worldwide
to discover and exploit novel antibacterial agents in order to prevent these infections
from happening and to overcome the current challenges faced from MDR infections [8].
Promising solutions for the prevention and treatment of MDR bacterial infections are under
investigation, such as nanotechnology and biomaterials [9].

Nanotechnology serves as an alternative promising solution for the prevention and
treatment of MDR bacterial infection. Nanotechnology plays an important role in this area
by covering a broad range of nanostructured materials that possess inherent antibacterial
activity. Nanomaterials also show significant potential for delivering drugs to specific
targeted sites in vivo [10]. Nanomaterials have at least one dimension in the nano range
(1–100 nm) that convey particular and variable physiochemical properties from their bulk
constituents [11]. The nanosized scale of these nanomaterials can result in multivalent
interactions with bacteria, including electrostatic attractions, hydrophobic and receptor–
ligand interactions, and van der Waals (hydrophobic) forces [12]. This offers particular
advantages compared to small molecule antibiotics that typically result in a single mode of
interaction. The ease of functionalization and engineering of nanomaterials confers them
with additional advantages for mechanistically overcoming bacterial resistance [13].

Nanomaterials can be broadly classified into organic nanomaterials and inorganic
nanomaterials [14]. Recent advances of nanotechnology have brought novel understand-
ings in using nanosized building blocks to design and create new nanocomposites or
nanohybrid materials with unprecedented physical properties and enhanced antibacterial
activity [15]. A variety of nanomaterials can be combined to develop new nanocomposite
materials, with the most-established examples being depicted in the section below. In this
review, we illustrate that each category of these antibacterial nanomaterials has its own
distinctive characteristics and properties which are being applied to various antibacterial
applications. We present recent advances in developing the use of these nanomaterials in
combating MDR bacterial infections. However, the use of nanocomposites is still at an early
stage and more research and investment is needed towards these efforts before we start
seeing outcomes from their clinical translation. Based on these, this review summarizes
previous research progress on nanotechnology in antibacterial aspects which focuses on
the last 5 years, including a detailed summary and comparison of the most promising and
interesting nanomaterials (Table 1). The aim is to inspire future research ideas in this field
by identifying gaps or inconsistencies in the body of knowledge.
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Table 1. Summary table of the nanomaterials.

Nanomaterials Classes Advantages Disadvantages References

Lipid Organic

• Dual functional role as antibacterial agent
and nanocarrier

• Ease of industrial manufacturing for
commercialization

• Good biocompatibilities

• Poor colloidal stability for
long-term storage

• Relatively weaker antibacterial activity [16,17]

Polymer Organic

• Dual functional role as antibacterial agent
and nanocarrier

• Strong bactericidal activity
• Good colloidal integrity and stability

• Poor biocompatibilities [18,19]

Carbon Organic

• Dual functional role as antibacterial agent
and nanocarrier

• Highest drug loading capacity
• Strong bactericidal activity with physical

and chemical antibacterial mechanism

• Higher tendency of agglomeration
• Low water solubility [20–22]

Metal Inorganic

• Strong bactericidal activity
• Multiple antibacterial applications for dry

(coating) and wet environment
(disinfectant)

• Ease of industrial manufacturing
for commercialization

• Higher tendency of agglomeration
• Poor biocompatibilities
• Lack of delivery ability

[23–25]

Metal oxide Inorganic

• Good biocompatibilities
• Photosensitizing agents with multiple

antibacterial mechanisms
• Ease of industrial manufacturing

for commercialization

• Higher tendency of agglomeration
• Lack of delivery ability
• Environmental hazards especially to

aquatic environment
[26,27]

2. Organic Nanomaterials

Organic nanomaterials usually comprise carbon and hydrogen atoms that form, most
simply, hydrocarbon-based molecules. Organic nanomaterials can be designed to those that
may self-assemble into nanostructures with different dimensionalities or desired character-
istics by utilizing the weak intermolecular interactions of organic molecular structures [28].
Organic nanomaterials can be classified into lipid-based, polymer-based, and carbon-based
nanomaterials, and these nanomaterials can be designed to act as nanocarriers or antibacte-
rial agents in antibacterial applications.

2.1. Lipid-Based Nanomaterials

A variety of lipid candidates, including free fatty acids, phospholipids, glycolipids,
sphingolipids, fatty alcohols, glycerol esters, and waxes, can be utilized to nanoformu-
late into different classes of lipid-based nanoparticles including liposomes, emulsions,
solid-lipid nanoparticles, and nanostructured lipid carriers [29]. A detailed review of
these aforementioned nanoparticles has been described elsewhere [30–32] and will not be
discussed here. Lipid-based nanoparticles are the most-established nanocarriers investi-
gated for the delivery of a variety of pharmaceutical agents with different solubilities and
pharmacokinetic behaviors. In addition to the role of nanocarrier, lipid-based nanoparticles
have an emerging role as antibacterial agents against MDR bacteria. In short, these can be
classified into lipidic nanocarriers and lipidic nanoparticles. Lipidic nanocarriers contain
and deliver antibacterial agents including antibiotics and antimicrobial peptides, whilst
lipidic nanoparticles themselves display inherent antibacterial properties.

2.1.1. Lipidic Nanocarriers as Delivery Vehicles for Antimicrobial Agents

Lipidic nanocarriers are the most-established nanocarriers utilized for delivery of
a variety of pharmaceutical agents with different solubilities. Lipidic nanocarriers are
composed of colloidal dispersions of physiological or physiological-related lipids (natu-
ral or synthetic lipids that have the similar chemical structure to physiological lipids) in
aqueous solution. Generally, these dispersions are stabilized by an emulsifier or surfactant
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which intercalates on the lipid nanoparticle’s surfaces. This provides the nanoparticle
stability by conferring steric stabilization in between the nanoparticles and reducing the
interfacial energy between the lipidic nanoparticles and the aqueous phase [33]. In brief,
lipidic nanocarriers such as liposomes [16,34–37], micelles [38–40], nanocapsules [41–44],
emulsions [45,46], and solid lipid nanoparticles [29,47] have several advantages for de-
livering antimicrobial agents [48]. Lipidic nanocarriers can exhibit good biocompatibility
and non-immunogenic properties due to the analogous behavior of the physiological or
physiological-related lipids to biological membranes as seen in the new SARS-CoV-2 lipid-
based mRNA vaccines. The encapsulation of drugs enhances their bioavailability, increases
the feasibility for various routes of administration, reduces associated drug toxicity, and
protects the drugs from metabolic degradation. Furthermore, drug encapsulation into lipid-
based nanoparticles also improves the pharmacokinetic and pharmacodynamic profiles,
which lowers the required dosages and improves the therapeutic index. Lastly, surface
modifications of lipid-based nanoparticles can be achieved for various purposes, such as
targeted therapies, improved cellular uptake, and increased circulation times and half-lives.

The use of these lipidic nanocarriers for delivery can have some limitations, including
occasional poor colloidal or thermodynamic/kinetic stability for long-term storage, high
membrane permeability that accounts for drug leakage, and low entrapment efficiency
for certain hydrophobic drugs [17]. This often leads to costly and restricted preparation
conditions that allows reconstitution of lipidic nanocarriers in solution prior to adminis-
tration [49]. One of the potential solutions is to combine lipid-based nanoparticles with
polymeric nanomaterials, forming lipid–polymer hybrid nanoparticles for delivery pur-
poses, which will be described in Section 4.5. Despite being the most widely explored
nanoparticulate delivery system for various pharmaceutical products, the role of lipidic
nanocarriers in antibacterial application is limited. Currently, only one liposomal formu-
lation (amikacin liposome inhalation suspension, Arikayce) is approved by the Food and
Drug Administration (FDA) (ClinicalTrials.gov Identifier: NCT01316276) for the treatment
of mycobacterial lung infection. In addition, there are a few liposomal nanoformulations
delivering antibacterial agents that are undergoing clinical trials, with the details shown
in Table 2.

Table 2. Liposomal nanoformulation in clinical development for antibacterial therapy.

Product Name Encapsulating Materials ClinicalTrials.gov Identifier Description

- AP10-602/ GLA-SE NCT02508376 Trial on the safety, tolerability, and immunogenicity of the
vaccine candidates for the protection against tuberculosis

- CAL02 NCT02583373
Trial on broad-spectrum antitoxin agent CAL02 that

neutralizes bacterial toxins to protect against infection
severity and deadly complications

Pulmaquin Ciprofloxacin NCT02104245 Trial on Pulmaquin® in the management of chronic lung
infections in patients with non-cystic fibrosis bronchiectasis

MAT2501 Amikacin - Orally administered amikacin liposomal formulation for
various MDR infections that completed Phase 1 study

CAF01 Tuberculosis Subunit Vaccine
Ag85B-ESAT-6 NCT00922363 Trial on the safety of new liposomal vaccine adjuvant for

protection against tuberculosis

As compared with liposomes, other lipidic nanocarriers are still in the early stages of
development [50–53]. Recently, non-lamellar lyotropic liquid crystalline nanoparticles in-
cluding cubosomes and hexosomes have emerged to be the next generation of smart lipidic
nanoparticles [54–57] for antimicrobial therapeutics. The antibiotic potential of cubosomes
with a series of magnetite (Fe3O4), copper oxide (Cu2O), and silver (Ag) nanocrystals were
developed by Meikle et al. [58]. The results showed that Ag nanocrystal-embedded cubo-
somes displayed exhibitory activity against both Gram-positive and Gram-negative bacteria,
with observed minimum inhibitory concentration values ranging from 15.6–250 μg/mL.
Recent studies have shown that polymyxin-loaded cubosomes can enhance antibacterial
potency against Gram-negative bacteria, including polymyxin-resistant strains, and enable
an alternative strategy for treating pathogens by combining cubosomes with polymyxins
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as a combination therapy [57]. To overcome the difficulty of using antimicrobial peptides
in antibiotic therapies due to their lack of specificity and their susceptibility to in vivo
proteolysis, Boge et al. used cubosomes to topically deliver the antimicrobial peptides,
LL-37, to inhibit S. aureus. They found that the pre-loading preparation where incorpora-
tion of LL-37 into liquid crystal gels followed by dispersion into nanoparticles was most
effective in killing S. aureus [55]. Additional studies have been reported investigating the
use of cubosomes as drug delivery vehicles for LL-37. It was observed that the cubosomes
successfully protected LL-37 from proteolytic degradation with significantly enhanced
bactericidal effects against Gram-negative strains [59]. Meikle et al. explored the potential
of cubosomes as delivery vehicles for six different antimicrobial peptides, including grami-
cidin A, alamethicin, melittin, indolicidin, pexiganan, and cecropin A [60], wherein it was
observed that by adding physiological concentrations of anionic lipids or NaCl to screen
the electrostatic charge of peptides, the antimicrobial peptides loading efficiency of the
cubosomes was significantly improved, and encapsulation in the cubosome carriers was
shown to enhance the antimicrobial activity of certain formulations [60]. Notably, there are
fundamental differences in the mechanism of cubosomes uptake between Gram-positive
and Gram-negative bacteria. For Gram-positive bacteria, the cubosomes adhere to the
exopeptidoglycan layer and slowly internalize into the bacteria, while for Gram-negative
bacteria, the interaction occurs in two stages: the cubosomes fuse with the outer lipid
membrane and then pass through the inner wall via diffusion [61].

2.1.2. Lipidic Nanoparticles with Inherent Antibacterial Activities

Antimicrobial lipids composed of a carboxylic acid group and a saturated or unsatu-
rated carbon chain (Figure 1) can act as surfactants via a membrane lytic mechanism [62].
Antimicrobial lipids possess broad-spectrum antibacterial activities and serve as new and
attractive candidates to fight the antibiotic resistance crisis. However, some technical
challenges impede the in vivo activity of antimicrobial lipids in bulk form. These include
poor aqueous solubility and weaker in vivo bactericidal activity due to in vivo oxidation,
esterification, and lipid–protein complexation [10,63,64]. This can be overcome by de-
veloping lipid nanoparticle technologies to encapsulate antimicrobial lipids and convert
them into different nanoformulations with inherent antimicrobial activities. The resulting
antimicrobial lipidic nanoparticles using nanocarriers have excellent water solubility, can
provide high concentrations of antibacterial lipids, and protect antibacterial lipids from
degradation, which highlights the great potential for improving the therapeutic ability of an-
tibacterial lipids [10,62]. Several reviews have been published elsewhere to understand the
composition, mechanism, and characterization of this class of lipidic nanoparticles [65–69].

Liposomal formulations are the most-studied candidate so far for the emerging role
as antimicrobial agents which are spherical closed lipid bilayers that can self-assemble in
aqueous solutions and have a water core [16,70]. Antimicrobial lipids such as lauric acid
and oleic acid can be incorporated to form antimicrobial liposomal formulations against
Propionibacterium acnes and methicillin-resistant S. aureus (MRSA), respectively [34,71].
Among these different fatty acids, liposomal linolenic acids have received considerable at-
tention by exhibiting particularly high levels of inhibitory activity [70]. Liposomal linolenic
acid (LLA, Figure 2) that comprised liposomal nanoparticles made from linolenic acid,
phospholipids, and cholesterols eradicated Helicobacter pylori clinical isolates including
metronidazole-resistant H. pylori [72]. Furthermore, the bacteria did not appear to develop
resistance to LLA at the sub-bactericidal concentrations used when compared with metron-
idazole and free linolenic acid. The fusion between the LLA and bacterial membrane, which
directly inserts the linolenic acid into the bacterial membranes for subsequent membrane
lysis, is suggested to be the bactericidal mechanism [72]. The in vivo efficacy of LLA in treat-
ing H. pylori infection was further investigated [73]. LLA penetrated into the mucus layer
of a murine stomach, which led to reduced bacterial load and proinflammatory cytokines.
In addition, a significant portion of LLA remained in the stomach at 24 h post-treatment,
showing the long-last effects of LLA. Lastly, the in vivo toxicity showed no significant
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increase in gastric epithelial apoptosis and no changes of the murine gastric tissue under
histological analysis, indicating the excellent biocompatibility of LLA in the stomach of
control mice [73].

Figure 1. Chemical structures of some potentially antimicrobial fatty acids and monoglycerides.
Saturated fatty acids include capric acid and lauric acid, unsaturated fatty acids include oleic acid
and elaidic acid, saturated monoglycerides include monocaprylin and monocaprin, and unsaturated
monoglycerides include monopalmitolein and monoolein.

Figure 2. Schematic drawing showing the structure of LLA.

In addition to antimicrobial liposomal formulations, other antimicrobial lipid-based
nanoparticle systems, including emulsions and solid lipid nanoparticles, have shown promis-
ing antibacterial effects against MRSA and Pseudomonas aeruginosa, respectively [47,74].
Sadiq et al. encapsulated nisin in monolaurin nano-emulsions and demonstrated their
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ability of effectively inhibiting S. aureus in vitro [46]. Studies have found that solid lipid
nanoparticles loaded with retinoic acid and lauric acid inhibited the growth of Staphylo-
coccus epidermidis, P. acnes, and S. aureus [75]. A second generation of lipid nanoparticles
that can improve the loading capacity and inhibit the excretion of bioactive compounds,
called nanostructured lipid carriers, was recently developed from a mixture of solid lipids
and liquid lipids [76–80]. Compared to the crystalline lipid core of solid lipid nanoparticles,
the structural imperfections of nanostructured lipid carriers with less ordered crystalline
arrangement can further improve the loading capacity and prevent the drug leakage for
better antibacterial activity. Previous research comparing the antibacterial activity of do-
cosahexaenoic acid (DHA) coated by nanostructured lipid carriers and DHA itself has
found the incorporation of DHA into the nanostructured lipid carriers greatly enhanced
bactericidal effect against H. pylori [81]. However, studies of emulsions, solid lipid nanopar-
ticles, nanostructured lipid carriers, etc., as antimicrobial lipid-based nanoparticle systems
are still in the early phases compared with the simplest form of liposomes.

2.2. Biodegradable Polymeric Nanomaterials

Biodegradable polymeric nanosystems can be classified into polymeric nanoparti-
cles for the purposes of a delivery nanocarrier and antimicrobial polymers. The tailored
design of polymeric chains confers versatile functions to the biodegradable polymeric
nanomaterials including antibacterial activity, enhancing stability, biocompatibility, long
circulation, and specific bacterial recognition of the polymeric nanomaterials [82]. Antimi-
crobial cationic polymers are the most-studied organic nanomaterials that have already
entered clinical trials and hold great promise in replacing some antibiotics [83]. Biodegrad-
able polymeric nanoparticles also offer an attractive delivery system which can improve
the safety and efficacy of other ingredients by modulating the rate, timing, and location of
release compared to lipid-based nanoparticles [84]. Furthermore, the functional groups on
the polymer chain serve as a promising matrix to interact with other nanomaterials, form-
ing polymer-based nanocomposites [85]. This paves the way for researchers to synthesize
different polymer-based nanocomposites with improved or novel properties, which will be
discussed further in Section 4 below.

2.2.1. Polymeric Nanoparticles as Delivery Nanocarriers

For the use of biodegradable polymeric nanoparticles with encapsulated antibacterial
agents, they can be classified into four distinct classes including polymeric micelles, vesicles,
nanocapsules, and nanospheres, depending on the polymer composition and the final struc-
ture of the polymeric nanosystems. A detailed review of the aforementioned nanoparticles
has been described elsewhere [85–88]. Currently, over 80 clinical trials are underway or
have been completed using polymeric nanoparticles in cancer therapy, highlighting the
potential utility of polymeric nanoparticles in drug delivery [89].

Polymeric nanoparticles and lipid-based nanoparticles share similar advantages as
drug delivery vehicles, but polymeric nanoparticles have some perceived advantages over
lipid-based nanoparticles. This includes higher structural integrity and stability under
biological and storage conditions, and controlled release capabilities conferred via the
polymer cytoskeleton [18,90]. Among them, the use of stimuli-responsive biodegradable
polymer nanoparticles to prepare drug delivery systems has great potential for controlled
drug delivery [91,92]. It has been demonstrated that polymer degradation can be con-
trolled by changing the external stimuli (e.g., pH, ultrasound, temperature, IR radiation,
magnetic field, etc.), allowing stacked polymer nanoparticles to degrade in a controlled
manner and release a drug on demand [90,93,94]. Qiu et al. successfully developed
phosphatidylcholine–chitosan hybrid nanoparticles loaded with a gentamicin antibiotic
and demonstrated that this synthetic system was able to inhibit the growth and membrane
formation of Gram-positive and Gram-negative bacteria [95]. Studies have shown that by
encapsulating vancomycin antibiotics in nanovesicles composed of long fatty acids grafted
with hydrophilic polymers, these nanocarriers have the ability to self-assemble into spheri-
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cal drug carriers and are effective against MRSA [96]. However, the polymer degradation
products and clearance might cause potential toxicity as lipid-based nanoparticles typically
have higher biocompatibilities than polymeric nanoparticles, which makes the application
of polymeric nanoparticles in delivering antimicrobial agents a challenge. Hence, the field
is still at an early development stage [19].

2.2.2. Antimicrobial Cationic Polymeric Nanoparticles

Over the last decade, synthetic biodegradable antimicrobial cationic polymers have
been a promising solution to combat bacteria. The cationic charges of these synthetic
polymers selectively act and are attracted to negative-charged bacterial membranes on
zwitterionic mammalian cell membranes, in a mechanism similar to natural antimicrobial
peptides [97,98]. Antimicrobial cationic polymers have attracted tremendous attention
owing to their facile synthesis in bulk quantities at much lower costs, broad spectrum
efficacy of their antibacterial activity with membrane disruptive mechanism, as well as a low
propensity for inducing bacterial resistance [99,100]. Of note are the natural antimicrobial
peptide-mimicking antimicrobial cationic polymers brilacidin (ClinicalTrials.gov Identifier:
NCT02324335) and LTX-109 (ClinicalTrials.gov Identifier: NCT01803035), which have
completed phase 2 clinical trials.

The antibacterial mechanism of cationic polymers requires contact with a bacterial
membrane’s outer surfaces, which induces a globally amphiphilic conformational change
to sequester cationic and lipophilic side chains [101]. This property is known as facial
amphiphilicity and is shown in Figure 3. The cationic subunits are responsible for interact-
ing with the bacterial membrane, whereas the lipophilic side chains insert into bacterial
membranes for subsequent membrane disruption. [102]. This leads to cytoplasmic leak-
age, membrane depolarization, lysis, and ultimately cell death, showing the promising
antibacterial activity of these polymers [103]. It remains challenging to achieve proper facial
amphiphilicity of cationic polymers. The majority of antimicrobial cationic polymers that
are generated from uncontrolled polymeric self-assembly do not comprise truly facial am-
phiphilicity, which greatly affects antibacterial activity and can lead to nonspecific toxicity
in mammalian cells [104]. Manipulation of the sequence of hydrophobic and hydrophilic
subunits of antimicrobial polymers is an important factor in achieving facial amphiphilicity
for antibacterial activity. A recent study combining vancomycin with the cationic polymer
Eudragit E100 ® (Eu) against P. aeruginosa showed that P. aeruginosa was eradicated within
3–6 h of exposure with this combination treatment [105]. Although bacterial envelope
permeabilization and morphological changes after exposure to Eu were not sufficient to
cause bacterial death, they allowed vancomycin to enter the target site, thereby enhancing
the activity of an otherwise inactive vancomycin against P. aeruginosa.

The formulation of antimicrobial polymeric nanoparticles has overcome the aforemen-
tioned problems associated with antimicrobial polymers. The first antimicrobial polymer
that self-assembled into cationic micellar nanoparticles by dissolution in water was reported
by Nederberg [106]. A strong bactericidal activity of the cationic micellar nanoparticles was
observed against MRSA and Enterococcus faecalis [106]. The polymeric nano-architecture
was critical for effective bactericidal activity of the antimicrobial polymer molecules [106].
Unlike conventional antimicrobial polymers, the self-assembled antimicrobial polymeric
nanoparticle does not require contact with the bacterial membrane for the formation of
the secondary structure. It is hypothesized that the nanoparticle architecture increases the
local concentration of cationic charge and polymer mass, leading to strong interactions be-
tween the polymer and cell membrane, which translate into effective antibacterial activities.
Self-assembled antimicrobial polymeric nanoparticles have demonstrated minimal toxicity
along with promising antibacterial activity, highlighting their potential in antibacterial
applications and clinically relevant therapies [107–110]. Chin and colleagues reported a
class of degradable guanidine-functionalized polycarbonates with a unique mechanism
that does not induce drug resistance, which has great potential in the prevention and treat-
ment of multidrug-resistant systemic infections [111]. The team optimized the structure of
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the polymer for treating multidrug-resistant Klebsiella pneumoniae pulmonary infections.
In vivo experiments showed that the polymer backbone (pEt_20) self-assembles into mi-
celles at high concentrations, which can alleviate lung infection with K. pneumoniae without
causing damage to the major organs in mammals [112].

Figure 3. Modes of action upon contact with bacterial membrane surfaces. (a) Global amphiphilic
helical conformation adopted by host-defense peptides; (b) global amphiphilic random conformation
adopted by synthetic antimicrobial polymers. (c) Proposed antibacterial mechanism of synthetic
antimicrobial polymers: (1) diffusion, (2) surface binding via cationic subunits, (3) membrane insertion
via lipophilic subunits and (4) membrane disruption. (Adapted from Rahman et al., [104] 2018
with modifications.)

Another breakthrough study that benefits from this nanotechnology is star-shaped
peptide polymer nanoparticles [113]. This is the first example of a synthetic antimicro-
bial polymer that efficiently kills colistin-resistant and multidrug-resistant Gram-negative
pathogens, including Acinetobacter baumannii, K. pneumoniae, and P. aeruginosa [113]. The
star-shaped peptide polymer nanoparticles eradicate these Gram-negative bacteria via
destabilization and fragmentation of the bacterial outer membrane, disruption of cyto-
plasmic membrane, and induction of bacterial apoptosis [113]. Singh and her colleagues
investigated the antimicrobial activities against clinical and drug-resistant strains (MDR-PA
and MRSA) through indole-3-butyryl-polyethyleneimine nanostructured self-assembly
in aqueous systems [114]. The amphiphilic indole-3-butyryl-polyethyleneimine polymer
nanostructures have positively charged hydrophilic polyethyleneimine on the surface,
while the hydrophobic indole-3-butyryl moiety is located inside the core, which showed
enhanced antibacterial effects against all drug-resistant strains [114].

2.3. Carbon-Based Antimicrobial Nanomaterials

As a novel class of nanomaterials, carbon-based nanomaterials (CNMs) have received
significant interest due to their remarkable properties including inherent antibacterial
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effects, extraordinary mechanical properties, excellent electrical conductivity and ther-
mal conductivity, incredibly high surface area to volume ratios, photoluminescent and
photocatalytic activities, and good stabilities [115]. These unique properties make carbon
nanoarchitectures promising for a wide range of antibacterial applications including drug
delivery, bone and tissue engineering, biosensors, photothermal therapy, and potential new
antibacterial agents, which have been discussed elsewhere [116–121]. Due to its valency,
carbon is able to form several allotropes that leads to a broad range of nanostructures of
different dimensions, shapes, and properties, as depicted in Figure 4.

Figure 4. Carbon-based nanomaterials categorized via different dimensionalities (D). (Adapted with
permission from Ref. [116]. 2017, Al-Jumaili et al. More details on “Copyright and Licensing” are
available via the following link: https://www.mdpi.com/ethics#10 (accessed on 10 October 2022).)

Among carbon-based nanomaterials, the preferential use of graphene-based materials,
especially graphene oxide (GO), for antibacterial applications is due to the following
reasons: The highly oxygenated surface of GO, bearing hydroxyl, epoxide, diol, and
carbonyl functional groups, provides a versatile platform for drug delivery applications
or further functionalization [122]. The good aqueous solubility of GO makes it suitable
for in vivo antibacterial applications compared with poorly water-soluble fullerenes and
nanotubes [20,123]. Another advantage of graphene oxide is its ability to act as a barrier or
overlay, delaying and controlling the release of biomolecules over time [124–126]. Lastly,
GO synthesis can be devoid of any metallic impurities and these materials can exhibit
tolerable toxicity [127,128].

2.3.1. Graphene Oxide as an Antimicrobial Delivery Nanocarrier

The use of graphene oxide as a nanocarrier for drug delivery has received signifi-
cant attention for several reasons, such as its good biocompatibility with tolerable toxici-
ties [129,130]. In addition, the ease of functionalization provides possibilities in synthesizing
novel functional nanohybrids or nanocomposites for specific purposes including targeted
drug delivery, as shown in Figure 5 [131]. The extremely large surface area coupled with
a two-dimensional planar structure provides a huge drug-loading capacity. In fact, a
significant rate of drug loading has been reported previously with a GO-based delivery
system [21]. The high mechanical and chemical stability of GO makes it particularly suit-
able for different delivery environments [132]. Currently, GO nanoparticles have been
experimentally used in various biomedical applications including gene delivery [133],
drug delivery [134,135], photodynamic therapy [136], anticancer therapies [137,138], and
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antibacterial therapies [139]. Nevertheless, studies of GO-based delivery systems with
bacterial infection are still at a preliminary stage, involving investigations in antibiotic
absorption efficacy and the respective in vitro antibacterial activity [140,141]. In a recent
study, polyethylene-glycol-functionalized GO nanoparticles loaded with Nigella sativa seed
extract were tested as a drug delivery system to disrupt bacteria by penetrating bacterial
nucleic acid and cytoplasmic membranes, successfully demonstrating potential antibac-
terial activity against S. aureus and Escherichia coli [142]. Pan et al. used GO as a carrier
to load N-halamine compounds, which not only displayed an antibacterial effect against
S. aureus and E. coli, but also had slow-release properties and good storage stability [143].
In general, with the aforementioned advantages conferred by GO-based delivery systems,
the potential of GO as a delivery platform for antimicrobial agents should not be neglected.

 

Figure 5. Schematic illustration for the transdermal delivery of nanographene oxide–hyaluronic acid
(NGO–HA) conjugates into melanoma skin cancer cells and the following photothermal ablation
therapy using a near-infrared laser. (Adapted with permission from Ref. [131]. 2014, Jung et al. More
details on “Copyright and Licensing” are available via the following link: https://www.mdpi.com/
ethics#10 (accessed on 10 October 2022).)

2.3.2. Graphene Oxide with Inherent Antibacterial Properties

GO has received tremendous attention as a novel antibacterial agent compared with
its role as a delivery nanocarrier in antibacterial applications due to its broad-spectrum
antibacterial activity and low cytotoxicity at low concentrations [144]. GO has been reported
to exhibit strong antibacterial activity against a variety of Gram-positive and Gram-negative
bacteria, such as E. coli, S. aureus, E. faecalis, P. aeruginosa, and Candida albicans [22,139,145–149].
In addition, Di Giulio et al. also reported significant antibiofilm efficacy against biofilms
produced by S. aureus, P. aeruginosa, and C. albicans [150]. Recently, attention has also
been given to GO-based combination antibacterial therapies. The ternary nanocomposites
obtained by combining GO with hydroxyapatite and copper oxide have inhibitory effects
on Gram-negative E. coli and Gram-positive S. aureus [151]. Innovative bionanomaterials
composed of GO, agarose, and hydroxyapatite have also shown the ability to significantly
reduce S. aureus [152].

The strong antibacterial activity of GO is associated with both physical and chemical
damages. The physical interactions of GO with bacteria that are reported to date include in-
teractions via direct contact of its sharp edges, lipid extraction, bacteria isolation from their
nutrient environment by wrapping, and photothermal/photocatalytic effects owing to the
semiconductor properties of graphene [139,153–156]. Interestingly, the mechanism of action
of GO on Gram-positive and Gram-negative bacteria appears to be distinct. Pulingam
et al. reported that cell entrapment via mechanical wrapping was mainly observed for
the Gram-positive bacteria S. aureus and E. faecalis, whereas with Gram-negative bacteria
E. coli and P. aeruginosa it was observed that membrane rupture due to physical contact [22]
was the predominant mechanism. Chemical damages are additionally caused via oxida-
tive stress and generation of reactive oxygen species (ROS) and charge transfer, thereby
inhibiting bacterial metabolism, disrupting cellular functions, causing inactivation of in-
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tracellular and subcellular proteins, and inducing lipid peroxidation, leading to cellular
inactivation [147,157–159]. Zhang et al. recently highlighted electrical conductivity as a key
property of GO that may be underestimated in terms of its antibacterial activity role [160].
Research by Chong et al. proposed that sunlight irradiation could increase the antibacterial
activity of GO due to enhancing the electron transportation of antioxidants [161]. GO’s
diverse physicochemical properties including sheet size, shape, number of layers, surface
charge, defect density, and the presence of surface functional groups and oxygen content
have a strong impact on its antibacterial activity and biological performance [116,162].
However, the physicochemical properties related to antibacterial activity are not fully
elucidated yet. Deepening the understanding of the physicochemical properties related
to antibacterial activity is a crucial step in designing GO-based nanomaterials for opti-
mized antibacterial activity. Together, these studies provide important insights into the
way forwards.

3. Antibacterial Inorganic Nanomaterials

Inorganic nanomaterials do not contain either carbon or hydrogen atoms that are
associated with biological matter. As an alternative, inorganic nanomaterials comprise
metallic and non-metallic elemental compounds that have weak intermolecular interactions
which form nanostructures with higher dimensionality. Among two classes of the inorganic
nanomaterials, metallic inorganic nanomaterials (Ag, Au, Zn, Cu, Bi) have attracted sig-
nificant attention over non-metallic nanomaterials (S, Si, B, Te and Se). This is particularly
due to the inherent water insolubility of the non-metallic inorganic nanomaterials that
restricted their use in antibacterial applications. Therefore, this review primarily focuses on
the development of inorganic metallic nanomaterials in antibacterial applications. Other
inorganic nanomaterials such as fluoride in oral treatment has also been researched for a
long time. For instance, in the prevention of dental caries, the addition of fluoride has a
significant antibacterial effect on Streptococcus mutans, Lactobacillus acidophilus, E. faecalis,
Actinomyces naeslundii, and Parvimonas micra [163–166].

Inorganic metallic nanomaterials do not readily self-assemble into 1D nanowires,
nanotubes, nanoribbons, and 2D nanowalls and nanofilms [167]. Therefore, complicated
synthesis methodologies are required to promote the “growth” of inorganic metallic nano-
materials into nanostructures with higher dimensionality [168,169]. Zero-dimensional
metal and metal oxide nanoparticles are the most popular candidates that can readily be
synthesized for antibacterial applications, which are discussed in Sections 3.1 and 3.2 below.

3.1. Metal Nanoparticles

Metal nanoparticles are the most promising candidate in this class of materials with
inherently strong antibacterial activities amongst the nanomaterials. A summary of the
possible bactericidal effects of metal nanoparticles on different bacteria is shown in Table 3.
Researchers reviewed a variety of metal nanoparticles including silver, gold, copper, zinc,
and super-paramagnetic iron which demonstrated promising antibacterial effects, with
silver nanoparticles (AgNPs) being the most effective against bacteria [169–172]. AgNPs
exhibit bactericidal activity at concentrations well below their cytotoxicity and exhibit
synergistic antibacterial efficacy with conventional antibiotics when used against MDR
bacteria [173–176].

The antibacterial mechanisms of AgNPs are still poorly understood despite extensive
studies [171,176]. Currently accepted antibacterial mechanisms include cell wall pene-
tration and membrane damage, toxicity associated with metal ion release, and induction
of oxidative stress [177–180]. AgNPs have already been used in various biomedical and
antibacterial applications and products, including surface coatings on medical devices,
topical treatments, wound dressings, dental fillings, personal care products with sanitizing
effects, disinfectants, and detergents [180,181]. A recent study demonstrated the potential
of AgNP-containing disinfectants as active ingredients for disinfecting surgical masks,
effectively improving mask protection by inhibiting the growth of E. coli, K. pneumoniae,
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and S. aureus [23]. Over the past few decades, the AgNP market has been growing steadily,
with an estimated annual production of more than 500 tons of nanoparticles, which also
reflects the widespread interest of AgNPs [182].

Despite the promising antibacterial effects and the wide use of metal nanoparticles in
different applications, metal nanoparticles suffer from several drawbacks. The potential
toxicity of metal nanoparticles affects the basic functioning of mammalian cells as metal
nanoparticles or released metal ions via direct uptake from mammalian cells [24]. Colloidal
metal nanoparticles tend to aggregate over time [25]. The aggregation along with increased
particle size reduces their peculiar properties at the nanoscale, including their antibacterial
activities. Bacteria have the ability to develop resistance to metal nanoparticles by using
adhesive flagellin [183]. Phenotypic changes of adhesive flagellin production triggers the
aggregation of metal nanoparticles, thereby reducing their antibacterial activity. Metal
nanoparticles are potential environmental hazards and difficult to recover or deactivate in
solid-waste incineration plants or wastewater treatment systems [184–186]. To overcome
the above limitations, metal nanoparticles could be incorporated into other nanomaterials
to form nanocomposites, which show a greater dispersion of metal nanoparticles, improved
antibacterial activity, and reduced toxicity [187–189]. This will be further discussed in
Section 4 below.

Table 3. Antibacterial activity of metal nanoparticles against different bacteria.

NPs Target Bacteria References

Ag
Acinetobacter baumannii, Salmonella typhi, Vibrio cholerae, Bacillus subtilis, S. aureus, MDR E. coli,
Streptococcus pyogenes, P. aeruginosa, coagulase-negative S. epidermis, E. faecalis, K. pneumoniae,

Listeria monocytogenes, Proteus mirabilis, Micrococcus luteus
[23,190–193]

Au E. coli, S. aureus, B. subtilis, K. pneumoniae, S. epidermidis, P. aeruginosa, L. monocytogenes,
Salmonella typhimurium [194–199]

Cu Enterobacter aerogenes, E. coli, Klebsiella oxytoca, S. aureus, S. pyogenes, B. subtilis [200–204]
Bi Streptococcus mutans, C. albicans, E. faecalis [205–208]

Cu/Zn bimetal NPs E. coli, S. aureus, MRSA, Alcaligenes faecalis, Citrobacter freundii, K. pneumoniae,
Clostridium perfringens [209–211]

Ag/Cu bimetal NPs E. coli, S. aureus, A. faecalis, C. freundii, K. pneumoniae, C. perfringens, P. aeruginosa, B. subtilis [211–213]
Superparamagnetic iron oxide

NPs coated with Ag or Au E. coli, S. aureus, P. aeruginosa, E. faecalis, S. epidermidis [214]

Abbreviations: NPs, nanoparticles; MDR, multidrug resistant; MRSA, methicillin-resistant Staphylococcus aureus.

3.2. Metal Oxide Nanoparticles

Metal oxide nanoparticles offer another alternative promising solution against MDR
bacteria. A variety of metal oxide nanoparticles including titanium dioxide, zinc oxide,
magnesium oxide, copper oxide, and aluminium oxide have been demonstrated to exhibit
antibacterial effects [215], which will not be discussed in detail here. Zinc oxide (ZnO)
nanoparticles are the most-established candidate of these metal oxide nanoparticles due
to the following reasons: ZnO is one of the most important metal oxide nanoparticles
with widespread applications [26] and worldwide production is up to 1 million tons per
year [216]. ZnO can be easily biodegraded and absorbed in the body and has been listed as
a Generally Recognized as Safe (GRAS) material by the FDA. ZnO nanoparticles have a
higher biocompatibility and lower toxicity than other metal oxide nanoparticles [217,218].
The semiconductor properties of ZnO nanoparticles with a wide band-gap energy read-
ily absorb ultraviolet (UV) light. This allows them to act as potential photosensitizing
agents for various antibacterial applications [27]. ZnO nanoparticles exhibit multiple
antibacterial mechanisms, as described by Figure 6. Current postulated mechanisms
include photo-triggered production of ROS [219] and Zn2+ ions mediating a poisoning
effect [220]. In a study by Azam et al., the potential of ZnO as an antibacterial agent was
demonstrated against Gram-positive bacteria (B. subtilis, S. aureus) and Gram-negative
bacteria (P. aeruginosa, Campylobacter jejuni, E. coli) [213]. In another study, ZnO nanoparti-
cles were also shown to be significantly inhibitory against Gram-positive (S. aureus) and
Gram-negative (E. coli and P. aeruginosa) strains [221].
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Figure 6. Multiple antibacterial mechanisms that are associated with ZnO nanoparticles. (Adapted
with permission from Ref. [222]. 2015, Sirelkhatim et al. More details on “Copyright and Licensing” are
available via the following link: https://www.mdpi.com/ethics#10 (accessed on 10 October 2022)).

The aggregation of metal oxide nanoparticles over time remains a problem, which
limits their use in vivo applications [223]. One approach to this problem is to disperse metal
oxide nanoparticles into a polymer matrix, forming polymer–metal oxide nanocomposites.
Polymer–metal oxide nanocomposites have been widely investigated and applied in the
textile and polymer industries for various antibacterial applications, which will be discussed
in the following section. [224].

4. Nanocomposite/Nanohybrid Antibacterial Materials

Nanocomposites or nanohybrids are a novel class of multiphase materials that exhibit
a hierarchical structure, where one phase of the material has at least one dimension in
the nanometer range [225]. They have attracted significant attention due to their unprece-
dented properties compared with their mono-constituent parts, largely attributed to strong
reinforcing effects of additional materials. Currently, synthesizing a variety of nanocom-
posites with unprecedented physical properties and enhanced antibacterial activities is
the main focus in the field over the last 10 years. Despite the large volume of studies on
nanocomposites, the understanding of the structure–property–activity changes remains
in its infancy [226]. It is important to understand the mechanisms behind the property’s
changes within nanocomposites in order to design materials with enhanced improvements
in the desired properties for a specific purpose. Sections 4.1–4.5 discusses the develop-
ment and potential applications of the nanocomposite antibacterial materials. Of note,
graphene oxide is especially emphasized in the section below due to its versatility to form
nanocomposites with organic and inorganic metallic nanomaterials, respectively.

4.1. Polymer–Metal Nanocomposite Nanoparticles

Polymer–metal composite nanoparticles are another promising solution to achieve
a greater dispersion of metal nanoparticles and prevent metal nanoparticle aggregation.
Polymer–metal composite nanoparticles comprise a metal nanoparticle core surrounded by
a polymer shell with the alkyl tail arranged toward the surrounding environment. Polymer–
metal composites are essentially insoluble in water and the colloidal stability of the polymer–
metal composite nanoparticles in aqueous environments has a huge potential for in vivo
antibacterial therapies [227]. The polymer macromolecular matrix acts as a reaction chamber
for metal nanoparticle synthesis, a capping agent to prevent nanoparticle aggregation and as
a scaffold for nanoparticle immobilization [228]. Moreover, synergies between the polymer
and the metal nanoparticles confer the nanocomposite with unprecedented performance
and improved antibacterial properties [229]. Tamayo et al. summarized the synthesis,
properties, and recent applications of polymer composites with metal nanoparticles [230].
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The incorporated metal nanoparticles are focused on the use of gold (AuNPs) and silver
(AgNPs) due to their antimicrobial properties, catalytic activity, and conductivity properties
enabling a wide range of applications.

4.1.1. Development of Synthesis Approaches for Polymer–Metal Nanocomposites

Both in situ and ex situ approaches can be employed to synthesize polymer–metal
composite nanoparticles and polymer-matrix metal nanocomposites. In the last decade,
several studies have been conducted to develop and improve synthetic methods at higher
efficiencies resulting in improved antimicrobial outcomes.

By using in situ methods, the precursor of the nanoparticle is required to be dispersed
in a monomeric solution before polymerization. The metal ions can be reduced into the
polymer matrix or simultaneous metal ion reduction and polymerization can occur [230].
In general, these in situ reduction methods need a relatively long time to produce nanocom-
posite films. Kazuhiko et al. developed a rapid and scalable synthetic method exploiting
use of a mid-infrared laser, CO2 laser, at 10.6 μm without the use of reducing agents [231].
The polymer film (polyvinyl alcohol (PVA) or polyethylene glycol (PEG)) containing Ag
ions were coated on a glass substrate and then the CO2 laser was used to heat the substrate.
Subsequently, the thermal energy was absorbed by the polymer film, causing Ag ion reduc-
tion. Eventually, Ag-PVA or Ag-PEG nanocomposite films were formed in several seconds.
This process is industrially scalable by increasing the power of the CO2 laser.

Ultrasound is a promising tool to be applied in for the in situ production of polymer–
metal nanocomposites. Ultrasound radiation was employed as a homogenizing tool to
fabricate composites with homogeneously dispersed metal nanoparticles [232]. The ul-
trasound was used to disperse organic liquids of polymerizing monomer (pyrrole) in the
aqueous solution of the oxidizer (Ag+ or AuCl−). The aqueous solution was placed in an
ultrasonic chamber and droplets of the organic solution were added continuously until
achieving a volume ratio of 4:1. After polymerization, the nanocomposites could be ob-
tained at the liquid–liquid interface [232]. Wan et al. used ultrasound as both an initiating
and reducing agent in the nanocomposite preparation process, shown in Figure 7 [233].
Tertiary amine-containing polymeric nanoparticles were produced by ultrasound-initiated
polymerization-induced self-assembly (sono-PISA), following which, the metal ions (Au
and Pd) were reduced in situ by radicals generated via the sonolysis of water, forming
polymer–metal composites.

 

Figure 7. Synthesis of tertiary amine-containing polymeric nanoparticles, and in situ formation of
the Au and Pd nanocomposite by ultrasound. (Adapted with permission from Ref. [233]. 2021,
Wan et al. More details on “Copyright and Licensing” are available via the following link: https:
//www.mdpi.com/ethics#10 (accessed on 10 October 2022).)
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In contrast, metal nanoparticles are synthesized before they are incorporated into
the polymer via an ex situ method. The subsequent deposition of the nanoparticles into
the polymer can exploit processes such as melt compounding or solution blending [230].
However, a significant drawback exists when using ex situ methods, which is the fact that
the nanoparticles are not optimally distributed in the polymer.

4.1.2. Synergistic or Combined Antibacterial Effects When Using More Than Just a Metal
Nanoparticle Agent

A combination of metal nanoparticles and cationic polymers also facilitates the en-
hanced antibacterial activity of a composite nanoparticle, possibly due to the synergism be-
tween the antibacterial mechanisms from two different nanomaterials [234–237]. Nanopar-
ticle formation was also expected to increase the local density of cationic polymer, leading
to stronger binding on the negatively charged bacterial membranes [234]. This polyvalent
interaction between cationic polymers and bacterial membranes is followed by the syner-
gistic antibacterial mechanisms, including bacterial membrane disruption, internalization
of composite nanoparticles, inhibition of intracellular enzymatic activity, and eventual
cell death [234]. Imidazole-capped chitosan–gold nanocomposites exhibited enhanced
antimicrobial activity to eradicate staphylococcal biofilms in a rabbit wound infection
model [238]. The antibacterial mechanism of the composite nanoparticles also involved the
binding of cationic polymer to the bacterial surface, and the subsequent synergistic effects
from the gold nanoparticles, imidazole, and the chitosan polymer to strongly eradicate
the biofilm [238].

Polymer–metal composite nanoparticles could potentially solve the environmental
hazards associated with many metal nanoparticles. Richter et al. postulated that a metallic
core is not necessary for the antimicrobial action [187]. Instead of synthesizing the entire
nanoparticle of metal, the composite nanoparticle can be produced by infusion with a
minimum amount of silver ions to the biodegradable lignin core, followed by surface
functionalization with a layer of cationic polyelectrolyte [187]. The resulting composite
nanoparticles exhibited broad-spectrum bactericidal activity against E. coli, P. aeruginosa,
and a quaternary-amine-resistant Ralstonia. This is attributed to the enhanced binding to
bacterial membranes by the polyelectrolyte shell and the synergistic antibacterial activity
between the silver ions and the polyelectrolyte. The required silver ions were ten times
lesser than when using conventional silver nanoparticles. The gradual diffusion of silver
ions from the silver-infused lignin core composite nanoparticles into water will rapidly lose
their post-utilization activity and be biodegradable in the environment after disposal [187].

4.1.3. On the Potential Clinical Use of Antibacterial Polymer-Matrix Metal Nanocomposites

Biocompatible and safe antibacterial materials are constantly sought to avoid inflam-
matory syndromes in patients. The formulation of polymer–metal composite nanoparticles
generally improves their biocompatibility and reduces the toxicity associated with metal
nanoparticles owing to protection by the polymeric shell. For instance, the viability of
NIH3T3 cells was not affected at a dosage exceeding 20 times that of the minimum in-
hibitory concentration (MIC) of the polymer–silver composite nanoparticle, showing the
low toxicity of these materials to mammalian cells [234]. Lu et al. further demonstrated
that imidazole-capped chitosan–gold nanocomposites did not display hemolytic activity
and significant toxicity towards L929 cell line [238]. Pryjmaková et al. modified the sur-
face of polyethylene naphthalate (PEN) by a 248 nm KrF excimer laser and subsequently,
Ag and Au nanowires were incorporated onto the modified PEN surface by vacuum
evaporation [239]. The resulted nanocomposites displayed antibacterial effects against
Gram-negative bacteria (E. coli) and Gram-positive bacteria (S. epidermidis) via a 24-hr incu-
bation drop plate test and were suggested as a non-toxic material by a WST-1 cytotoxicity
test. In addition to the complete eradication of the biofilm, accelerated wound healing
by a composite nanoparticle was demonstrated in a rabbit model [238]. These studies
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demonstrate the great potential of composite nanoparticles as novel antibacterial agents
against bacterial infections.

4.2. Polymer-Matrix Metal Oxide Nanocomposites

Fine dispersions of metal oxide nanoparticles can be achieved by forming polymer-
matrix metal oxide nanocomposites in a manufacturing process similar to polymer-matrix
metal nanocomposites. There is an increasing interest in using metal oxide nanoparticles
to replace metal nanoparticles for synthesizing polymer-matrix metal oxide nanocompos-
ites [240–243]. Metal oxide nanoparticles, especially zinc oxide nanoparticles, are more
desirable than metal nanoparticles as nanofillers in forming polymer-matrix nanocompos-
ites [244–247]. Zinc oxide nanoparticles feature new UV-absorption and photosensitizer
characteristics, with higher biocompatibilities and lower toxicities than metal nanoparti-
cles [218,248]. Furthermore, the low cost of production and high stability of zinc oxide
nanoparticles present advantages over conventional metal nanoparticles, even in extreme
synthesis conditions [249]. The advantages of metal oxide nanoparticles as nanofillers in
forming polymer-matrix metal oxide nanocomposites has open a new avenue for research
into novel bio-nanocomposites for use as antimicrobial surfaces in various antibacterial
applications, which will be depicted in following sections.

Polymer-matrix metal nanocomposites exhibit several advantages. Polymer flexibility
allows the final product to be fabricated into complex structures or forms for various
antibacterial applications, of which the details are shown in Table 4. The polymeric matrix
immobilizes metal nanoparticles and prevents their aggregation, thus extending the an-
tibacterial activity of the metal nanoparticles [228]. Localized release of metal nanoparticles
to the desired application site can also be achieved, reducing in vivo toxicity and the envi-
ronmental hazards caused by undesirable release of metal nanoparticles [250]. Synergistic
antibacterial activity between metal nanoparticles and polymers is obtained with inherent
antibacterial activities [229]. The strong interfacial binding and intermolecular interactions
between the well dispersed metal nanoparticles and the polymer matrix further enhance
the mechanical properties of the polymer, including the tensile strength, Young’s modulus,
yield stress, and ductility [251].

Table 4. Versatility of polymer-matrix metal nanocomposites for various antibacterial applications.

Structures/Forms Potential Antibacterial Applications References

Film
Surface coating
Food packaging
Wound dressing

[252]
[253]
[254]

Scaffold Bone tissue engineering
Wound dressing

[255]
[256]

Membrane Wastewater treatment/water filtration [257]
Sponge Wound dressing [258]

Gel
Antifouling/surface coating

Tissue engineering
Wound healing

[259]
[260]
[261]

4.2.1. Development of Synthesis Approaches for the Industrial Production of
Polymer-Matrix Metal Nanocomposites

A prerequisite to the aforementioned advantages exhibited by polymer-matrix metal
nanocomposites is the formation of homogenous dispersions of metal nanoparticles in
the polymer matrix without metal nanoparticle aggregation [262]. The delicate synthesis
conditions to meet this prerequisite is often time-consuming, laborious, and difficult to be
industrialized [263]. Therefore, recent studies have focused on developing facile and conve-
nient synthesis approaches, aiming to produce polymer-matrix metal nanocomposites on
industrial scales [228,250,264]. Other recent review papers have summarized developments,
so we will not discuss these in detail [240–242].
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For instance, Tran et al., developed a simple one-pot synthesis method in producing
polymer matrix silver nanocomposites [228]. The ionic liquid medium, butylmethylimmi-
dazolium chloride, was utilized as the only reaction medium for dissolving the biopolymer
keratin and cellulose, and reduction of a silver ion precursor in the polymeric matrix.
The synthesized polymer-matrix silver nanocomposite was found to retain the enhanced
mechanical strength by cellulose and controlled release of silver nanoparticles by keratin,
with a homogenous dispersion of silver nanoparticles. At 0.48 mmol of silver content,
the nanocomposite demonstrated good biocompatibility and excellent antibacterial ac-
tivity against E. coli, P. aeruginosa, MRSA, and vancomycin-resistant E. faecalis (VRE). An
in vitro release assay demonstrated that less than 0.02% of the silver nanoparticles were
released from the nanocomposite even after 7 days of soaking in solution, indicating good
immobilization of silver nanoparticles using this simple one-pot synthesis method [228].

A scalable approach was recently developed to produce a silver-nanoparticles-doped
nanoclay–polylactic acid composite nanocomposite, which involved doped nanoclay with
minimal alteration to the fabrication processes and industry standard equipment [264].
Loading the nanoclay can significantly reduce the affinity of the nanocomposites for bac-
terial adhesion. With this synthesis method, only a 0.1 wt % of silver loading content
was required to have satisfactory antibacterial activity. S. aureus and E. coli numbers were
reduced by 91.3% and 90.7% after 48 h of incubation. The material costs associated with
the silver-loading content is dramatically reduced compared with other studies which
utilize at least 1 wt % of silver nanoparticles in the polymer-matrix metal nanocomposite
to achieve a 90% reduction in bacterial numbers [265,266]. This is a great advantage for
industrial production, in which the high costs associated with higher loading amounts
of metal nanoparticles is a considerable problem. In addition, 3D printing is a promis-
ing method to produce metal oxide nanocomposites, with the advantages of keeping the
integrity and functionality of the materials and reduce waste from traditional manufactur-
ing methods [267].

4.2.2. The Application of Polymer-Matrix Metal Oxide Nanocomposites as Self-Sterilizing
Antimicrobial Surfaces in Healthcare Environments

There are some recent literature reviews on the application of polymer-matrix metal
oxide nanocomposites as self-sterilizing antimicrobial surfaces in healthcare environments
which will not be repeated here [268–270]. The antibacterial and photosensitizing activity
of ZnO nanoparticles has been well exploited in the absence or presence of light irradia-
tion [271]. With the exploitation of their light absorption characteristic, ROS are produced
from ZnO nanoparticles to act on bacteria, leading to a self-cleaning or self-sterilizing effect
of the polymer-matrix zinc oxide nanocomposites [272]. For instance, Sehmi et al. and
Ozkan et al. have developed self-sterilizing surfaces that was coupled with light-activated
photodynamic therapy in killing bacteria [272,273]. Both studies showed the polymer
matrix zinc oxide nanocomposites demonstrated lethal photosensitization of E. coli and
S. aureus under white light irradiation that has a similar light intensity to that in a clinical
setting [272,273]. This could potentially lower the rates of healthcare-associated infections
by eliminating bacterial transfer in healthcare environments.

4.2.3. Wound Healing Applications of Polymer-Matrix Metal Oxide Nanocomposites

Polymer-matrix metal oxide nanocomposites are an attracting candidate in wound
healing applications. Gobi et al. summarized the recent applications of nanocomposites in
wound dressings [274]. A novel polymer-matrix metal oxide nanocomposite comprising a
castor oil polymeric matrix reinforced with a chitosan-modified ZnO nanocomposite was
recently developed [275]. This novel bio-nanocomposite showed enhanced mechanical
properties, porosity, water absorption, hydrophilicity, water vapor transmission rate, and
oxygen permeability [275]. These enhanced properties are important for wound healing,
which provides porosity to absorb wound exudates and water, enables a moist wound
healing environment, a cooling effect for pain alleviation, and gases to exchange for venti-
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lation. ZnO nanofillers also enhanced the antibacterial activity and keratinocyte migration
of a polymer-matrix zinc oxide nanocomposite, leading to stronger antibacterial activity
that prevented the reoccurrence of a bacterial infection and promoted healing [276]. Re-
cent research has reported a prepared nanocomposite consisting of a Lawsone-loaded
o-carboxymethyl chitosan and ZnO which was evaluated against bacterial strains such as
Salmonella, S. aureus, P. aeruginosa, and E. coli [277]. This prepared nanocomposite tended to
prevent the evolution of these harmful bacteria compared to an o-carboxymethyl chitosan
or nano-zinc oxide alone, further supporting this advantageous strategy of using a polymer-
matrix ZnO nanocomposite in wound dressings. Finally, a polymer-matrix ZnO nanocom-
posite demonstrated promising in vivo efficacy, biodegradability, cytocompatibility, and
promoted cell attachment on the material [278,279]. Taken as a whole, polymer-matrix
metal oxide nanocomposites could possibly satisfy all the required standards as wound
materials, highlighting their huge potential in wound healing applications.

4.2.4. Food Packaging Applications of Polymer-Matrix Metal Oxide Nanocomposites

For food packaging applications, the addition of ZnO nanoparticles as nanofillers
to biodegradable polymeric materials greatly enhances the physiochemical properties
and antibacterial activities of the resulting bio-nanocomposites to protect the environ-
ment [270,280,281]. ZnO nanoparticles create a barrier effect to hinder the diffusion of
the decomposition products from the polymer matrix to the gas phase, which further
improve polymer thermal stability and avoid thermal degradation under the wide polymer
melt processing window [282]. In addition, ZnO nanoparticles act as a nucleating agent
in raising the crystallinity level of the polymer matrix [283]. The combined effect of the
increased crystallinity of the polymer along with the barrier effect of ZnO nanoparticles
creates a highly tortuous path for the gases, water vapors, and organic compounds [284].

The barrier properties to gases, water vapors, and organic compounds subsequently
improve the product quality and shelf life by blocking the diffusion of moisture and oxygen.
Mechanical performance such as stiffness, glass transition temperature, tensile strength,
and toughness is also enhanced because of the strong polymer matrix–ZnO nanofiller in-
teractions [282,285]. The antibacterial and UV-absorption properties of ZnO nanoparticles
inhibit the growth of food-borne pathogens and prevent the photo-oxidative degradation
of food, respectively [286]. Taken together, polymer matrix–zinc oxide nanocomposites
are promising materials to be used as cutlery, overwrap films, and containers in prevent-
ing growth of food-borne pathogens and achieving good quality packaged food with
extended shelf-life.

4.3. Graphene Oxide–Metal Nanocomposites

As mentioned in Section 3, the shortcomings of metal nanoparticles limit their poten-
tial for medical applications. To overcome these issues, many nanocomposites composed of
metal nanoparticles and graphene have been prepared experimentally and studied against
various bacterial strains [287–292]. Some of the available literature reviewed the develop-
ment of graphene–metal matrix nanocomposites which will not be repeated here [293–296].
Among them, a combination of graphene oxide and silver nanoparticles to form nanocom-
posites has attracted a lot of attention as antibacterial agents in antibacterial therapies,
since Ag and its compounds have been used since the time of the ancient Egyptians. The
antibacterial and antiviral properties of Ag, Ag ions, and Ag-based compounds have been
thoroughly researched [202,297,298]. With the incorporation of GO as the supporting ma-
trix, silver nanoparticles could be dispersed in aqueous solution while minimizing the
aggregation problem that would otherwise greatly affect the antibacterial activity of the
silver nanoparticles [299]. The large surface area and abundant functional groups on the
basal plane of GO allows GO to interact with silver ions or silver nanoparticles through
electrostatic interactions, charge–transfer interactions and physical absorption [300]. This
allows GO–Ag nanocomposites to be synthesized through loading of pre-synthesized silver
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nanoparticles into GO (ex situ approach) or via reduction of silver ions in a graphene matrix
to form silver nanoparticles in situ [301–305].

4.3.1. Development of Synthetic Approaches for Improving the In Vivo Performance of
Graphene Oxide–Metal Nanocomposites

The synthesis process of GO/reduced GO (rGO)–Ag nanocomposites involves harsh
conditions, as well as highly toxic reducing agents and organic solvents, which minimizes
their use in biomedical applications, which is an unmet area of need that requires more
exploration [306,307]. Despite the good dispersity of GO–Ag in aqueous solution, it has
been discovered that GO aggregates irreversibly in physiological solutions over time [308].
This greatly affect its bioavailability, significantly weakening its antibacterial efficiency
and long-term effectiveness. In an effort to solve the problem, the (polyethylene glycol)
PEGylation of GO was carried out for long term antibacterial activity and stability of
GO–Ag in physiological solution [309]. The PEGylated GO–Ag nanocomposite remained
stable in a series of complex media over one month and resisted centrifugation (Figure 8).
In contrast, non-PEGylated GO–Ag aggregated to varying degrees in the media after 1
h, and complete precipitation was observed after 1 week of equilibration. GO−PEG−Ag
nanocomposites displayed remarkable long-term antibacterial activity after 1 week of
storage in physiological saline, preserving >99% antibacterial activity against S. aureus
and >95% antibacterial activity against E. coli. GO−PEG−Ag inhibited bacterial growth
in nutrient rich Luria–Bertani (LB) broth for at least one week, and the repeated usage
of GO−PEG−Ag up to three times did not reduce the antibacterial efficacy. In contrast,
unmodified GO−Ag exhibited a >60% decline in antibacterial activity after 1 week of
storage in physiological saline. This study provides a direct solution for the synthesis of
homogenously dispersed and stable GO–Ag nanocomposites under physiological condi-
tions. This result was also confirmed by a subsequent study, in which ternary hybrids
of PEG-functionalized GO with Ag nanoparticles exhibited excellent bactericidal effects
against E. coli, and it was found that those with smaller Ag nanoparticles (8 nm) showed
better antibacterial activity than those with larger nanoparticles (50 nm) [310]. Furthermore,
modification of GO with polyethyleneimine polymers dramatically enhanced the long-term
antibacterial activity and stability of the GO–Ag nanocomposite [311]. In addition to this,
Parandhaman and his colleagues recently designed GO–Ag nanocomposites functionalized
with the natural antimicrobial peptide poly-L-lysine with remarkably improved stability
and adhesion to S. aureus biofilms [312]. Notably, poly-L-lysine functionalization prevented
the leaching of anions, thereby reducing the cytotoxicity of the graphene–silver nanocom-
posites. In order to obtain nanomaterials with long-term and stable antibacterial activity,
a facile and green method has also been proposed to prepare AgNPs/polymer/GO com-
posites with catalytic and antibacterial activities via the incorporation of furan-functional
poly(styrene-alt-maleic anhydride) [313].

4.3.2. Potential of Graphene Oxide–Metal Nanocomposites for In Vivo Therapies

In terms of biological activity, GO–Ag nanocomposites have been shown to demon-
strate synergistic antibacterial activities against planktonic bacteria and biofilms, with low
cytotoxicity and good biocompatibilities [314–317]. The enhanced antibacterial activity of
GO–Ag nanocomposites is often ascribed to the synergistic activity of GO and Ag; how-
ever, the full antibacterial mechanism remains to be elucidated [299]. Malik et al. have
also demonstrated that GO–Ag nanocomposites exhibit significantly enhanced growth
inhibition of E. coli, S. aureus, and P. aeruginosa relative to silver nanoparticles alone [291].
Recent studies have accomplished the surface functionalization of GO and Ag nanoparti-
cles by using lantana plant extract, and the results also affirmed the potential of GO–Ag
nanocomposites as antibacterial agents against biological pollutants [290]. The negatively
charged oxygen-containing groups of graphene oxide can absorb Ag ions through electron
absorption, which can improve the confinement of Ag nanoparticle agglomeration and
burst release, and synergistically enhance their antibacterial properties [292]. Intriguingly,
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GO–Ag nanocomposites exhibit species-specific bactericidal mechanisms, with cell wall dis-
ruption being observed against E. coli and inhibition of cell division against S. aureus [318].

 

Figure 8. Long-term stability and antibacterial effectiveness of a PEGylated GO–Ag nanocomposite.
(Adapted with permission from Ref. [309]. 2017, Zhao et al. More details on “Copyright and
Licensing” are available via the following link: https://www.mdpi.com/ethics#10 (accessed on 10
October 2022).)

The promising physical properties of GO, along with its synergistic activity with Ag
nanoparticles, hold great potential for a targeted nanocomposite system [319]. A photother-
mal nanocomposite was produced which was composed of hyaluronic-acid-coated Ag
nanoparticles that were integrated with GO [319]. Hyaluronic-acid-coated Ag nanoparti-
cles confer additional protection by preventing the release of metal ions to surrounding
mammalian cells. Upon encountering bacteria that secrete hyaluronidase, such as S. aureus,
hyaluronic acid is degraded, followed by interaction of the GO–Ag nanocomposite and
bacteria to further enhance the antibacterial action. Together with the photocatalytic char-
acteristic of GO, local photothermal therapy under light irradiation could be achieved to
further enhance the antibacterial activity of the GO–Ag nanocomposite [291].

4.3.3. Potential of Graphene Oxide–Metal Nanocomposites to Reduce Membrane
Biofouling Issues for Water Decontamination and Filtration

The intrinsic characteristics of GO, including its availability as single-atomic-thick
sheets, high hydrophilicity, extraordinary electrical, thermal, mechanical, structural proper-
ties, and low systemic toxicity could potentially reduce membrane biofouling issues for
water decontamination or filtration [320,321]. GO–Ag nanocomposites are also a promis-
ing membrane surface modifier that contributed to enhanced membrane hydrophilicity,
wettability and permeability, and good water influx [322–325]. Surface modification of
membranes using GO/Ag nanocomposites exhibited stronger antimicrobial activities than
AgNP-modified membranes and GO-modified membranes, without significantly altering
the membrane transport properties [326]. The feasibility of using GO–Ag nanocomposites
in membrane regeneration for a long-term anti-biofouling effect was demonstrated by
conducting, in situ, the Ag-formation procedure to regenerate AgNPs on GO–Ag-modified
membranes [327]. This potentially solves the problem of weakening biofouling properties
of the functionalized GO–Ag nanocomposite membranes over time due to constant leaching
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of silver ions throughout the process. More complex membranes containing GO, Ag, and
metal-organic frameworks (MOFs) in PES were prepared for water treatments, exploiting
the synergistic effects of graphene oxide and silver to enhance the anti-biofouling properties
of the membranes [328]. In conclusion, the metal oxide/graphene nanocomposites exhibit
enhanced antibacterial properties under visible light irradiation and have great potential
as photocatalysts in the field of water purification [321]. Nevertheless, more studies are
required to examine the long-term usage, membrane reusability, and regeneration potential
of functionalized GO–Ag nanocomposite membranes.

4.4. Graphene Oxide–Polymer Nanocomposites

Graphene oxide–polymer nanocomposites exhibit enhanced antibacterial activity,
biocompatibility, hemocompatibility, hydrophilicity, and stability, compared with the poly-
meric based nanomaterials [329–331]. In addition, GO can greatly reinforce the mechanical
properties of GO–polymer nanocomposites, including their breaking strength, Young’s
modulus, compressive strength, flexural strength, and tensile strength [332–334]. The
reinforcing effect is usually explained via strong interactions and bonding between the
homogenously dispersed GO and polymeric components [332,333].

The alignment of GO sheets on the polymer film has been suggested to greatly affect the
antibacterial activity of the resulting graphene oxide-based polymer nanocomposite [335].
Lu et al. synthesized graphene oxide–polymer nanocomposites by aligning GO in planar,
vertical, and random orientations with the aid of a magnetic field (Figure 9A). GO was
then immobilized by cross-linking with the surrounding polymer matrix, followed by
oxidative etching to expose GO on the surface (Figure 9B). The vertically aligned GO
nanosheets on the polymer film exhibited enhanced antibacterial activity compared with
the random and horizontal orientations. Mechanistic examinations revealed that direct,
edge-mediated contact with bacteria was the major mechanism in causing a greater physical
disruption of the bacteria membranes (Figure 9C) [335]. Subsequently, greater levels of
intracellular electron donors, for instance, glutathione, would release into the external
environment upon membrane disruption, favoring GO to induce antibacterial activity via
an oxidative stress mechanism [335]. This study highlights the importance of GO alignment
and provides direct implications for the designing of GO–polymer nanocomposite films
with enhanced antibacterial activities.

The abundant functional groups present on GO–polymer nanocomposites provide
various interactions with nanoparticles, creating GO–polymer-based metal nanocompos-
ites with superior characteristics. For instance, GO–chitosan nanocomposites have been
demonstrated to act as both nucleation sites for calcium phosphates mineralization and ab-
sorption sites for nanoparticles [336]. The resulting GO/chitosan nanocomposites comprise
micro- and nanohierarchical porous structures that allow cell attachment and proliferation
after biomineralization [336]. In addition, the immobilization of the AgNPs and growth-
factor-encapsulated nanoparticles on the GO–chitosan nanocomposites greatly enhances
the antibacterial activity and osteo-inductivity, respectively [336]. Taken together, GO–
polymer nanocomposites have great potential for use as multifunctional nanocomposite
materials in various antibacterial applications. This is due to the substantial property
enhancements and their ability to interact with various metal or metal oxide nanopar-
ticles. Díez-Pascual and Luceño-Sánchez described several antibacterial applications of
GO–polymer nanocomposites [325].

4.4.1. Development of Synthetic Approaches for the Production and Use of Graphene
Oxide–Polymer Nanocomposites

Various synthesis routes can be applied to prepare graphene oxide–polymer nanocom-
posite with covalent or non-covalent interactions [337]. Shahryari et al. summarized a
range of synthesis routes in a thorough review [338]. Generally, three common methods
are utilized: solution blending, melt blending, and in situ polymerization [338,339]. The
solution blending approach is the most commonly used method to synthesize graphene
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oxide–polymer nanocomposites in a dispersion form, due to its convenience and ease
of implementation. With this method, facile synthesis is achieved by simply blending
the polymer with GO in solution, followed by sonication, or magnetic stirring, or shear
mixing to obtain homogenous dispersions of the nanocomposite products as depicted
in Figure 10 [340,341]. In Rusakova et al.’s study, an ultrasonic bath was used to dis-
perse GO in a solution of styrene or a polyester resin in styrene, adding toluene and
benzoyl peroxide and then, the mixture was placed into a special mold for polymerizing
the nanocomposite [342].

Figure 9. (A) Schematic illustration of the GO film with different orientations. From left to right:
random, planar, and vertical orientations. (B) Schematic illustration of the film fabrication procedure.
A magnetic field is applied to control the orientation of dispersed GO nanosheets, with the orientation
preserved by photo-cross-linking the dispersing agents. (C) SEM micrographs pictured the intact
E. coli morphology treated by no-GO film, retained E. coli morphological integrity treated by randomly
aligned- or planar aligned-GO film and flattened and wrinkled E. coli morphologies after being treated
by a vertically aligned-GO film. (Adapted with permission from Ref. [335]. 2017, Lu et al. More details
on “Copyright and Licensing” are available via the following link: https://www.mdpi.com/ethics#10
(accessed on 10 October 2022).)

Melt blending is applied commonly in industry due to its low cost and scalability.
Unlike solution blending, melt blending eliminates the use of any toxic solvents for the
dispersion. Following melting the polymer at high temperature, the GO nanofillers are
dispersed into a polymer matrix by mechanical shear forces. However, it is likely to in-
duce particle aggregation by thermal heating and local mechanical stresses during melt
blending. A study employed wet phase inversion to prepare a sponge-like structure of a
polymer/GO/solvent mixture as an exfoliating agent. It was subsequently ground into
powder form and mixed with a polymer using melt blending [343]. The hybrid method was
exemplified with two polymers, polyamide 6 (PA6) and poly (ethylene-co-vinyl acetate)
(EVA). The produced nanocomposites exhibited enhanced dispersions with improved me-
chanical and dynamic–mechanical properties, compared with the nanocomposites prepared
via melt blending [343].
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Figure 10. Formation of a well-dispersed graphene oxide–polymer nanocomposite with graphene
being embedded in polymeric matrix.

In situ polymerization can lead to a more homogeneous dispersion of the graphene
derivatives within the polymer matrix than the two methods mentioned above. In this
technique, GO was initially mixed with the monomers, followed by polymerization. The
polymerization can be initiated by heat or radiation. Microwave heating has been demon-
strated to be a particularly efficient method to produce well-dispersed rGO polymer
nanocomposites [344,345]. Hou et al. exploited microwave heating to simultaneously
reduce GO and conducted a nitroxide-mediated polymerization of styrene, forming rGO-
polystyrene nanocomposites [346].

The resulting nanocomposite could be further modified into various forms and shapes
for different antibacterial applications [336,347,348].

4.4.2. Application of Graphene Oxide–Polymer-Based Metal Nanocomposites in
Wound Healing

Graphene oxide–polymer-based metal nanocomposites have a potential emerging
role in wound healing application as in situ-forming hydrogels. Yan et al. have syn-
thesized a novel GO–polymer-based metal nanocomposite (PEP-Ag@GO) for a wound
healing application [349]. PEP-Ag@GO comprises a poly(Nisopropylacrylamide166-co-n-
butyl acrylate9)-poly (ethyleneglycol)-poly(N-isopropylacrylamide166-co-n-butyl acrylate9)
copolymer, denoted as PEP and AgNPs decorated on reduced GO nanosheets, denoted as
Ag@GO. An aqueous mixture of the PEP-Ag@GO could transit to a hydrogel immediately
in situ upon contact with the skin area that has a higher temperature than the transition
temperature of PEP-Ag@GO (30 ◦C). The in situ formation of the hydrogel allows the
treatment of wound areas that are difficult to access and minimizes tissue damage that
is associated with changing of the wound dressing material [350]. More importantly, the
strong interactions and bonding that arises from the PEP-GO give rise to good stability of
the composite network. Therefore, the PEP-Ag@GO hydrogel resisted a transition back
to liquid form at lower temperatures, even at 5 ◦C. This is particularly advantageous as
commonly synthesized thermo-responsive hydrogels would phase transition back to a liq-
uid at lower temperatures [351]. In vitro and in vivo experiments have also demonstrated
good biocompatibility and enhanced antibacterial activity of a PEP-Ag@GO against MRSA
(Mu50), leading to a much faster wound healing rate of an MRSA-infected skin defect [349].

4.4.3. Application of Graphene Oxide–Polymer-Based Nanocomposites in Water Treatment

Membrane technologies have been widely applied in water treatments, but the growth
of biofilms causes deterioration of water filtration membranes. Therefore, GO–polymer-
based nanocomposites are promising materials for use in water treatments due to their
antibacterial and antifouling properties. A recent study discussed newly developed GO-
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based nanocomposites in water treatments and identified limitations for future improve-
ments [352]. Zeng et al. modified poly(vinylidene fluoride) (PVDF) membranes by cova-
lently immobilizing graphene oxide quantum dots (GOQDs) to exert the antibiofouling
and antibacterial properties and maintain excellent permeation properties of PVDF mem-
branes [353]. It was found that the GOQDs–PVDF membrane inhibited the growth of E. coli
and S. aureus more effectively than two-dimensional GO sheets. Cheng et al. evaluated the
performances of GO-coated and GO-blended polysulfone ultrafiltration membranes and
GO-coated membranes presented lower declines in water flux and higher flux recoveries
than GO-blended membranes [354]. They showed strong antibacterial activity and bio-
fouling resistance against E. coli. To enhance the antibacterial activity, metal nanoparticles
can also be incorporated into GO–polymer-based nanocomposites. Mahmoudi et al. incor-
porated Ag-decorated GO nanoplates into polysulfone membranes, which demonstrated
superior antibacterial properties and inhibited the formation of biofouling [355].

4.4.4. Application of Graphene Oxide–Polymer-Based Nanocomposites in Food Packaging

Graphene oxide–polymer-based membranes are attractive candidates to be applied in
food packaging due to the fact that their incorporation increases the permeability, selec-
tivity, barrier, and antibacterial activities of packaging and prolongs the durability of the
material. For example, GO was cross-linked with chitosan at 120 ◦C to form nanocomposite
films which improved the tensile strength and thermal stability and exhibited antimicro-
bial properties against E. coli and B. subtilis [356]. As a result of these enhancements, the
films are suitable for use in food packaging. Multiple reviews have been conducted on
the development and applications of graphene oxide nanocomposites in food packag-
ing [357–360]. However, the current state of GO–polymer composite membranes in food
packaging applications are yet to be commercialized to the best of our knowledge.

4.5. Lipid Polymer Hybrid Nanoparticles

Lipid polymer hybrid nanoparticles (LPHNPs) have emerged as a potentially superior
nanocomposite delivery system by combining the advantages and mitigating the limitations
associated with liposomes and polymeric nanoparticles alone [361–366]. LPHNPs comprise
a biodegradable polymeric core for drug encapsulation, an inner lipid layer surrounding
the polymeric core, and an outer polymeric stealth layer (Figure 11). The polymeric core
provides high structural integrity, mechanical stability, a narrow size distribution, and
higher lipophilic drug loading capacities of the LPHNPs [367]. The inner lipid layer confers
the biocompatibility and delays the polymeric degradation of LPHNPs by limiting inward
water diffusion, contributing to the sustained release of the composite system [368]. Finally,
the outer polymeric stealth layer provides steric stabilization of the nanoparticles, acting
as a stealth coating that enhances the in vivo circulation time and protect the composite
system from immune recognition [369].

Figure 11. Structure of a lipid–polymer hybrid nanoparticle that comprises a polymeric core, an inner
lipid layer, and an outer lipid–polyethylene glycol (PEG) shell (polymeric stealth layer).
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4.5.1. Development of Lipid Polymer Hybrid Nanoparticles Using a
Quality-by-Design Approach

LPHNPs are still in their early developmental stage for antibacterial applications
despite the advances witnessed in cancer therapeutics [370]. The synthesis conditions of
antibiotic loaded LPHNPs with desired particle characteristics is highly challenging due to
the strong interplay between process variables. Therefore, a quality-by-design approach is
often utilized to customize the LPHNPs in meeting the requirements or desired particle
characteristics [371–375]. A quality-by-design approach is a statistical method that applies
multiple factorial concepts and modelling to determine the interactions between two or
more process variables and the desired and observed response conditions [374,376–378].
For instance, Dave et al. developed and optimized norfloxacin loaded LPHNPs for a topical
drug delivery application [372]. They utilized a Box–Behnken design to determine the
effect of process conditions including the concentration of soya lecithin (lipid) and the
concentration of a polylactic acid (polymer) on the response conditions. This included
parameters such as the entrapment efficiency, particle size, and cumulative drug release. It
was found that the optimal norfloxacin-loaded LPHNPs have a high drug encapsulation
efficiency, desired particle size with a narrow distribution range, and an improved drug
release profile and stability [372]. In a study aimed at optimizing LPHNPs, Thanki et al.
customized LPHNPs composed of lipidoid 5 (cationic lipid-like molecule) and poly(DL-
lactic-co-glycolic acid) (PLGA) for loading antisense oligonucleotide-mediated luciferase
gene (Luc-ASO) transcripts and they achieved efficient cellular delivery by using a quality-
by-design approach [374]. In their study, they determined the effect of process conditions
including the lipidoid 5 content and the lipidoid 5: Luc-ASO ratio against the response
conditions (intensity-weighted average hydrodynamic diameter, polydispersity index, zeta
potential, Luc-ASO encapsulation efficiency, Luc-ASO loading, in vitro splice-correction
efficiency, and in vitro cell viability) to achieve efficient cell delivery [374]. A recent study
by Ma et al. involved efficient delivery of hydroxycamptothecin (HCPT) via PEGylated
LPHNPs [375]. A quality-by-design strategy was used to optimize HCPT-loaded LPHNPs
with desired properties, among them, the factors representing key process conditions were
the lipid/polymer mass ratio, polymer concentration, medium chain triglyceride volume,
water-solvent ratio, and poly(D,L-lactide-co-glycolide) molecular weight, and the response
conditions are particle size, particle size distribution, and drug-loading capacity [375].
The experimental results showed that the optimal LPHNPs had greater controlled release
behavior and good stability in plasma, and effectively increased the loading of HCPT [375].

4.5.2. Potential of Lipid Polymer Hybrid Nanoparticles as Antibacterial Delivery Vehicles

Recently, LPHNPs have received great attention in antibacterial applications as effi-
cient drug delivery systems due to their combined advantages of liposomes and polymer
nanoparticles [361,363–366,379]. Cai et al. have investigated the application of LPHNPs to
act as promising antibacterial delivery vehicles for biofilm eradication [379]. In this study,
the lipid layer was designed to contain mixed lipids of phospholipids and rhamnolipids,
which acted as anti-adhesive and disrupting agents against the biofilms. The inner polymer
core comprises multidrug regimens including antibiotic amoxicillin to exert antibacterial
activity and the amoxicillin potentiator pectin sulfate that prevent the re-adherence of
H. pylori. As a result, a complete eradication of H. pylori biofilm with impaired antibacterial
resistance was observed under in vitro conditions. The performance of vancomycin-loaded
LPHNPs was enhanced via the synthesis using multiple lipid excipients, including glyceryl
triplamitate, oleic acid, polymer excipients Eudragit RS100, chitosan, and sodium algi-
nate [361]. Compared to LPHNPs using mono-constituents of the lipid and polymer, the
LPHNPs with multiple co-excipients demonstrated higher drug loading capacities and
enhanced antibacterial activity against both sensitive strains of S. aureus and MRSA [361].
In one recent experiment, Jaglal et al. designed a pH-responsive LPHNP system for co-
delivery of vancomycin and 18β-glycyrrhetinic acid, showing its ability to eliminate 75% of
MRSA in less than 12 h with the advantage of sustained and rapid release of vancomycin
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in acidic conditions [363]. LPHNPs consisting of a poly(lactic-co-glycolic acid) core and a
dioleoyl-3-trimethylpropane lipid shell were developed for loading vancomycin and were
shown to have prominent antibacterial effect against planktonic S. aureus cells [364]. In this
study, enhanced interactions with bacterial cells and penetration into biofilms was due to
the presence of lipid shells. These studies indicate that LPHNPs could be a useful strategy
to deliver and enhance the antibacterial activity of the loaded drugs against planktonic
cells and biofilms of diverse species. However, more studies are needed to accelerate the
clinical translation of the LPHNPs in antibacterial application.

5. Conclusion, Bottlenecks, and Future Perspective of Nanotechnologies Being
Developed for Antibacterial Applications

This review mainly focuses on the progress and development of the prospects of
nanomaterials in antibacterial applications. As described, the use of nanomaterials to
combat bacterial infections has great potential for human health and medical develop-
ment. Over the past few decades, significant progress has been made in understanding the
antibacterial activity and potential of different classes of nanomaterials as drug carriers,
leading to the discovery of a number of particularly promising candidate nanoparticle
systems. Moreover, Chieruzzi et al. discussed that nanomodification such as incorporating
fluoroapatite nanobioceramics into traditional clinical treatment materials, such as den-
tal restorative glass ionomer cement, can lead to significant changes in the mechanical
properties of materials, which is a very noteworthy direction for the development of new
nano antibacterial materials [380]. Given their vast therapeutic potential and wide range of
antibacterial applications of these nanomaterials and nanocomposites, we anticipate that
more studies with emphasis on aiding the clinical translation and subsequent clinical trials
of these nanotechnology-associated products will increase rapidly in the next decade. Sev-
eral challenges remain to be addressed. Despite the importance of these nanomaterials as
therapeutics and use in the field of biomedicine, their current limitations on human health
cannot be ignored. The high-efficiency properties of nanomaterials as antibacterial agents
or drug delivery vehicles allow their diffusion in different bodily organs, and sometimes
the accumulation of these nanomaterials in various cells and tissues may cause negative
health effects. It should be noted that the establishment of the consensus of nanomaterials
physiochemical properties leading to maximum antibacterial activity and minimum toxi-
city is of utmost importance. With the understanding of the structure–property–activity
relationship, researchers are able to reduce off-target effects of nanomaterials and effec-
tively deliver nanotherapeutics to a desired infected tissue. For example, the use of single
nanoparticles such as metal particles have many drawbacks due to their inherent toxicity.
Therefore, combining a variety of nanomaterials to develop a new type of nanocomposite
or nanohybrid material to obtain enhanced antibacterial activity has become a major re-
search trend. In addition, exploring the mechanisms behind the antibacterial and physical
properties of nanomaterials and nanocomposites should not be neglected. The more we
learn, the better we as a community can devise new strategies to combat antimicrobial
resistance. More studies in assessing the dose calibration and identification of the appropri-
ate routes of administration for a wide range of nanomaterials are also needed. This will
greatly speed up the progress towards clinical trial progression and commercialization of
nanotechnology-associated end products.
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Abbreviations
MDR Multidrug-resistant
WHO World Health Organization
SARS-CoV-2 Severe acute respiratory coronavirus 2
mRNA Messenger RNA
FDA Food and Drug Administration
LLA Liposomal linolenic acid
S. aureus Staphylococcus aureus
MRSA Methicillin-resistant Staphylococcus aureus
H. pylori Helicobacter pylori
P. acnes Propionibacterium acnes
DHA Docosahexaenoic acid
IR Infrared radiation
P. aeruginosa Pseudomonas aeruginosa
K. pneumoniae Klebsiella pneumoniae
MDR-PA Multidrug-resistant Pseudomonas aeruginosa
CNM Carbon-based nanomaterial
GO Graphene oxide
E. coli Escherichia coli
NGO–HA Nanographene oxide–hyaluronic acid
E. faecalis Enterococcus faecalis
C. albicans Candida albicans
ROS Reactive oxygen species
NPs Nanoparticles
B. subtilis Bacillus subtilis
S. epidermidis Staphylococcus epidermidis
L. monocytogenes Listeria monocytogenes
GRAS Generally Recognized as Safe
UV Ultraviolet
PVA Polyvinyl alcohol
PEG Polyethylene glycol
MIC Minimum inhibitory concentration
PEN Polyethylene naphthalate
KrF Krypton fluoride
VRE Vancomycin-resistant E. faecalis
rGO Reduced graphene oxide
PEG Polyethylene glycol
LB Luria–Bertani
MOFs Metal-organic frameworks
PES Polyethersulfone
SEM Scanning electron microscope
PA6 Polyamide 6
EVA Ethylene-co-vinyl acetate

PEP
Poly(Nisopropylacrylamide166-co-n-butyl acrylate9)-poly(ethyleneglycol)-poly
(N-isopropylacrylamide166-co-n-butyl acrylate9)

PVDF Poly(vinylidene fluoride)
GOQDs Graphene oxide quantum dots
LPHNPs Lipid polymer hybrid nanoparticles
PLGA Poly(DL-lactic-co-glycolic acid)
Luc Luciferase gene
ASO Antisense oligonucleotide
HCPT Hydroxycamptothecin
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silver nanoparticles in mammalian kidney cells. J. Appl. Toxicol. 2015, 35, 581–592. [CrossRef]

25. Bélteky, P.; Rónavári, A.; Igaz, N.; Szerencsés, B.; Tóth, I.Y.; Pfeiffer, I.; Kiricsi, M.; Kónya, Z. Silver nanoparticles: Aggregation
behavior in biorelevant conditions and its impact on biological activity. Int. J. Nanomed. 2019, 14, 667–687. [CrossRef] [PubMed]

26. Osmond, M.J.; Mccall, M.J. Zinc oxide nanoparticles in modern sunscreens: An analysis of potential exposure and hazard.
Nanotoxicology 2009, 4, 15–41. [CrossRef]

27. Li, Y.; Zhang, W.; Niu, J.; Chen, Y. Mechanism of Photogenerated Reactive Oxygen Species and Correlation with the Antibacterial
Properties of Engineered Metal-Oxide Nanoparticles. ACS Nano 2012, 6, 5164–5173. [CrossRef] [PubMed]

28. Yao, W.; Yan, Y.; Xue, L.; Zhang, C.; Li, G.; Zheng, Q.; Zhao, Y.S.; Jiang, H.; Yao, J. Controlling the Structures and Photonic
Properties of Organic Nanomaterials by Molecular Design. Angew. Chem. Int. Ed. 2013, 52, 8713–8717. [CrossRef]

29. Gordillo-Galeano, A.; Mora-Huertas, C.E. Solid lipid nanoparticles and nanostructured lipid carriers: A review emphasizing on
particle structure and drug release. Eur. J. Pharm. Biopharm. 2018, 133, 285–308. [CrossRef] [PubMed]

122



Nanomaterials 2022, 12, 3855

30. Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S.W.; Zarghami, N.; Hanifehpour, Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki,
K. Liposome: Classification, preparation, and applications. Nanoscale Res. Lett. 2013, 8, 102. [CrossRef]

31. Ghasemiyeh, P.; Mohammadi-Samani, S. Solid lipid nanoparticles and nanostructured lipid carriers as novel drug delivery
systems: Applications, advantages and disadvantages. Res. Pharm. Sci. 2018, 13, 288–303. [CrossRef]

32. Mishra, D.K.; Shandilya, R.; Mishra, P.K. Lipid based nanocarriers: A translational perspective. Nanomed. Nanotechnol. Biol. Med.
2018, 14, 2023–2050. [CrossRef]

33. Leonardi, A.; Bucolo, C.; Romano, G.L.; Platania, C.B.M.; Drago, F.; Puglisi, G.; Pignatello, R. Influence of different surfactants on
the technological properties and in vivo ocular tolerability of lipid nanoparticles. Int. J. Pharm. 2014, 470, 133–140. [CrossRef]

34. Yang, D.; Pornpattananangkul, D.; Nakatsuji, T.; Chan, M.; Carson, D.; Huang, C.-M.; Zhang, L. The antimicrobial activity of
liposomal lauric acids against Propionibacterium acnes. Biomaterials 2009, 30, 6035–6040. [CrossRef] [PubMed]

35. Pornpattananangkul, D.; Fu, V.; Thamphiwatana, S.; Zhang, L.; Chen, M.; Vecchio, J.; Gao, W.; Huang, C.-M.; Zhang, L. In Vivo
Treatment of Propionibacterium acnes Infection with Liposomal Lauric Acids. Adv. Health Mater. 2013, 2, 1322–1328. [CrossRef]
[PubMed]

36. Madan, S.; Nehate, C.; Barman, T.K.; Rathore, A.S.; Koul, V. Design, preparation, and evaluation of liposomal gel formulations for
treatment of acne: In vitro and in vivo studies. Drug Dev. Ind. Pharm. 2019, 45, 395–404. [CrossRef] [PubMed]

37. Li, X.-X.; Shi, S.; Rong, L.; Feng, M.-Q.; Zhong, L. The impact of liposomal linolenic acid on gastrointestinal microbiota in mice.
Int. J. Nanomed. 2018, 13, 1399–1409. [CrossRef] [PubMed]

38. Hwang, D.; Ramsey, J.D.; Kabanov, A.V. Polymeric micelles for the delivery of poorly soluble drugs: From nanoformulation to
clinical approval. Adv. Drug Deliv. Rev. 2020, 156, 80–118. [CrossRef]

39. Owen, S.C.; Chan, D.P.; Shoichet, M.S. Polymeric micelle stability. Nano Today 2012, 7, 53–65. [CrossRef]
40. Tran, T.-Q.; Hsieh, M.-F.; Chang, K.-L.; Pho, Q.-H.; Nguyen, V.-C.; Cheng, C.-Y.; Huang, C.-M. Bactericidal Effect of Lauric

Acid-Loaded PCL-PEG-PCL Nano-Sized Micelles on Skin Commensal Propionibacterium acnes. Polymers 2016, 8, 321. [CrossRef]
41. Huynh, N.; Passirani, C.; Saulnier, P.; Benoit, J. Lipid nanocapsules: A new platform for nanomedicine. Int. J. Pharm. 2009, 379,

201–209. [CrossRef]
42. Umerska, A.; Cassisa, V.; Matougui, N.; Joly-Guillou, M.-L.; Eveillard, M.; Saulnier, P. Antibacterial action of lipid nanocapsules

containing fatty acids or monoglycerides as co-surfactants. Eur. J. Pharm. Biopharm. 2016, 108, 100–110. [CrossRef]
43. Umerska, A.; Cassisa, V.; Bastiat, G.; Matougui, N.; Nehme, H.; Manero, F.; Eveillard, M.; Saulnier, P. Synergistic interactions

between antimicrobial peptides derived from plectasin and lipid nanocapsules containing monolaurin as a cosurfactant against
Staphylococcus aureus. Int. J. Nanomed. 2017, 12, 5687–5699. [CrossRef]

44. Rozenbaum, R.T.; Su, L.; Umerska, A.; Eveillard, M.; Håkansson, J.; Mahlapuu, M.; Huang, F.; Liu, J.; Zhang, Z.; Shi, L.; et al.
Antimicrobial synergy of monolaurin lipid nanocapsules with adsorbed antimicrobial peptides against Staphylococcus aureus
biofilms in vitro is absent in vivo. J. Control. Release 2019, 293, 73–83. [CrossRef]

45. Anton, N.; Benoit, J.-P.; Saulnier, P. Design and production of nanoparticles formulated from nano-emulsion templates—A review.
J. Control. Release 2008, 128, 185–199. [CrossRef] [PubMed]

46. Sadiq, S.; Imran, M.; Habib, H.; Shabbir, S.; Ihsan, A.; Zafar, Y.; Hafeez, F.Y. Potential of monolaurin based food-grade nano-
micelles loaded with nisin Z for synergistic antimicrobial action against Staphylococcus aureus. LWT Food Sci. Technol. 2016, 71,
227–233. [CrossRef]

47. Taylor, E.N.; Kummer, K.M.; Dyondi, D.; Webster, T.J.; Banerjee, R. Multi-scale strategy to eradicate Pseudomonas aeruginosa on
surfaces using solid lipid nanoparticles loaded with free fatty acids. Nanoscale 2014, 6, 825–832. [CrossRef]

48. Hallaj-Nezhadi, S.; Hassan, M. Nanoliposome-based antibacterial drug delivery. Drug Deliv. 2015, 22, 581–589. [CrossRef]
[PubMed]

49. El-Nesr, O.H.; Yahiya, S.A.; El-Gazayerly, O.N. Effect of formulation design and freeze-drying on properties of fluconazole
multilamellar liposomes. Saudi Pharm. J. 2010, 18, 217–224. [CrossRef] [PubMed]

50. Orizondo, R.A.; Fabiilli, M.L.; Morales, M.A.; Cook, K.E. Effects of Emulsion Composition on Pulmonary Tobramycin Delivery
During Antibacterial Perfluorocarbon Ventilation. J. Aerosol Med. Pulm. Drug Deliv. 2016, 29, 251–259. [CrossRef]

51. Severino, P.; Silveira, E.F.; Loureiro, K.; Chaud, M.V.; Antonini, D.; Lancellotti, M.; Sarmento, V.H.; da Silva, C.F.; Santana, M.H.A.;
Souto, E.B. Antimicrobial activity of polymyxin-loaded solid lipid nanoparticles (PLX-SLN): Characterization of physicochemical
properties and in vitro efficacy. Eur. J. Pharm. Sci. 2017, 106, 177–184. [CrossRef] [PubMed]

52. Vieira, A.C.; Magalhães, J.; Rocha, S.; Cardoso, M.S.; Santos, S.G.; Borges, M.; Pinheiro, M.; Reis, S. Targeted macrophages delivery
of rifampicin-loaded lipid nanoparticles to improve tuberculosis treatment. Nanomedicine 2017, 12, 2721–2736. [CrossRef]

53. Walduck, A.; Sangwan, P.; Vo, Q.A.; Ratcliffe, J.; White, J.; Muir, B.W.; Tran, N. Treatment of Staphylococcus aureus skin infection
in vivo using rifampicin loaded lipid nanoparticles. RSC Adv. 2020, 10, 33608–33619. [CrossRef]

54. Tran, N.; Mulet, X.; Hawley, A.M.; Fong, C.; Zhai, J.; Le, T.C.; Ratcliffe, J.; Drummond, C.J. Manipulating the Ordered Nanostruc-
ture of Self-Assembled Monoolein and Phytantriol Nanoparticles with Unsaturated Fatty Acids. Langmuir 2018, 34, 2764–2773.
[CrossRef]

55. Boge, L.; Hallstensson, K.; Ringstad, L.; Johansson, J.; Andersson, T.; Davoudi, M.; Larsson, P.T.; Mahlapuu, M.; Håkansson, J.;
Andersson, M. Cubosomes for topical delivery of the antimicrobial peptide LL-37. Eur. J. Pharm. Biopharm. 2019, 134, 60–67.
[CrossRef] [PubMed]

123



Nanomaterials 2022, 12, 3855

56. Lai, X.; Ding, Y.; Wu, C.-M.; Chen, X.; Jiang, J.-H.; Hsu, H.-Y.; Wang, Y.; Le Brun, A.P.; Song, J.; Han, M.-L.; et al. Phytantriol-Based
Cubosome Formulation as an Antimicrobial against Lipopolysaccharide-Deficient Gram-Negative Bacteria. ACS Appl. Mater.
Interfaces 2020, 12, 44485–44498. [CrossRef]

57. Lai, X.; Han, M.-L.; Ding, Y.; Chow, S.H.; Le Brun, A.P.; Wu, C.-M.; Bergen, P.J.; Jiang, J.-H.; Hsu, H.-Y.; Muir, B.W.; et al. A polytherapy
based approach to combat antimicrobial resistance using cubosomes. Nat. Commun. 2022, 13, 343. [CrossRef] [PubMed]

58. Meikle, T.G.; Dyett, B.P.; Strachan, J.B.; White, J.; Drummond, C.J.; Conn, C.E. Preparation, Characterization, and Antimicrobial
Activity of Cubosome Encapsulated Metal Nanocrystals. ACS Appl. Mater. Interfaces 2020, 12, 6944–6954. [CrossRef]

59. Boge, L.; Umerska, A.; Matougui, N.; Bysell, H.; Ringstad, L.; Davoudi, M.; Eriksson, J.; Edwards, K.; Andersson, M. Cubosomes
post-loaded with antimicrobial peptides: Characterization, bactericidal effect and proteolytic stability. Int. J. Pharm. 2017, 526,
400–412. [CrossRef] [PubMed]

60. Meikle, T.G.; Dharmadana, D.; Hoffmann, S.V.; Jones, N.C.; Drummond, C.J.; Conn, C.E. Analysis of the structure, loading and
activity of six antimicrobial peptides encapsulated in cubic phase lipid nanoparticles. J. Colloid Interface Sci. 2021, 587, 90–100.
[CrossRef]

61. Dyett, B.P.; Yu, H.; Sarkar, S.; Strachan, J.B.; Drummond, C.J.; Conn, C.E. Uptake Dynamics of Cubosome Nanocarriers at Bacterial
Surfaces and the Routes for Cargo Internalization. ACS Appl. Mater. Interfaces 2021, 13, 53530–53540. [CrossRef]

62. Jackman, J.A.; Yoon, B.K.; Li, D.; Cho, N.-J. Nanotechnology Formulations for Antibacterial Free Fatty Acids and Monoglycerides.
Molecules 2016, 21, 305. [CrossRef]

63. Desbois, A.P.; Smith, V.J. Antibacterial free fatty acids: Activities, mechanisms of action and biotechnological potential. Appl.
Microbiol. Biotechnol. 2010, 85, 1629–1642. [CrossRef]

64. Thorn, C.R.; Thomas, N.; Boyd, B.J.; Prestidge, C.A. Nano-fats for bugs: The benefits of lipid nanoparticles for antimicrobial
therapy. Drug Deliv. Transl. Res. 2021, 11, 1598–1624. [CrossRef] [PubMed]

65. Boushehri, M.A.S.; Dietrich, D.; Lamprecht, A. Nanotechnology as a Platform for the Development of Injectable Parenteral
Formulations: A Comprehensive Review of the Know-Hows and State of the Art. Pharmaceutics 2020, 12, 510. [CrossRef]
[PubMed]

66. Babadi, D.; Dadashzadeh, S.; Osouli, M.; Daryabari, M.S.; Haeri, A. Nanoformulation strategies for improving intestinal
permeability of drugs: A more precise look at permeability assessment methods and pharmacokinetic properties changes.
J. Control. Release 2020, 321, 669–709. [CrossRef] [PubMed]

67. Mitchell, M.J.; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101–124. [CrossRef]

68. Hou, X.; Zaks, T.; Langer, R.; Dong, Y. Lipid nanoparticles for mRNA delivery. Nat. Rev. Mater. 2021, 6, 1078–1094. [CrossRef]
[PubMed]

69. Ahmed, K.S.; Hussein, S.A.; Ali, A.; Korma, S.A.; Lipeng, Q.; Jinghua, C. Liposome: Composition, characterisation, preparation,
and recent innovation in clinical applications. J. Drug Target. 2019, 27, 742–761. [CrossRef] [PubMed]
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Chojniak, J.; et al. Strong and Nonspecific Synergistic Antibacterial Efficiency of Antibiotics Combined with Silver Nanoparticles
at Very Low Concentrations Showing No Cytotoxic Effect. Molecules 2015, 21, 26. [CrossRef] [PubMed]

174. Riaz, M.; Mutreja, V.; Sareen, S.; Ahmad, B.; Faheem, M.; Zahid, N.; Jabbour, G.; Park, J. Exceptional antibacterial and cytotoxic
potency of monodisperse greener AgNPs prepared under optimized pH and temperature. Sci. Rep. 2021, 11, 2866. [CrossRef]

175. Urnukhsaikhan, E.; Bold, B.-E.; Gunbileg, A.; Sukhbaatar, N.; Mishig-Ochir, T. Antibacterial activity and characteristics of silver
nanoparticles biosynthesized from Carduus crispus. Sci. Rep. 2021, 11, 21047. [CrossRef]

176. Baptista, P.V.; McCusker, M.P.; Carvalho, A.; Ferreira, D.A.; Mohan, N.M.; Martins, M.; Fernandes, A.R. Nano-strategies to fight
multidrug resistant bacteria—“A Battle of the Titans”. Front. Microbiol. 2018, 9, 1441. [CrossRef]

177. Kittler, S.; Greulich, C.; Diendorf, J.; Köller, M.; Epple, M. Toxicity of Silver Nanoparticles Increases during Storage Because of
Slow Dissolution under Release of Silver Ions. Chem. Mater. 2010, 22, 4548–4554. [CrossRef]

178. Mukha, I.P.; Eremenko, A.M.; Smirnova, N.P.; Mikhienkova, A.I.; Korchak, G.I.; Gorchev, V.F.; Chunikhin, A.Y. Antimicrobial
activity of stable silver nanoparticles of a certain size. Appl. Biochem. Microbiol. 2013, 49, 199–206. [CrossRef]

179. Choi, O.; Hu, Z. Size Dependent and Reactive Oxygen Species Related Nanosilver Toxicity to Nitrifying Bacteria. Environ. Sci.
Technol. 2008, 42, 4583–4588. [CrossRef] [PubMed]

180. Bruna, T.; Maldonado-Bravo, F.; Jara, P.; Caro, N. Silver Nanoparticles and Their Antibacterial Applications. Int. J. Mol. Sci. 2021,
22, 7202. [CrossRef] [PubMed]

181. Sim, W.; Barnard, R.T.; Blaskovich, M.A.T.; Ziora, Z.M. Antimicrobial silver in medicinal and consumer applications: A patent
review of the past decade (2007–2017). Antibiotics 2018, 7, 93. [CrossRef] [PubMed]

182. Yaqoob, A.A.; Umar, K.; Ibrahim, M.N.M. Silver nanoparticles: Various methods of synthesis, size affecting factors and their
potential applications–a review. Appl. Nanosci. 2020, 10, 1369–1378. [CrossRef]
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Danijela Maksimović-Ivanić 4 , Evamarie Hey-Hawkins 1,* and Goran N. Kalud̄erović 2,3,*
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Abstract: The main reasons for the limited clinical efficacy of the platinum(II)-based agent cisplatin
include drug resistance and significant side effects. Due to their better stability, as well as the
possibility to introduce biologically active ligands in their axial positions constructing multifunctional
prodrugs, creating platinum(IV) complexes is a tempting strategy for addressing these limitations.
Another strategy for developing chemotherapeutics with lower toxicity relies on the ability of
nanoparticles to accumulate in greater quantities in tumor tissues through passive targeting. To
combine the two approaches, three platinum(IV) conjugates based on a cisplatin scaffold containing
in the axial positions derivatives of caffeic and ferulic acid were prepared and loaded into SBA-
15 to produce the corresponding mesoporous silica nanoparticles (MSNs). The free platinum(IV)
conjugates demonstrated higher or comparable activity with respect to cisplatin against different
human breast cancer cell lines, while upon immobilization, superior antiproliferative activity with
markedly increased cytotoxicity (more than 1000-fold lower IC50 values) compared to cisplatin was
observed. Mechanistic investigations with the most potent conjugate, cisplatin-diacetyl caffeate (1),
and the corresponding MSNs (SBA-15|1) in a 4T1 mouse breast cancer cell line showed that these
compounds induce apoptotic cell death causing strong caspase activation. In vivo, in BALB/c mice,
1 and SBA-15|1 inhibited the tumor growth while decreasing the necrotic area and lowering the
mitotic rate.

Keywords: platinum(IV) conjugates; cisplatin; phenolic acid; nanoparticles; drug delivery; breast cancer

1. Introduction

Caffeic acid (CA) and ferulic acid (FA) belong to the most common phenolic acids,
naturally occurring in fruits, grains, vegetables, spices, tea and coffee [1]. Apart from the
key functions that these secondary plant metabolites exhibit on plant growth, development
and defence, they are also found to have highly beneficial effects on humans. They are
known for being potent natural antioxidants that are important for a variety of biologi-
cal and pharmacological processes, such as cancer prevention, inflammation reduction,
bacterial and viral infections prevention, blood clotting prevention, liver protection and
many others [2–8]. The antioxidant properties of these phenolic acids are accredited to
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their chemical structure which includes one (ferulic acid) or two (caffeic acid) free phenolic
hydroxyl groups and a double bond in the aliphatic chain enabling the formation of a
phenoxy radical stabilized through resonance. In addition to the free radical scavenging via
hydrogen atom donation [9], these phenolic acids are also found to modulate enzymatic ac-
tivity, affect signal transduction as well as activate transcription factors and gene expression.
As an example, alkyl esters of caffeic and ferulic acid are found to demonstrate signifi-
cant inhibition on the activity of cyclooxygenase enzymes (COX-1 and COX-2) [10–13]
responsible for the formation of key proinflammatory mediators. Additionally, COX-2 is
overexpressed in a variety of tumors [14], making it a desirable target for the creation of
anticancer medications. Therefore, in the past decade, these phenolic acids have attracted
extensive attention as potential chemopreventive and chemotherapeutic agents. In that
sense, multiple groups have pointed to the ability of caffeic acid and its derivatives to in-
hibit the growth of colon cancer [15–18], express anti-hepatocellular carcinoma activity [19],
suppress the cancer cell proliferation in the human HT-1080 fibrosarcoma cell line [20] as
well as human cervical cancer cells (HeLa and Me-180) [21] and reduce not only the growth
of breast cancer, but also the ability of the breast cancer MCF-7 cells to migrate [22,23]
which is a crucial factor for cancer metastasis. Ferulic acid as well has been found to have
tumor-suppression potential in colon and breast cancers [4,24]. Additionally, both caffeic
and ferulic acid have been found to increase the therapeutic efficacy of known anticancer
drugs or lower the drug-related side effects. In this regard, the combined therapy involving
caffeic acid and paclitaxel has been shown to have synergistic anticancer activity on H1299
lung cancer cells leading to enhanced apoptosis in vitro and in vivo [25]. Furthermore,
caffeic acid elevates the antitumor effect of metformin in HTB-34 human metastatic cervical
carcinoma cells [26] and increases the susceptibility of gastric cancer cells to cisplatin and
doxorubicin [27]. Synergistic effects are also found applying cisplatin and caffeic acid in
combination resulting in apoptotic mode of cell death in human cervical cancer cells [28]. A
very interesting finding has been made by Sirota et al. who have discovered that in ovarian
carcinoma cell lines the timing of caffeic acid treatment determines whether they become
cisplatin-sensitive or -resistant [29]. Their findings demonstrate that preincubation with
caffeic acid before treatment with cisplatin resulted in acquired resistance to cisplatin and
decreased DNA binding, whereas simultaneous treatment with cisplatin and caffeic acid
can increase cytotoxicity of cisplatin and platinum binding to nuclear DNA [29].

Based on all these findings and bearing in mind the different pharmacokinetic profiles
of phenolic acids and cisplatin, including rising uncertainties whether these agents can
reach the tumors within the required time frame in vivo, we have designed conjugates that
combine the two agents into a single platinum(IV) prodrug. In this way, together with the
molecules of the platinum component, the molecules of the respective phenolic acid can
also be delivered into the tumor cells. Upon intracellular activation of these prodrugs via
2-electron reduction and protonation, the two moieties can be released and together carry
out their biological functions in a synergistic manner [30]. Another reason which makes
this approach attractive is that the coordinatively saturated platinum(IV) complexes are
more stable than platinum(II) complexes, such as cisplatin, thus preventing its premature
activation occurring by hydrolysis of the labile platinum chlorido ligand bonds, which is
associated with many of its drawbacks such as the severe side effects, fast detoxification
and innate or acquired resistance [31,32].

In an effort to create chemotherapeutics with lower toxicity, we have also used an
SBA-15 mesoporous silica as nanocarrier for the platinum(IV) conjugates, aiming to take ad-
vantage of the accumulation of nanoparticles in tumor tissues through the passive enhanced
permeability and retention (EPR) effect [33]. An additional advantage of this strategy is the
possibility to further protect the drug from premature interaction with biomolecules on the
way to cancer cells as well as provide tailorable drug release. The mesoporous silica SBA-15
material was chosen as a drug delivery vehicle because it is nontoxic to cells [34] and it has
advantageous properties, including high pore volume with tuneable nanoscale pores as
well as large surface area [35–37]. The properties of the inorganic mesoporous silica materi-
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als that make them interesting for biomedical applications, especially as nanoplatforms for
drug delivery, have been highlighted in several reviews in the recent years [38–44]. The use
of SBA-15 as a cisplatin carrier in earlier studies has been associated with increased cyto-
toxicity in leukemic cells [45], a twenty-fold greater antiproliferative effect in HT-29 colon
cancer cells [46] and activation of pathways that change the phenotype of cancer cells (i.e.,
melanoma B16 tumor cells differentiate into senescent cells) [47]. Formerly reported SBA-15
nanoparticles loaded with platinum(IV) conjugates have also demonstrated very high
antiproliferative activity against different breast cancer cell lines, while maintaining the
structural integrity and allowing for relatively slow release of the active compounds [48].

Thus, we report here the preparation of three platinum(IV) derivatives of cisplatin
bearing phenolates as axial ligands and their immobilization in SBA-15 nanoparticles. In
these conjugates, both axial positions are occupied with acetyl-protected caffeate (1) or
ferulate (2), as well as ferulate (3) (Figure 1). It should be noted that a cisplatin-ferulate
conjugate has previously been reported [49]. However, in our view, the spectra included
in the supplementary information of the corresponding paper do not confirm or support
the structure of the desired product [49]. The prepared platinum(IV) complexes and their
respective nanomaterials demonstrated remarkable antiproliferative activity in four differ-
ent human breast cancer cell lines with different characteristics. In addition, synthesized
conjugates and appropriate nanomaterials showed notable anticancer potential against a
mouse breast cancer cell line as well. The activity of conjugate 1 and its corresponding
MSNs SBA-15|1, which proved to be the most potent compounds in vitro, was further
assessed in vivo, in a BALB/c mouse model with breast tumor induced by inoculation
of 4T1 cells. 1 and SBA-15|1 demonstrated potential to inhibit the tumor growth while
decreasing the necrotic area and lowering the mitotic rate.

Figure 1. Platinum(IV)-phenolate conjugates: cisplatin-acetyl-protected caffeate (1), cisplatin-acetyl-
protected ferulate (2) and cisplatin-ferulate (3).

2. Materials and Methods

Standard Schlenk methods and anhydrous, degassed solvents were used to conduct
all reactions in a nitrogen atmosphere. Acetone was first refluxed with KMnO4, then
distilled from drierite (anhydrous CaSO4), pyridine was distilled from CaH2; both solvents
were stored over activated 3 and 4 Å molecular sieves, respectively; MBraun Solvent
Purification System (MB SPS-800) was used to obtain dry toluene, dichloromethane (DCM)
and dimethylformamide (DMF), which were afterwards kept over activated 4 Å molecular
sieves. Chemicals (cisplatin (Carbolution, St. Ingbert, Germany), caffeic acid (Fluorochem,
Dublin, Ireland), ferulic acid, oxalyl chloride, tetraethyl orthosilicate (TEOS), pluronic
123 (P123) and acetic anhydride (Sigma-Aldrich Chemie GmbH, Steinheim, Germany))
were used as supplied. The synthesis of oxoplatin, cis,trans,cis-[PtCl2(OH)2(NH3)2], was
performed according to an already reported procedure [50]. In short, cisplatin was oxidized
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with 30% (w/w) aqueous solution of hydrogen peroxide. Protection of the free phenolic
hydroxy groups by acylation was done with acetic anhydride employing a literature-known
procedure [51]. The acyl chloride derivative of acetyl-protected caffeic acid was prepared
with oxalyl chloride and catalytic amounts of DMF in DCM [51], while for the preparation
of the acyl chloride derivative of acetyl-protected ferulic acid, toluene was used as solvent.

A 400 MHz NMR spectrometer (BRUKER Avance III HD, Karlsruhe, Germany) was
used for recording of 1H (400.13 MHz, tetramethylsilane (TMS) as an internal reference), 13C
(100.63 MHz, internal reference TMS) and 195Pt (85.85 MHz, external reference Na2[PtCl6]),
as well as two-dimensional 1H−1H COSY, 1H−13C HSQC, 1H−13C HMBC NMR spectra
at 25 ◦C. The values of chemical shifts δ are given in parts per million (ppm). Electrospray
ionization mass spectrometry was performed by using ESI-qTOF Impact II in positive
mode (Bruker Daltonics GmbH, Bremen, Germany). Elemental analyses (C, H and N)
were carried out with a microanalyser (VARIO EL, Heraeus Group, Hanau, Germany).
VEGA3 (Tescan, Brno, Czech Republic) was employed for collection of scanning electron
microscopy (SEM) images, as well as to conduct energy-dispersive X-ray spectroscopy
(EDX) experiments (element detector EDAX Inc, Mahwah, NJ, USA). For nitrogen sorp-
tion measurements an Autosorb iQ/ASiQwin (Quantachrome Instruments, Anton Paar,
QuantaTec Inc., Boynton Beach, FL, USA) was used. Small angle X-ray scattering (SAXS)
measurements were performed on a D8 ADVANCE (Bruker, Karlsruhe, Germany) X-ray
diffraction system. Inductively coupled plasma-optical emission spectrometry (ICP-OES)
analysis was achieved on an Optima 7000 DV spectrometer (PerkinElmer, Waltham, MA,
USA) using WinLab32 software.

2.1. Synthesis of Platinum(IV) Conjugates 1 and 2

Pyridine (0.48 mL, 6.0 mmol, 10 eq.) was added to an oxoplatin (0.2 g, 0.6 mmol, 1 eq.)
suspension in acetone (12 mL). After 10 min stirring, acyl chloride derivative, dissolved
in acetone (12 mL), of either acetyl-protected caffeic acid or acetyl-protected ferulic acid
(0.85 g or 0.76 g, respectively, each 3.0 mmol, 5 eq.) was added. The reaction mixture was
refluxed at 75 ◦C (48 h). The precipitate formed was filtrated and thoroughly washed (water:
30 mL × 3; ethanol: 10 mL × 3; diethyl ether: 10 mL × 3) to eliminate the pyridinium salt.
After drying in air, the pure products were collected.

1, pale yellow powder. Yield: 0.32 g (64%).
1H NMR (DMSO-d6, ppm): δ = 7.63 (d, 4JHH = 2 Hz, 2H, CHaryl), 7.60 (dd, 3JHH = 8 Hz,

4JHH = 2 Hz, 2H, CHaryl), 7.38 (d, 3JHH = 16 Hz, 2H, CHvinyl), 7.30 (d, 3JHH = 8 Hz, 2H,
CHaryl), 6.80–6.50 (br, 6H, NH3), 6.59 (d, 3JHH = 16 Hz, 2H, CHvinyl), 2.29 (s, 12H, OCOCH3).

13C{1H} NMR (DMSO-d6, ppm): δ = 174.0 (qC, COO), 168.7 (qC, COO), 143.4 (qC,
Caryl), 142.9 (qC, Caryl), 139.9 (CH, Cvinyl), 133.9 (qC, Caryl), 126.7 (CH, Caryl), 124.6 (CH,
Caryl), 123.3 (CH, Caryl), 122.8 (CH, Cvinyl), 20.9 (CH3, OCOCH3).

195Pt{1H} NMR (DMSO-d6, ppm): δ = 1213 (br s).
HR-ESI-MS (positive mode, CH3OH): m/z [2M + H]+: calc. for C52H57Cl4N4O24Pt2:

1653.139, found: 1653.135; m/z [M + H]+: calc. for C26H29Cl2N2O12Pt: 827.073, found:
827.070.

Elemental analysis: Found: C, 37.95; H, 3.2; N 3.5. Calc. for C26H28Cl2N2O12Pt: C,
37.8; H, 3.4; N, 3.4%.

2, yellow powder. Yield: 0.27 g (59%).
1H NMR (DMSO-d6, ppm): δ = 7.45 (d, 4JHH = 2 Hz, 2H, CHaryl), 7.39 (d, 3JHH = 16 Hz,

2H, CHvinyl), 7.21 (dd, 3JHH = 8 Hz, 4JHH = 2 Hz, 2H, CHaryl), 7.11 (d, 3JHH = 8 Hz, 2H,
CHaryl), 6.80–6.50 (br, 6H, NH3), 6.65 (d, 3JHH = 16 Hz, 2H, CHvinyl), 3.83 (s, 6H, OCH3),
2.27 (s, 6H, OCOCH3).

13C{1H} NMR (DMSO-d6, ppm): δ = 174.2 (qC, COO), 168.9 (qC, COO), 151.5 (qC,
Caryl)148.4 (qC, Caryl), 140.9 (qC, Cvinyl), 133.9 (qC, Caryl), 123.6 (CH, Caryl), 121.9 (CH,
Cvinyl), 121.3 (CH, Caryl), 111.7 (CH, Caryl), 59.3 (CH3, OCH3), 20.8 (CH3, OCOCH3).

195Pt{1H} NMR (DMSO-d6, ppm): δ = 1212 (br s).
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HR-ESI-MS (positive mode, CH3OH): m/z [2M + H]+: calc. for C48H57Cl4N4O20Pt2:
1541.159, found: 1541.141; m/z [M + H]+: calc. for C24H29Cl2N2O10Pt: 771.083, found:
771.086; m/z [M + Na]+: calc. for C24H28Cl2N2NaO10Pt: 793.065, found: 793.068.

Elemental analysis: Found: C, 37.6; H, 3.5; N, 3.9. Calc. for C24H28Cl2N2O10Pt: C,
37.4; H, 3.6; N, 3.65%.

2.2. Deprotection of 2 to Obtain Platinum(IV) Conjugate 3

In a mixture of DCM, methanol and acetone (20 mL of each solvent) conjugate 2 (0.3 g,
0.39 mmol) was dissolved. Conc. HCl was added dropwise (10 mL) to the colorless solution,
and a color change to light yellow was noticeable after a few minutes. To track the progress
of the reaction TLC (ethyl acetate:n-hexane = 3:1) was used. After 3 h stirring at r.t., the
starting material was no longer present. The volume of the solvents was reduced to ca.
15 mL, subsequently water (50 mL) was added. The reaction mixture was filtrated and
the isolated product was washed (water: 10 mL × 3; ethanol: 10 mL × 3; diethyl ether:
10 mL × 3) and dried in air.

3, dark yellow powder. Yield: 0.25 g (93%).
1H NMR (DMSO-d6, ppm): δ = 9.45 (s, 2H, OH), 7.30 (d, 3JHH = 16 Hz, 2H, CHvinyl),

7.23 (d, 4JHH = 2 Hz, 2H, CHaryl), 7.02 (dd, 3JHH = 8 Hz, 4JHH = 2 Hz, 2H, CHaryl), 6.80–6.50
(br, 6H, NH3), 6.78 (d, 3JHH = 8 Hz, 2H, CHaryl), 6.42 (d, 3JHH = 16 Hz, 2H, CHvinyl), 3.82 (s,
6H, OCH3).

13C{1H} NMR (DMSO-d6, ppm): δ = 174.9 (qC, COO), 149.1 (qC, Caryl), 148.4 (qC,
Caryl), 142.1 (CH, Cvinyl), 126.5 (qC, Cvinyl), 122.7 (CH, Caryl), 118.4 (CH, Cvinyl), 115.9 (CH,
Caryl), 111.1 (CH, Caryl), 56.1 (CH3, OCH3).

195Pt{1H} NMR (DMSO-d6, ppm): δ = 1216 (br s).
HR-ESI-MS (positive mode, CH3OH): m/z [2M + H]+: calc. for C40H49Cl4N4O16Pt2:

1373.116, found: 1373.098; m/z [2M + Na]+: calc. for C40H48Cl4N4NaO16Pt2: 1395.098,
found: 1395.068; m/z [2M + K]+: calc. for C40H48Cl4KN4O16Pt2: 1411.072, found: 1411.035;
m/z [M + H]+: calc. for C20H25Cl2N2O8Pt: 687.062, found: 687.060.

Elemental analysis: Found: C, 35.1; H, 3.5; N, 4.2. Calc. for C20H24Cl2N2O8Pt: C, 35.0;
H, 3.5; N, 4.1%.

2.3. Solubility and Stability of Conjugates 1–3

For determination of their water solubility, compounds 1–3 (5 mg, each) were sus-
pended in distilled water (5 mL) and stirred for 12 h. After that, the undissolved solid
was separated by filtration and the amount of dissolved conjugate was evaluated after
evaporation of the solvent from the filtrate.

To deduce the stability of 1–3 in DMSO, time-resolved (0, 3, 6, 12, 24, 48 and 72 h) 1H
NMR spectroscopy was applied.

2.4. Preparation of SBA-15

The SBA-15 silica mesoporous nanoparticles were prepared according to a reported
procedure [52]. Briefly, to a solution of P123 (48.4 g) in a mixture of HCl (2 M, 1400 mL)
and H2O (360 mL) at 35 ◦C, TEOS (102 g) was added dropwise. The reaction mixture was
vigorously stirred at 35 ◦C (20 h), then at 80 ◦C (24 h). The solid material was isolated by
filtration and dried at 90 ◦C (14 h). Finally, the material was heated to 500 ◦C (1 ◦C min−1)
and kept for 24 h at this temperature for calcification.

Yield: 30.2 g; BET surface: 517 m2 g−1; wall thickness: 3.66 nm; pore diameter: 4.74 nm;
pore volume: 0.72 cm3 g−1; lattice parameter: 8.4 nm; XRD (2θ in ◦, Miller indices): 1.0802
(100), 1.8032 (111), 2.0645 (200).

2.5. Preparation of SBA-15 Material Loaded with Platinum(IV) Conjugates, SBA-15|1–SBA-15|3

The literature procedure was followed for loading the conjugates 1–3 in the MSN
mesopores [53,54]. Namely, to the activated SBA-15 nanoparticles (vacuum, 150 ◦C, 16 h),
a suspension of 1–3 in toluene was added and the reaction mixture was agitated at 80 ◦C
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(48 h). Filtration was used to separate the solid material, which was then thoroughly
washed using toluene and n-pentane. The MSNs loaded with drug (1–3) were obtained
and dried at r.t.. Physical parameters of prepared MSNs are given in Table 1.

SBA-15|1: 165 mg of 1, 200 mg of SBA-15; yield: 340 mg.
SBA-15|2: 231 mg of 2, 300 mg of SBA-15; yield: 498 mg.
SBA-15|3: 103 mg of 3, 150 mg of SBA-15; yield: 244 mg.

Table 1. Selected physical parameters of the MSNs.

MSNs
SBET

Wall
Thickness

Pore
Diameter

Pore Volume
Lattice

Parameter
XRD

[m2 g−1] [nm] [nm] [cm3 g−1] a [nm] 2θ [◦] hkl

SBA-15 [48] 517 3.66 4.74 0.72 8.4
1.0802 100
1.8032 111
2.0645 200

SBA-15|1 245 3.34 4.75 0.34 8.1
1.1404 100
1.8543 111
2.1378 200

SBA-15|2 260 4.26 4.46 0.37 8.7
1.0311 100
1.7450 111
2.0075 200

SBA-15|3 292 5.03 3.68 0.37 8.7
1.0149 100
1.7603 111
2.0228 200

2.6. Drug Release Studies

ICP-OES was used to track the release of the conjugates 1–3 from the MSNs in
phosphate-buffered saline (PBS) depending on the amount of platinum in the liquid phase.
Experiments were performed by suspending the drug-loaded MSN material (2 mg) in PBS
(1 mL) and sampling at defined times (0.08, 0.5, 1, 3, 6, 12, 24 and 72 h). Quantification of
platinum in the PBS was done by ICP-OES upon separation of the solid material by cen-
trifugation. External platinum standard solutions, obtained from an ICP platinum standard
reference solution (Pt 1000 μg mL−1, Specpure®, Alfa Aesar GmbH & Co KG, Germany),
were used for the calibration of the ICP-OES device. The measurement was carried out
on the 194Pt isotope on a previously chosen emission line of platinum of 265.9 nm. Using
different mathematical models (zero/first order, Korsmeyer-Peppas and Higuchi), the drug
release kinetics were analyzed.

In addition, SBA-15|1 and SBA-15|2 (2 mg each) were each suspended in PBS (1 mL).
The PBS was exchanged with fresh PBS (1 mL) every hour for 10 h consecutively. Again,
the platinum present in the liquid phase was quantified using ICP-OES.

2.7. In Vitro Studies

ATCC (Manassas, VA, USA) provided all four human breast cancer cell lines. The
mouse breast cancer cell line 4T1 (derived from the mammary gland tissue of a mouse
BALB/c strain), was a kind gift from Prof. Nebojša Arsenijević from the Faculty of Medi-
cal Sciences, University of Kragujevac, Serbia. PBS, fetal calf serum (FCS) and basal cell
culture media Roswell Park Memorial Institute (RPMI) were purchased from both Sigma-
Aldrich (St. Louis, MO, USA) and Capricorn Scientific GmbH (Ebsdorfergrund, Germany).
Trypsin/ethylenediaminetetraacetic acid (EDTA) and L-glutamine were bought from Capri-
corn Scientific GmbH (Ebsdorfergrund, Germany). Paraformaldehyde (PFA) was obtained
from Serva (Heidelberg, Germany). DMSO, carboxyfluorescein diacetate succinimidyl ester
(CFSE), propidium iodide (PI) and crystal violet (CV) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The penicillin/streptomycin solution was obtained from Biological
Industries (Cromwell, CT, USA). Acridine orange (AO) was obtained from Labo-Moderna
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(Paris, France). PAN Biotech GmbH (Aidenbach, Germany) supplied us with Endopan
3 with supplementing kits. ApoStat was purchased from R&D Systems (Minneapolis,
MN, USA) while Annexin V-FITC (AnnV) was from Biolegend (San Diego, CA, USA).
4-Amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM diacetate) and dihy-
drorhodamine 123 (DHR) were bought from Thermo Fisher Scientific (Waltham, MA, USA).
The multi-well plates, culture flasks and other cell culture plastics were obtained from TPP
(Trasadingen, Switzerland) and Greiner Bio-One GmbH (Frickenhausen, Germany).

2.8. Cell Culture

In this work, the following human breast cancer cell lines were used: triple-negative
breast adenocarcinoma (MDA-MB-468 and HCC1937), ER- and HER2-positive breast can-
cer (BT-474 and MCF-7) [55] as well as one mouse-derived breast cancer cell line (4T1).
RPMI-1640 medium containing 2 mM L-glutamine, heat-inactivated FCS (10%), and peni-
cillin/streptomycin (1%) was used to sustain all cell lines. Prior to use or further subcultur-
ing, the cell lines were cultured in T-75 flasks at 37 ◦C in a humidified environment with
5% CO2. Before cell passaging and seeding, the adherent cells were washed with PBS and
detached by using trypsin/EDTA (0.05% in PBS) [54].

2.9. Cell Viability Studies

Using the above-mentioned cell growth media, cells were seeded in 96-well plates in
a density of 6000 cells per 100 μL per well for the in vitro investigations in human breast
cancer cell lines. Following seeding, cells were given a 24-h period to adhere before being
treated with platinum(IV) conjugates 1–3 and MSNs loaded with 1–3, namely SBA-15|1,
SBA-15|2 and SBA-15|3. Stock solutions of platinum(IV) conjugates 1–3, phenolic acids
(ligand precursors) and cisplatin were prepared in DMSO. Serial dilution was afterwards
done in standard growth media to reach the following concentrations: 10, 5, 1, 0.5, 0.1, 0.01
and 0.001 μM for the conjugates, 100, 50, 25, 12.5, 6.25, 3.125 and 1.6 μM for the phenolic
acids, and 300, 100, 30, 10, 3, 1, and 0.1 μM for cisplatin. In a repeated experiment, HCC1937,
MCF-7 and BT-474 cells were treated with various concentrations of the conjugates 1–3,
namely 50, 25, 12.5, 6.25, 3.125, 1.6, 0.8 and 0.4 μM. Stock suspensions of SBA-15 and drug-
loaded SBA-15 were prepared in PBS and serially diluted with standard growth media to
achieve final concentrations of 50, 10, 5, 1, 0.5, 0.1, 0.01 and 0.001 μg mL−1 for drug-loaded
SBA-15, and 100, 50, 25, 12.5, 6.25, 3.125 and 1.6 μg mL−1 for SBA-15 alone. Each 96-well
plate contained a positive control using digitonin (100 μM). Three independent experiments
were performed in quadruplicate.

For the in vitro studies in the mouse-derived breast cancer cell line, cells were seeded
in a density of 2 × 103 cells per well (96-well plates) using the previously indicated cell
growth media. Following seeding, cells were given a 24 h adhesion period before being
treated with conjugate 1 and SBA-15|1. Using a DMSO stock solution of 1, prepared
at a concentration of 10 mM and retained at −20 ◦C for 3 days, a serial dilution was
made in standard growth media to achieve concentrations of 25, 12.5, 6.3, 3.12, 1.56, 0.78
and 0.39 μM. A stock suspension of SBA-15|1 was prepared in PBS and serially diluted
in standard growth media until final concentrations of 50, 25, 12.5, 6.25, 3.12, 1.56 and
0.78 μg mL−1 were reached. A DMSO solution of cisplatin at a concentration of 10 mM
was prepared freshly before usage, and serial dilutions were made in culture medium to
reach concentrations of 100, 50, 25, 12.5, 6.25, 3.12 and 1.56 μM. To determine the outcome
of induced autophagy, cells were treated with an IC50 dose of conjugate 1 and SBA-15|1

and concomitantly with 3-methyladenine (3-MA, 1 mM).
Cell viability was evaluated in each case after a 72-h incubation period. Colorimet-

ric MTT- (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and CV (crystal
violet)-based cell viability assays were used to examine the compounds’ potential cyto-
toxicity. The MTT test was carried out in the following way: cells were rinsed with PBS
before being incubated at 37 ◦C in a humid environment with 5% CO2 with an MTT stan-
dard solution (0.5 mg mL−1 MTT in culture medium). After one hour, the MTT solution
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was discarded and DMSO was used to dissolve the formazan that had formed. The ab-
sorbance of this formazan, along with the reference/background signal, could be measured
at wavelengths of 540 nm and 670 nm. Measurements were taken utilizing SpectraMax
M5 multi-well plate reader (MolecularDevices, San Jose, CA, USA). For the CV assay, cells
were fixed with 4% PFA for 20 min at room temperature after being washed once with PBS.
The PFA solution was then removed and the cells were left to dry for 10 min. Afterwards,
cells were stained with 0.2% crystal violet solution for 20 min followed by removal of the
staining solution, washing of the cells with water and letting them dry overnight at room
temperature. Finally, upon addition of acetic acid (33% in aqua bidest.) to the stained
cells, the absorbance was measured at reference wavelengths of 540 nm and 670 nm as
described earlier [56]. A four-parametric logistic function was used to obtain the mean
value of the cell viability, which is expressed as a percentage in comparison to untreated
cells [57]. SigmaPlot 14.0 and Microsoft Excel 2013 were employed for data analyses and
IC50 and MC50 calculation.

2.10. Flow Cytometry

Six-well plates were seeded with 4T1 cells (5 × 104 per well). After overnight adher-
ence, cells were exposed to an IC50 dose of 1 and an MC50 dose of SBA-15|1 and analyzed
by flow cytometry. There were several staining procedures used: (1) CFSE for observing
the influence on cellular proliferation, (2) AnnV/PI for identifying apoptotic cells, (3) Apo-
Stat for caspase activity detection, (4) AO for autophagy detection, (5) DHR for reactive
oxygen/nitrogen species (ROS/RNS) measurement, (6) DAF-FM for intracellular nitric
oxide (NO) measurement, and (7) PI for cell cycle analysis. Results were acquired by
CyFlow® Space Partec using the PartecFloMax® software v1.0.0 (Partec GmbH, Münster,
Germany), with an exception for the results of cell cycle analysis which were obtained using
BD FACSAria III and BD FACSDiva software v8.3 (BD Biosciences, Franklin Lakes, NJ,
USA). Three separate replicates of the experiment were run. Depending on the particular
staining agent, channels FL1 (green emission), FL2 (orange emission), and/or FL3 (dark
red emission) were used for fluorescence detection.

For AnnV/PI, ApoStat, and AO staining, after 72 h treatment with the investigated
agents, the cells were trypsinized and rinsed with PBS. Afterwards, cells staining according
to the manufacturer’s protocols was performed, with AnnV/PI in AnnV-binding buffer
(15 min, room temperature), ApoStat in PBS 5% FBS (30 min, 37 ◦C) and AO 10 μM in PBS
(15 min, 37 ◦C). Finally, upon washing, cells were resuspended in PBS (or in AnnV-binding
buffer for AnnV/PI), and analyzed. For CFSE staining, pre-staining with PBS solution of
CFSE (1 μM; 10 min, 37 ◦C) followed by washing and seeding of the cells was done, after
which they were exposed to experimental agents over a period of 72 h. Before analysis,
cells were once again washed, trypsinized and suspended in PBS. Similarly, pre-staining
with 1 μM DHR for 20 min at 37 ◦C was first done also for DHR staining. For DAF-FM
staining, the cells were first subjected to the experimental agents for 72 h, washed with
PBS, and then stained with 5 μM DAF-FM diacetate in phenol red-free RPMI-1640 for 1 h at
37 ◦C. Thereafter, the dye was discarded and the cells were washed with PBS. Additional
incubation of the cells in fresh RPMI-1640 not containing phenol red and serum, was done
for 15 min to finish the reaction of de-esterification. Afterwards, cells were trypsinized,
resuspended in PBS and analyzed. For analysis of cell distribution across cell cycle phases,
after the treatments, 4T1 cells were fixed with 70% ethanol overnight at 4 ◦C, and then
stained with PI (20 μg mL−1) in the presence of RNase (0.1 mg mL−1) during 45 min at
37 ◦C.

2.11. In Vivo Studies

Inbred female BALB/c mice (6–8 weeks old) from the Institute for Biological Research
“Siniša Stanković”—National Institute of Republic of Serbia (IBISS) were used for this
study. Animals were kept in standard laboratory conditions, free of non-specific pathogens,
with unlimited access to food and water. The handling of animals and the study protocol
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adhered to national regulations established by the Law on Animal Welfare of the Republic
of Serbia (Official Gazette of the Republic of Serbia No. 41/2009) and European Ethical
Normative (Directive 2010/63/EU) on the protection of animals used for experimental and
other scientific purposes. The national licensing committee at the Department of Animal
Welfare, Veterinary Directorate, Ministry of Agriculture, Forestry and Water Management
of Republic of Serbia granted approval for the experimental protocols (permission No.
323-07-07906/2022-05).

2.12. Induction of Tumors and In Vivo Treatment

BALB/c mice were orthotopically inoculated with 4T1 cells (2 × 104 cells in 50 μL PBS)
in the fat pad region of the fourth mammary gland region. On the fifth day following cell
implantation when tumors were palpable, random assignment of the animals into different
treatment groups was made. The administration regime consisted of i.p. application of
the appropriate agent three times a week. Cisplatin was applied in a dose of 2 mg kg−1

in 2% DMF/PBS, conjugate 1 at 5 and 10 mg kg−1 in 2% DMSO/PBS, while SBA-15|1

was applied in PBS at a dose of 17.5 and 35 mg kg−1 for 25 days. Control mice were
receiving 2% DMSO/PBS and 2% DMF/PBS as vehicle. Tumor growth was monitored
every second day and on the 29th day after cell inoculation, mice were sacrificed. Tumors
were extracted and measured in three dimensions. The tumor volume was calculated based
on the following equation:

V = 0.52 × a × b2

where “a” is the longest and “b” the shortest diameter. On the day of sacrifice, urine
was collected from the animals and different biochemical parameters were analyzed with
Multistix 10 SG (Bayer, Leverkusen, Germany).

2.13. Histopathological Examination

Harvested tissues of sacrificed animals (tumor, liver and kidney) were macroscopically
examined, measured and sectioned to 3 mm thick slices through the largest tissue plane.
Tissues were processed in automatic tissue processor (Milestone SRL LOGOS ONE, Sorisole,
BG–Italy). Embedding in paraffin blocks was done on embedding console (SAKURA Tissue-
Tek TEC 5, Sakura Finetek, CA, USA). Sections 4 μm thick were cut from the tissue using
microtome (LEICA RM 2245, (Leica Biosystems, Nussloch, Germany), and the slices were
mounted on glass slides. The slides were then stained with hematoxilin eosin stain (H/E)
in automated slide stainer MYREVA SS-30H (Especialidades Médicas MYR, S.L., Tarragona,
Spain). After H/E staining, all glass slides were examined and microscopically analyzed
under an Olympus BX43 microscope (OLYMPUS EUROPA HOLDING GMBH, Hamburg,
Germany). Additionally, all slides were digitalized with a Leica Aperio AT2 slide scanner
(Leica Biosystems, Nussloch GmbH, Germany) for analysis and documentation purposes.
Morphometric analysis was done with a Leica Aperio ImageScope (version 12.4.6, Leica
Biosystems, Nussloch GmbH, Germany).

2.14. Statistical Analysis

Differences between treatments were assessed using analysis of variance (ANOVA)
accompanied with a Student-Newman-Keuls test. Results of in vivo experiments were
evaluated by a Mann-Whitney test. Differences in histopathological changes between
treatments were analyzed by a Oneway ANOVA test followed by a Tukey test. Statistical
significance was considered if p-value was 0.05 or less. Statistical analyses were done using
the program Statistica 10.

3. Results and Discussion

3.1. Synthesis and Characterization of Platinum(IV) Conjugates 1–3

In this study, three cisplatin derivatives with acetyl-protected caffeate, acetyl-protected
ferulate or free ferulate in the axial positions (complexes 1, 2 and 3, respectively, Figure 1)
were prepared. Complexes 1 and 2 were synthesized by reacting oxoplatin (afforded by
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cisplatin oxidation with hydrogen peroxide) [50] with an excess of the corresponding acyl
chloride derivative of the acetyl-protected phenolic acid in the presence of pyridine as base.
Acetyl-protected phenolic acids were used for the synthesis in order to avoid side reactions
involving the hydroxyl groups present in their structure. Additionally, as reported by other
authors, the reduction potential of the phenolic acids is directly linked to the existence
as well as the number of hydroxyl groups [58,59]. Therefore, using caffeic and ferulic
acid with free hydroxyl groups could induce reduction of the platinum(IV) in oxoplatin
making the formation of the desired products impossible [60,61]. After complexes 1 and
2 were successfully obtained in yields of 64% and 59%, respectively, deprotection of 2

was done with conc. HCl to afford the cisplatin-ferulate conjugate 3. The three obtained
platinum(IV) conjugates were characterized by 1H, 13C and 195Pt NMR spectroscopy and
mass spectrometry (ESI, Figures S1–S18) and their purity was further confirmed through
elemental analysis. Deprotection of 1 was also attempted, employing different procedures
and reagents, from conc. HCl to ones which have been reported to be mild and highly
selective for deprotection of aromatic acetates such as guanidine·HCl [62], dibutyltin
oxide [63] and ammonium acetate [64]. However, the desired cisplatin-caffeate conjugate
could not be obtained; instead, degradation of the complex resulting in very complex 1H
NMR spectra was observed in each deprotecting approach. Finally, we also attempted the
deprotection using a commercially available enzyme Amano lipase A from Aspergillus niger
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) which has been reported to cause full
O-deacetylation of different acetylated biomolecules under mild conditions [65]. Closely
following the reaction by time-resolved 1H NMR spectroscopy (ESI, Figure S19), we noticed
that as soon as the deacetylation of 1 begins, chemical shifts corresponding to free caffeate
appear. This means that after deprotection, the free hydroxyl groups might reduce the
platinum(IV) to platinum(II), leading to separation of the caffeate ligand from the cisplatin
scaffold. This confirms the capacity of phenolic acids to induce metal reduction and the
higher reduction potential of caffeic acid, which bears two hydroxyl groups in ortho position
to each other, by comparison with ferulic acid, which has only one free hydroxyl group. As
the deprotection of the acetyl protecting groups can occur under acidic conditions, it could
be anticipated that the acidic tumor microenvironment would facilitate such a reaction
in vivo. The free hydroxyl groups would then ease the reduction of the platinum(IV) to the
cytotoxic platinum(II) and release the axial ligands, making both species available to act
upon their respective targets.

The platinum(IV) conjugates are particularly poorly soluble in water (1–3: 0.09 g,
0.04 g and 0.56 g, respectively, in 1 L H2O) owing to the presence of lipophilic moieties.
However, in polar aprotic solvents like DMF and DMSO, they are highly soluble.

As confirmed by time-resolved 1H NMR spectroscopy, the conjugates 1–3 are stable in
DMSO solution over 72 h. During this time, no ligand exchange or complex degradation
was observed (Figures S20–S22).

3.2. Synthesis and Characterization of the Mesoporous Silica Materials

For the preparation of SBA-15 nanoparticles, a synthesis described in the literature,
with TEOS as a silica source and P123 serving as a structure-directing agent, was em-
ployed [52]. Calcination was performed to remove the organic template, resulting in rod-
shaped particles with consistent morphology as demonstrated by SEM imaging (Figure 2).
Narrow size distribution of the particles ranging from 200–400 × 600–800 nm was observed.

Nitrogen physisorption experiments that resulted in a type IV isotherm with a hystere-
sis loop showing capillary condensation characteristic for highly organized mesoporous
structures (Figure 3A) [66] were used to confirm the material’s mesoporous nature. Car-
rying out these analyses also upon loading of the SBA-15 material with the platinum(IV)
complexes 1–3 which afforded the three materials SBA-15|1, SBA-15|2 and SBA-15|3, it
was shown that the conjugates have not significantly influenced the SBA-15 structure, so
the shape, morphology as well as the mesoporous nature of the materials are retained.
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Figure 2. SEM images of MSNs: SBA-15, SBA-15|1, SBA-15|2 and SBA-15|3.

Figure 3. (A) N2 adsorption-desorption isotherms and (B) SAXS patterns of MSNs: SBA-15, SBA-
15|1–SBA-15|3.

As expected, after loading of the cisplatin derivatives, the high specific surface area,
SBET (calculated based on the Brunauer–Emmett–Teller (BET) model), and pore volume,
Vp, which were corroborated for the SBA-15 material (517 m2 g−1 and 0.72 cm3 g−1, respec-
tively), were reduced to 245−292 m2 g−1 for the specific surface area and 0.34–0.37 cm3 g−1

for the pore volume. Additionally, there was a change of the pore diameter Dp from
4.74 nm as determined for the pure SBA-15 to 3.68−4.75 nm for the loaded MSNs. On
the contrary, the wall thickness Wp, calculated by deducting the pore diameter from the
lattice parameter a, increased upon immobilization of conjugates 2 and 3, (3.66 nm 4.26
and 5.03 nm (SBA-15, SBA-15|2 and SBA-15|3, respectively). The lattice parameter itself
was attained by SAXS, and specifies the repetition rate of the hexagonal pores of the MSNs.
Thus, the acquired data showing similar values for a for all pure and loaded MSNs are
consistent with what is expected. Finally, as shown in Figure 3B, the SAXS patterns of
pure SBA-15 and SBA-15|1–SBA-15|3 exhibit diffraction peaks (see Table 1) typical for
hexagonally ordered MSNs, highlighting the particles’ unaltered structure once more. All
corresponding values for a and 2θ are presented in Table 1.
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The amount of immobilized platinum(IV) complexes 1–3 in the MSNs was calculated
based on the amount of platinum detected with EDX analysis. Successful loading of all three
compounds 1–3 with load contents of 7.51, 9.23 and 10.33 wt% Pt, respectively, was con-
firmed. The corresponding encapsulation efficiency was calculated to be 70.4%, 83.8% and
89.2%, for SBA-15|1–SBA-15|3, respectively (see ESI, Figure S23 and Tables S1 and S2).

Despite the successful production of the mesoporous material with the applied method,
which resulted in MSNs with optimal drug loading, it is worth mentioning that significant
advances have been made in the engineering of MSNs [67], including some greener ap-
proaches with less undesirable environmental impact [68], which should be considered in
the future.

3.3. Release of Platinum(IV) Conjugates from MSNs

The in vitro release profiles of the platinum(IV) complexes 1–3 encapsulated in silica
nanoparticles were determined in PBS (pH = 7.4) by assessing the platinum content in
solution (ICP-OES) at predetermined time points (0.08, 0.5, 1, 3, 6, 12, 24, 48 and 72 h). As
presented in Figure 4A, SBA-15|1 and SBA-15|2 exhibited very low release of only 18 and
5%, respectively, over 72 h. On the contrary, SBA-15|3 released over 70% of its cargo over
the same period of time. As these results are consistent with the solubility profiles of the
three conjugates in water, it is probable that in this case drug release is driven by solubility of
the drugs in the surrounding media. In the first hours, saturation of the solution is achieved
and, therefore, prolonged contact with the fluid does not lead to increase the amount
of platinum(IV) conjugate released. By exchanging the medium each hour in the time
interval of up to 10 h, saturation of PBS with the drugs from nanomaterials SBA-15|1 and
SBA-15|2 is avoided. As initially observed, the release is low, but continuous (Figure 4B).
The obtained results indicate that the drug-loaded nanoparticles’ structural integrity is
maintained under the simulated physiological setting, preventing immediate leakage of
the platinum(IV) complexes. In vivo, this could, in addition to the favorable EPR effect of
MSNs, be very beneficial as it could imply minimal drug release during circulation, thus
lowering the possibility of off-target interactions and side effects, and higher accumulation
in the tumor, where the slow release could ensure prolonged drug exposure.

Figure 4. (A) Cumulative drug release (%) of the respective platinum(IV) conjugate from SBA-15|1,
SBA-15|2 and SBA-15|3 over 72 h; (B) Cumulative drug release (%) of the respective platinum(IV)
conjugate from SBA-15|1 and SBA-15|2 with exchange of the PBS solution every hour for 10 h.

Mathematical models viz. zero/first order, Korsmeyer–Peppas and Higuchi (see
ESI, Figures S24–S26) were employed for a study of the kinetics of the drug release [69].
Data was quantitatively correlated with these models and the most suitable model was
determined based on the degree of correlation R2 (see ESI, Table S3). The results obtained
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suggest that although the release of the cisplatin derivatives from the corresponding MSNs
does not follow perfectly the principles of any of the investigated release kinetics (R2 < 0.9),
diffusion-controlled drug release kinetics (Higuchi for SBA-15|1 and Korsmeyer–Peppas
for SBA-15|2 and SBA-15|3) are the most fitting [70]. The value n obtained from the
Korsmeyer–Peppas model (in all cases n < 0.45) further ascertained Fickian diffusion as
prime release mechanism [71].

3.4. Antiproliferative Activity

The antiproliferative activity of the free platinum(IV) complexes 1, 2 and 3 and the
corresponding MSNs (SBA-15, SBA-15|1–SBA-15|3) was first determined against four
human breast tumor cell lines, involving two triple-negative cell lines, namely MDA-MB-
468 (human breast adenocarcinoma with COX-2 expression) and HCC1937 (human breast
carcinoma with BRCA1 mutation), and the two ER- and PR-positive cell lines MCF-7
(with COX-1 expression) and BT-474 (both invasive ductal breast carcinoma). After 72 h
of treatment with the examined compounds and MSNs, the cell viability was assessed
using the two distinct assays, CV and MTT, and their activity was compared with that
of clinically used cisplatin, as well as the phenolic acids used as ligands. IC50 and MC50
values are presented in Table 2. As expected, the ligands alone were found to be inactive
(>100 μM) against all treated tumor cell lines. A similar observation was made for the SBA-
15 material (>100 μg mL−1). On the contrary, the platinum(IV) conjugates 1–3 demonstrated
antitumor activity in the range similar to (against MDA-MB-468 and HCC1937 cell lines)
or higher (against MCF-7 and BT-474 cell lines) than cisplatin. Certain discrepancies were
observed between the results acquired by MTT and CV assays against the MCF-7 cell
line upon treatment with the platinum(IV) conjugates and against BT-474, HCC1937 and
MDA-MB-468 cell lines upon treatment with cisplatin, implying that in these cases the
mechanism through which cytotoxicity is achieved might be involving cell metabolism
pathways [72–75].

Table 2. IC50 [μM] and MC50 [μg mL−1] values of cisplatin, 1−3, free ligands, SBA-15, and SBA-
15|1−SBA-15|3 determined with CV and MTT assays (72 h).

Compound/Material

CV MTT

MDA-MB-468 HCC1937 MCF-7 BT-474 4T1 MDA-MB-468 HCC1937 MCF-7 BT-474 4T1

IC50 [μM] IC50 [μM]

Acetyl-protected caffeic acid >100 >100

Acetyl-protected ferulic acid >100 >100

Ferulic acid >100 >100

Cisplatin 3.3 ± 0.2 7.6 ± 0.9 33.6 ± 4.8 54.9 ± 6.0 3.2 ± 0.3 0.6 ± 0.1 4.3 ± 0.7 32.0 ± 4.3 70.3 ± 8.5 1.3 ± 0.1

Cisplatin-acetyl protected
caffeate conjugate (1) 2.6 ± 0.7 8.9 ± 0.3 16.0 ± 2.3 5.4 ± 0.3 4.4 ± 0.7 2.7 ± 0.8 9.9 ± 0.5 > 50 4.5 ± 0.4 3.3 ± 0.4

Cisplatin-acetyl protected
ferulate conjugate (2) 3.5 ± 0.5 10.4 ± 1.1 8.4 ± 2.2 5.9 ± 0.4 3.8 ± 0.8 5.5 ± 4.3 27.6 ± 2.6 9.7 ± 1.2

Cisplatin-ferulate conjugate (3) 7.1 ± 0.3 11.1 ± 0.8 19.9 ± 1.3 >50 8.3 ± 0.7 15.1 ± 2.1 >50 >50

SBA-15|1 (a) 0.3 ± 0.03 1.7 ± 0.1 1.6 ± 0.1 0.0001 ± 0.00001 1.0 ± 0.2 0.1 ± 0.001 0.3 ± 0.02 0.3 ± 0.1 0.1 ± 0.001 0.8 ± 0.04

SBA-15|2 (a) 0.1 ± 0.01 1.0 ± 0.1 1.0 ± 0.1 0.0017 ± 0.0001 0.02 ± 0.002 0.2 ± 0.02 / 0.1 ± 0.02

SBA-15|3 (a) 1.6 ± 0.1 2.6 ± 0.5 4.4 ± 0.5 0.7 ± 0.1 0.4 ± 0.01 1.0 ± 0.2 3.7 ± 0.2 1.3 ± 0.2

MC50 [μg mL−1] MC50 [μg mL−1]

SBA-15 >100 >100

SBA-15|1 3.0 ± 0.5 19.9 ± 1.0 18.5 ± 1.0 0.0017 ± 0.0002 11.9 ± 1.9 0.6 ± 0.02 3.3 ± 0.3 7.3 ± 0.8 0.7 ± 0.02 9.7 ± 0.5

SBA-15|2 3.6 ± 0.4 32.9 ± 2.1 35.0 ± 3.0 0.6 ± 0.006 0.6 ± 0.1 6.5 ± 0.7 >50 4.3 ± 0.7

SBA-15|3 3.9 ± 0.2 6.4 ± 1.2 10.7 ± 1.3 1.7 ± 0.3 1.1 ± 0.03 2.3 ± 0.4 5.0 ± 0.5 3.3 ± 0.6

(a) recalculated based on platinum content (EDX) and drug release (ICP-OES).

Immobilization of the platinum(IV) complexes 1–3 in MSNs led to a significant im-
provement of the antiproliferative activity of all three conjugates against all cell lines
involved in the study. For comparative evaluation with the activity of cisplatin and the
free platinum(IV) complexes, recalculation of the IC50 values for the drug-loaded MSNs
(SBA-15|1, SBA-15|2 and SBA-15|3) was made based on the obtained MC50 values consid-
ering the platinum content obtained by EDX, as well as the release of the drugs obtained
by ICP-OES (detailed explanation in ESI). Submicromolar IC50 values which were at least
two times and in some cases several thousand times lower than those for cisplatin were
obtained. All drug-loaded MSNs showed the highest activity against the BT-474 cell line
responsible for the development of invasive ductal breast cancer and known to be resistant
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to the conventional treatment with tamoxifen [76,77]. Among the three drug-loaded MSNs,
SBA-15|1 was found to have the highest potency against this cell line with an IC50 value of
only 0.1 nM.

Considering these very promising results, further investigations were necessary in
an appropriate in vivo breast cancer model; thus, an orthotopic model of breast cancer
by inoculation of 4T1 cells in BALB/c mice was selected. Therefore, the antiproliferative
activity of the most active conjugate 1 and appropriate nanomaterial SBA-15|1 was first
assessed in vitro in this triple-negative mouse cell line. After 72 h of incubation, the viability
of the cells was determined by measurement of total cell culture respiration or number
of adherent cells using MTT and CV assays. The results summarized in Table 2 reveal
that conjugate 1 strongly affected the cell viability of 4T1 cells similarly as cisplatin alone.
Higher activity exceeding the one of cisplatin and 1 was observed upon drug-loading into
SBA-15 particles, which is consistent with the results seen in the human breast cancer cell
lines. Cell viability under 1–3, SBA-15|1–SBA-15|3 and cisplatin exposure is presented in
the ESI, Figures S27–S31.

3.5. Molecular Mechanism of Action

Aiming to get an insight in the plausible mechanism of drug-induced cytotoxicity,
flow cytometric evaluation of apoptotic cell death, cell cycle perturbation, rate of cell
proliferation, caspase activation, and induction of autophagic response was employed upon
treatment of the 4T1 cells with IC50 doses of 1 and cisplatin and an MC50 dose of SBA-15|1.
The obtained results reveal that in all applied treatments, induction of massive apoptosis
was in the background of diminished cell viability (Figure 5A). In concordance, significant
accumulation of fragmented DNA in subG compartment of the cell cycle (Figure 5B),
together with a strong caspase activation (Figure 5C) was found in cultures exposed to 1,
SBA-15|1 and cisplatin. In parallel, surviving cell subpopulation lost the dividing potential
(CFSE assay, Figure 5D). Since the process of autophagy is deeply involved in the cells’
response to toxic stimuli, varying from protective to destructive, it is very important to
define the eventual presence of autophagosomes in cultures exposed to the experimental
therapeutics [78,79].

An intensified autophagic process (AO assay, Figure 5E) in all treated cultures was no-
ticed. However, additional decrease in cell viability was observed also upon neutralization
of autophagy through concomitant exposure of the treated cells to the specific inhibitor
3-MA (Figure 5F). Thus, the obtained data suggest that autophagy has a protective role,
defending the cell from destructive stimuli.

In addition, treatment with conjugate 1 and SBA-15|1 triggered increased production
of nitric oxide (DAF-FM assay, Figure 6A), as well as ROS/RNS (DHR assay, Figure 6B).

Altogether, platinum(IV) conjugate 1, free and loaded in SBA-15, clearly showed
potential to downregulate cell growth through inhibition of proliferation and apoptotic
cell induction which is even amplified with autophagy suppression. Behind the observed
effect could be the enhanced production of reactive species which affect different cellular
processes and subsequently the cell viability [80,81].
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Figure 5. Effect of platinum(IV) conjugate 1 and corresponding MSNs SBA-15|1 on 4T1 mouse
breast cancer cells: (A) apoptosis (Annexin V-FITC/propidium iodide, (B) cell cycle—subG phase
(* p < 0.05 refers to untreated cells), (C) caspase activation (Apostat), (D) cell proliferation potential
(CFSE), (E) induction of autophagy (AO staining), and (F) effect of 3-MA addition on viability of 4T1
cells (MTT assay) (* p < 0.05 refers to culture treated with 1, # p < 0.05 refers to culture treated with
SBA-15|1).

Figure 6. Effect of platinum(IV) conjugate 1 and corresponding MSNs SBA-15|1 on 4T1 mouse breast
cancer cells: (A) intracellular NO production (DAF-FM) and (B) ROS/RNS production (DHR).
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3.6. In Vivo Decrease of Breast Cancer Growth

With the aim to check the effectiveness of conjugate 1 and SBA-15|1 in vivo, an
orthotopic model of breast cancer was used. Tumors were induced by inoculation of 4T1
cells in fat pad of the fourth breast in syngeneic BALB/c mice, and treatment started when
tumors became palpable. Cisplatin was applied in a therapeutic dose [82], while 1 or
SBA-15|1 were applied in an equimolar dose with regards to cisplatin. Results revealed
approximately 50% tumor volume reduction upon treatment with cisplatin and SBA-15|1,
while conjugate 1 alone decreased the tumor volume by 20% (Figure 7A). As statistical
significance was not reached after the application of the mentioned doses, the experiment
was repeated with a dose of 10 mg kg−1 for the free conjugate 1 and 35 mg kg−1 for
SBA-15|1. The obtained results revealed remarkable inhibition of tumor growth in all three
experimental groups (Figure 7B). The experiment was concluded with the sacrifice of the
animals and histopathological examination of their tumors, liver and kidney.

Average percentage of tumor’s necrosis on tissue cross section was the largest in the
control group (30%), while all treatments dramatically decreased necrotic area surface
(conjugate 1 (14%), SBA-15|1 (14%) and cisplatin (12%), Figure 7C). In addition, mitotic
index, represented as mitotic figure count per one square millimeter, again was the highest
in the control group, while rate of mitosis was diminished in tumor tissue sections of all
treated groups (Figure 7B,D). Having in mind that tumors with large necrotic areas are
recognized as highly aggressive and associated with poor prognosis [83], reduced necrotic
zones together with lower mitotic rate upon the treatments indicates decreased neoplastic
potential of the tumor tissue and underlines the advantage of the applied treatments.

In liver, findings characteristic for 4T1 metastatic breast cancer model with presence
of extramedullary hematopoiesis, mainly represented by cells of myeloid lineage and
in lesser amount by megakaryocytes, were observed [84,85]. Hematopoietic cells were
present around and within the portal tracts, as well as in the sinusoid of the liver. The
highest level of hematopoiesis was found in the control group, while upon treatment, in all
treated groups it was almost absent (Figure 8). This fact led to the conclusion that all three
treatments were effective in a way that inhibits hematopoiesis which was conditioned with
the amount of tumor’s cell burden.

No relevant signs of hepatotoxicity were found in any of the groups. There was no
inflammation nor necrosis in this experimental setting (Figure 8). Some degree of dilatation
of small blood vessels (mainly venules) mostly in the SBA-15|1 group, without knowledge
of functional derangement, was noted.

In kidney tissue, there were no significant signs of nephrotoxicity in all groups. Normal
histomorphology was dominantly registered (Figure 8). Concordantly, all parameters
(blood, bilirubin, pH, ketone, protein, specific gravity, leukocyte, urobilinogen and nitrite)
tested in urine of animals which were exposed to treatment, showed no difference to the
control group of untreated animals (ESI, Table S4). In the group treated with cisplatin,
however, protein casts were found in the tubules, and dilatation of small periglomerular
blood vessels was observed. This indicates that despite the fact that previous findings
suggested the absence of toxicity, cisplatin has a nephrotoxic input [86] which was not
observed for 1 and SBA-15|1.
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Figure 7. In vivo effect of platinum(IV) conjugate 1 and the corresponding MSNs SBA-15|1 on
4T1-inoculated breast tumors: (A) tumors’ growth suppression, (B) tumor necrotic areas, (C) mitotic
index, and (D) mitotic figures (marked with yellow arrows, H/E stain, 400× magnification).
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Figure 8. In vivo effect of platinum(IV) conjugate 1 and the corresponding MSNs SBA-15|1 on 4T1-
inoculated breast tumors—histopathological evaluation: tissues in columns 1, 2, 3, and 4 represent
control, cisplatin, 1 and SBA-15|1 groups, respectively. Tissues in rows A and B are tumor tissues
(8× and 40× magnification, respectively) with red lines delineating necrotic areas and green lines
denoting largest diameter of tumor. Row C is liver tissue with red arrows pointing to hematopoietic
cells (40× magnification). Row D is kidney tissue (200× magnification). In picture 2D, black arrows
point to protein cast in kidney tubules and red arrows point to dilated blood vessels. Red arrows in
3D and 4D point to areas of inflammatory infiltrate.

4. Conclusions

In summary, we report on three cisplatin derivatives bearing acetyl-protected caffeate
(1), acetyl-protected ferulate (2) or ferulate (3) as axial ligands. Upon loading of these
platinum(IV) complexes into mesoporous silica SBA-15 material, the MSNs SBA-15|1,
SBA-15|2 and SBA-15|3 were prepared. Under simulated physiological settings, the MSNs
maintained their structural integrity, enabling a moderate (for SBA-15|3) to extremely
slow release (for SBA-15|1 and SBA-15|2) of the appropriate platinum(IV) complex. This
delayed release is particularly advantageous in vivo because it results in low drug release
during circulation and longer drug exposure upon accumulation in the tumor.

The free platinum(IV) conjugates 1–3 demonstrated higher or similar antiproliferative
activity with respect to cisplatin in four human breast cancer cell lines (BT-474, MCF-7,
MDA-MB-468 and HCC1937). Great anticancer potential was, however, observed for all
three complexes upon their loading into the nanostructured SBA-15. Thus, SBA-15|1,
SBA-15|2 and SBA-15|3 demonstrated significantly higher cytotoxicity as compared to
cisplatin with nanomolar IC50 values in all four cell lines.

For the most potent complex 1 and the corresponding SBA-15|1, mechanistic investi-
gations made in the mouse breast cancer cell line 4T1 indicated the potential of drug and
nanomaterial to downregulate cell growth through inhibition of proliferation and apoptotic
cell induction. Drug toxicity can be further amplified via autophagy suppression. All
observed effects could be due to the enhanced production of NO and ROS/RNS, which
affect different cellular processes and, consequently, the cell viability. Furthermore, 1 and
SBA-15|1, caused in vivo inhibition of tumor growth in BALB/c mice, decreasing the
necrotic area and lowering the mitotic rate. Importantly, nephrotoxicity present in mice
treated with cisplatin, was not observed when 1 or SBA-15|1 were used.
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Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nano12213767/s1. Figure S1. 1H NMR spectrum of 1 in DMSO-d6;
Figure S2. 13C{1H} NMR spectrum of 1 in DMSO-d6; Figure S3. 195Pt{1H} NMR spectrum of 1 in
DMSO-d6; Figure S4. HR-ESI-MS (positive mode, CH3OH) of 1, m/z [2M+H]+; Figure S5. HR-ESI-MS
(positive mode, CH3OH) of 1, m/z [M+H]+; Figure S6. 1H NMR spectrum of 2 in DMSO-d6; Figure S7.
13C{1H} NMR spectrum of 2 in DMSO-d6; Figure S8. 195Pt{1H} NMR spectrum of 2 in DMSO-d6;
Figure S9. HR-ESI-MS (positive mode, CH3OH) of 2, m/z [2M+H]+; Figure S10. HR-ESI-MS (positive
mode, CH3OH) of 2, m/z [M+H]+; Figure S11. HR-ESI-MS (positive mode, CH3OH) of 2, m/z
[M+Na]+; Figure S12. 1H NMR spectrum of 3 in DMSO-d6; Figure S13. 13C{1H} NMR spectrum
of 3 in DMSO-d6; Figure S14. 195Pt{1H} NMR spectrum of 3 in DMSO-d6; Figure S15. HR-ESI-MS
(positive mode, CH3OH) of 3, m/z [M+H]+; Figure S16. HR-ESI-MS (positive mode, CH3OH) of 3,
m/z [2M+H]+; Figure S17. HR-ESI-MS (positive mode, CH3OH) of 3, m/z [2M+Na]+; Figure S18.
HR-ESI-MS (positive mode, CH3OH) of 3, m/z [2M+K]+; Figure S19. Attempted O-deacetylation of 1

with enzyme Amano lipase A from Aspergillus niger; time-resolved 1H NMR spectra in DMSO-d6,
aromatic region section; Figure S20. Stability of 1 in DMSO-d6 over 72 h; time-resolved 1H NMR
spectra; Figure S21. Stability of 2 in DMSO-d6 over 72 h; time-resolved 1H NMR spectra; Figure S22
Stability of 3 in DMSO-d6 over 72 h; time-resolved 1H NMR spectra; Figure S23. Spatial distribution
of silicon and platinum in SBA 15|1, SBA 15|2 and SBA 15|3 determined through EDX mapping;
Figure S24. Zero order, first order, Higuchi and Korsmeyer-Peppas kinetic release of 1 from SBA-
15|1; Figure S25. Zero order, first order, Higuchi and Korsmeyer-Peppas kinetic release of 2 from
SBA-15|2; Figure S26. Zero order, first order, Higuchi and Korsmeyer-Peppas kinetic release of
3 from SBA-15|3; Figure S27. Cell viability of cisplatin, 1, 2 and 3 determined by CV and MTT
assays in MDA-MB-468 and HCC1937 human breast cancer cell lines; Figure S28. Cell viability of
cisplatin, 1, 2 and 3 determined by CV and MTT assays in MCF-7 and BT-474 human breast cancer
cell lines; Figure S29. Cell viability of SBA-15|1, SBA-15|2 and SBA-15|3 determined by CV and
MTT assays in MDA-MB-468 and HCC1937 human breast cancer cell lines; Figure S30. Cell viability
of SBA-15|1, SBA-15|2 and SBA-15|3 determined by CV and MTT assays in MCF-7 and BT-474
human breast cancer cell lines; Figure S31. Cell viability of cisplatin, 1 and SBA-15|1 determined
by CV and MTT assays in mouse-derived 4T1 breast cancer cell line; Table S1. Relative weight %
of silicon and platinum at six points in SBA-15|1, SBA-15|2 and SBA-15|3 determined by EDX
analysis; Table S2. Platinum load (wt%) and encapsulation efficiency (%) in SBA-15|1, SBA-15|2 and
SBA-15|3; Table S3. Constants and coefficient of determinations (R2) for each model; Table S4. Urine
parameters of untreated animals (control) and animals exposed to treatment with cisplatin, 1 and
SBA-15|1.
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53. Kalud̄erović, G.N.; Pérez-Quintanilla, D.; Sierra, I.; Prashar, S.; del Hierro, I.; Žižak, Ž.; Juranić, Z.D.; Fajardo, M.; Gómez-Ruiz, S.
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Melanoma Tumor Inhibition by Tetrachlorido(O,O′-Dibutyl-Ethylenediamine-N,N′-Di-3-Propionate)Platinum(IV) Complex: In
Vitro and in Vivo Investigations. Metallomics 2012, 4, 1155–1159. [CrossRef]

83. Bredholt, G.; Mannelqvist, M.; Stefansson, I.M.; Birkeland, E.; Hellem Bø, T.; Øyan, A.M.; Trovik, J.; Kalland, K.-H.; Jonassen, I.;
Salvesen, H.B.; et al. Tumor Necrosis Is an Important Hallmark of Aggressive Endometrial Cancer and Associates with Hypoxia,
Angiogenesis and Inflammation Responses. Oncotarget 2015, 6, 39676. [CrossRef] [PubMed]

84. duPre’, S.A.; Hunter, K.W. Murine Mammary Carcinoma 4T1 Induces a Leukemoid Reaction with Splenomegaly: Association
with Tumor-Derived Growth Factors. Exp. Mol. Pathol. 2007, 82, 12–24. [CrossRef] [PubMed]

85. DuPre´, S.A.; Redelman, D.; Hunter Jr, K.W. The Mouse Mammary Carcinoma 4T1: Characterization of the Cellular Landscape of
Primary Tumours and Metastatic Tumour Foci. Int. J. Exp.Pathol. 2007, 88, 351–360. [CrossRef] [PubMed]

86. McSweeney, K.R.; Gadanec, L.K.; Qaradakhi, T.; Ali, B.A.; Zulli, A.; Apostolopoulos, V. Mechanisms of Cisplatin-Induced
Acute Kidney Injury: Pathological Mechanisms, Pharmacological Interventions, and Genetic Mitigations. Cancers 2021, 13, 1572.
[CrossRef] [PubMed]

159



Citation: Quach, Q.; Abdel-Fattah,

T.M. Silver Nanoparticles

Functionalized Nanosilica Grown

over Graphene Oxide for Enhancing

Antibacterial Effect. Nanomaterials

2022, 12, 3341. https://doi.org/

10.3390/nano12193341

Academic Editors: Goran
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Abstract: The continuous growth of multidrug-resistant bacteria due to the overuse of antibiotics
and antibacterial agents poses a threat to human health. Silver nanoparticles, silica-based materials,
and graphene-based materials have become potential antibacterial candidates. In this study, we
developed an effective method of enhancing the antibacterial property of graphene oxide (GO) by
growing nanosilica (NS) of approximately 50 nm on the graphene oxide (GO) surface. The struc-
tures and compositions of the materials were characterized through powdered X-ray diffraction
(P-XRD), transmission electron microscopy (TEM), scanning electron microscopy coupled with en-
ergy dispersive X-ray spectroscopy (SEM-EDS), ultraviolet–visible spectroscopy (UV–VIS), dynamic
light scattering (DLS), Raman spectroscopy (RM), Fourier-transform infrared spectroscopy (FTIR),
Brunauer–Emmet–Teller (BET) surface area, and pore size determination. The silver nanoparticles
(AgNPs) with an average diameter of 26 nm were functionalized on the nanosilica (NS) surface. The
composite contained approximately 3% of silver nanoparticles. The silver nanoparticles on nanosilica
supported over graphene oxide (GO/NS/AgNPs) exhibited a 7-log reduction of Escherichia coli and a
5.2-log reduction of Bacillus subtilis within one hour of exposure. Both GO/NS and GO/NS/AgNPs
exhibited substantial antimicrobial effects against E. coli and B. subtilis

Keywords: silver nanoparticles; nanosilica; graphene oxide composites; antibacterial effect;
Escherichia coli; bacillus subtilis

1. Introduction

Multidrug-resistant bacteria have become a global health threat in the 21st century [1].
Antibiotic resistance has caused common infections to become more difficult to treat and
has led to expensive healthcare costs [1]. In order to reduce the dependency on antibi-
otic treatments which are ineffective against resistant bacterial strains, various studies
have been conducted to develop novel materials to treat and prevent the growth of these
pathogens [2–5]. Among those materials, silver nanoparticles appear to have the most
potential and be the most attractive solution due to their antibacterial properties [6,7]. How-
ever, some studies have shown that bacteria can develop resistance to silver nanoparticles
after repeated exposure [8,9]. The resistant strains produced adhesive flagellum that caused
the nanoparticles to aggregate, resulting in a reduction in the surface area and antibacterial
effect [8,9].

In previously reported studies, support templates or capping agents were often used
to improve the size, shape, and stability of nanoparticles [10–14]. It is important to control
the surface properties, morphology, and functionality for bio-medical applications [15–17].
Among the materials, silica-based and graphene materials are excellent support templates
for enhancing antimicrobial activity [18,19]. These materials are well-known in medicine
and biotechnology [19–21]. In a study from Liu et al., silver nanoparticles were loaded on to
the graphene oxide and a large silicate template, but the synthesis process required heating
which caused the graphene oxide to reduce [22]. Previous research reported that graphene
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oxide had a higher antibacterial ability than that of the reduced form [23]. Additionally, the
large mesoporous silica template was less effective than small-sized silica nanoparticles
in improving the antimicrobial property of the composite [24]. Based on different review
studies, the combination of graphene oxide, nanosilica, and silver nanoparticles was neither
synthesized nor tested for antibacterial activity [25,26]. Furthermore, the method which
we applied in this study to grow nanosilica on graphene oxide was different from other
reported methods [27–29]. In a Yang et al. study, the SiO2 was functionalized with an
amine group and then loaded on to the graphene oxide; the pH of the synthesis process was
required to be 7 for the coupling process to be successful [27]. Another study by Kou and
Gao grew the silica nanoparticles on the graphene oxide with the assistance of ammonia,
but the resulting product had to be stored in alcohol [28]. In our study, our product was
formed in a basic condition and was stored without using any solvent.

In our study, we grew the nanosilica (NS) on graphene oxide (GO) with a modi-
fied method to avoid the formation of a large silicate sandwich-like layer. The silver
nanoparticles (AgNPs) were then loaded on to the nanosilica (NS) to form the compos-
ite (GO/NS/AgNPs). The structure and composition of GO/NS and GO/NS/AgNPs
composites were characterized via P-XRD, TEM, SEM-EDS, UV–VIS, DLS, Raman spec-
troscopy, FTIR, and BET surface area measurements. The antibacterial ability of GO/NS
and GO/NS/AgNPs against Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) was
examined using the spread plate method and zone inhibition test.

2. Experimental

2.1. Synthesis of Nanosilica Grown on Graphene Oxide

Graphene oxide (GO) was synthesized by following the method reported by Bhawal
et al. [30]. We modified the Liu et al. method to synthesize nanosilica (NS) on GO [31]. A
total of 50 mL of GO solution was prepared at a 2:1 ratio of GO and deionized water (DI, 18
MΩ). An amount of 500 mg of CTAB (Acros Organics, Geel, Belgium, 99%) and 20 mg of
sodium hydroxide (Sigma Aldrich, St. Louis, MO, USA, 97%) were mixed together with
the GO solution through sonication. Then, 0.5 mL of tetraethyl orthosilicate (TEOS) (Tokyo
Chemical Industry, Tokyo, Japan, 96%) was added to the above mixture and heated in a
shaking water bath overnight at 40 ◦C. The solution was refluxed in 50 mL of hydrogen
chloride and ethanol (1% v/v) for 3 h to remove the CTAB template. The collected GO/NS
was washed with ethanol and deionized water (DI, 18 MΩ).

2.2. Synthesis of Silver Nanoparticles and Silver Nanoparticles Supported over
Nanosilica/Graphene Oxide Composites

A total of 50 mL of silver nitrate (Sigma-Aldrich, Burlington, Massachusetts, 99%)
(0.001 M) was prepared and heated until boiling. Then, 5 mL of 1% w/w sodium citrate
was added slowly to the boiling solution. After the solution turned a yellow color, the
solution was cooled to room temperature (293 K) and then centrifuged at 10,000 rpm for
10 min to remove unreacted solutes. Then, 2 mL of colloidal silver nanoparticles (AgNPs)
was added to 10 mg of GO/NS. The mixture was sonicated for 15 min and then dried
at ambient temperature (293 K) to obtain silver nanoparticles supported over GO/NS
(GO/NS/AgNPs).

2.3. Characterization

The silver nanoparticles were examined via ultraviolet–visible spectroscopy (UV–VIS,
Shimadzu UV-2600). Approximately 3.5 mL of colloidal AgNPs was added to a cuvette.
The sample was then scanned from 600 nm to 300 nm.

The composite’s crystal structures were characterized by using powdered X-ray diffrac-
tion (P-XRD, Rigaku Miniflex II, Cu Kα X-ray, nickel filters). Each sample was spread flat
on a sample holder. The P-XRD of each material was scanned from 5◦ to 90◦.

The functional groups of GO, GO/NS (before and after removing CTAB), and GO/NS/
AgNPs were confirmed through Fourier-transform infrared spectroscopy (FTIR, Shimadzu
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IR-Tracer 100). A small amount of the sample was placed on the ATR attachment of FTIR,
and then each sample was scanned from 4000 cm−1 to 500 cm−1. The chemical structures
of GO/NS and GO/NS/AgNPs were also verified by using a Raman microscope and
spectrometer (Renishaw, ISC3-1233). The samples were spread flat on the sample slides.
The Raman microscope was used to locate the samples as well as adjusting the resolution.
After that, each sample was measured from 3000 cm−1 to 150 cm−1.

In TEM analysis, each sample was dispersed and sonicated in 5 mL of DI water. A few
drops of the solution were added to a Cu grid (300 mesh). The grid was dried in the oven at
80 ◦C overnight. Then, each grid was scanned via transmission electron microscopy (TEM,
JEM-2100F).

The size and dispersity of graphene, silicate nanoparticles, and silver nanoparticles
were analyzed via dynamic light scattering (DLS, Brookhaven Instrument, Nanobrook
90Plus). Before analyzing via DLS, the sample was prepared by mixing it with DI water
(1 mg/mL) and sonicating it for an hour to fully dissolve the sample. Then, the prepared
sample was filtered to avoid undissolved particles. The solutions were then added to the
quartz curvette and then scanned through DLS.

The surface structure image of GO/NS/AgNPs was obtained via scanning electron
microscopy (SEM, JEOL JSM-6060LV). The weight ratios among elements and elemental
mapping images were determined through energy-dispersive X-ray spectroscopy (EDS,
Thermo Scientific UltraDry). The nitrogen adsorption–desorption isotherm, BET surface
area, and pore size of each composite were measured by using an Accelerated Surface
Area and Porosimetry System (Micromeritics -ASAP 2020) at 77.4 K. The composites were
degassed for approximately 12 h before being analyzed with the ASAP system.

2.4. Antibacterial Activity Assay

The method by Rajapaksha et al. was applied to test the antibacterial ability of GO/NS
and GO/NS/AgNPs against E. coli and B. subtilis [32]. All tools and glassware were
sterilized by autoclaving at 120 ◦C. The sterile LB broth medium was inoculated with either
E. coli or B. subtilis overnight at 37 ◦C in a shaking incubator. A total of 10 mg of the
composite was mixed with 9 mL of 1x PBS buffer. The control only contained 9 mL of 1x
PBS buffer. An amount of 1 mL of bacterial solution was transferred to both the control
tube and the tubes that contained composites. A serial dilution method was conducted
by transferring 1 mL of stock solution from the control tubes or composite tubes to tubes
containing 9 mL of PBS solution until it reached the fifth diluent. Then, 0.1 mL of the
solution in the diluent was transferred and spread on agar plates which were incubated
overnight at 37 ◦C. The colony forming unit (CFU) was determined and calculated via CFU
scope v1.6 software. The images of colony forming unit (CFU) plates for the control and
each material are shown in the supplementary material Figures S1 and S2. The test was
repeated twice. The data were statistically analyzed by ANOVA.

The zone inhibition test against E. coli and B. subtilis followed the Kirby–Bauer disk
diffusion susceptibility test protocol. An average of 5.5 mg of each sample (GO/NS,
GO/NS/AgNPs) was loaded on to the sterile disk. The control disk only received sterile
DI water. The disks were placed on to the agar plates that were inoculated with bacteria
and streaked. The plates were incubated overnight at 37 ◦C. The zone of inhibition of
each composite disk was measured using a caliper and compared to the control disk. The
images of the disk diffusion experiment for the control and each material are depicted in
the Supplementary Material Figure S3.

3. Result and Discussion

Figure 1 shows the P-XRD spectra of GO/MS and GO/NS/AgNPs. The peaks at
10◦ and 20◦ are indicative of the (001) plane of GO [33]. The nanosilica (NS) had peaks
at 10◦ and 21◦ which corresponded with the (001) and (002) planes (JCPDS 29-0085). The
planes were consistent with other literature [33,34]. After coupling with the AgNPs, the
characteristic peaks of the AgNPs can be found at 38◦, 44◦, 64◦, and 77◦. These peaks
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corresponded with the (111), (200), (220), and (311) lattice planes of AgNPs (JCPDS 65-2871).
The results were consistent with previously reported studies [35,36]. The UV–VIS spectrum
in Figure 2 shows absorbance at 437 nm, which confirms the presence of AgNPs [35].

Figure 1. P-XRD of GO/NS/AgNPs and GO/NS.

Figure 2. UV–VIS spectrum of AgNPs.
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Figure 3 depicts the functional groups of GO, GO/NS, and GO/NS/AgNPs. GO
showed broad peaks at 3410 cm−1 which corresponds with the O-H stretching group.
The peaks at 1627 cm−1 and 1049 cm−1 indicate the presence of C=C and C-O stretching
groups. These results were consistent with the characterization of GO reported in previous
literature [37,38]. The peak at 1049 cm−1 of GO/NS and GO/NS/AgNPs was sharper due to
the presence of Si-O-Si. This phenomenon was reported in a Nodeh et al. study [39]. Before
removing the CTAB template, the material showed bands at 2916 cm−1 and 2846 cm−1

which were contributed to by C-H stretching vibration of the methyl and methylene group
of CTAB [40]. The small band at 1473 cm−1 was attributed to the C-H bending vibration
of CTAB [40]. After removing the CTAB, those three bands (2916 cm−1, 2846 cm−1, and
1473 cm−1) disappeared. The result indicated that the reflux method completely eliminated
the CTAB.

Figure 3. FTIR of GO, GO/NS before and after removing CTAB, and GO/NS/AgNPs.

The chemical structures of GO/NS and GO/NS/AgNPs were further analyzed using
Raman spectroscopy. Figure 4 shows the Raman spectra of GO/NS and GO/NS/AgNPs.
The G band and the D band of GO were observed at 1607 cm−1 and 1360 cm−1. In a study
of Perumbilavil et al., the G band of GO ranged from 1607 cm−1 to 1595 cm−1, while the D
band of GO ranged from 1365 cm−1 to 1355 cm−1 [41]. The G band was contributed to by
the C-C stretching. The D bands formed and sharpened after the graphite was oxidized
and caused a reduction in the sp2 carbon domain [34]. Two bands at 2943 cm−1 and
2716 cm−1 were attributed to the silicate nanoparticles. In the research of Carboni et al.,
these mesoporous silicates exhibited bands at 2945 cm−1 and 2706 cm−1 [42]. The bands of
silver nanoparticles were tiny due to their low concentration within the composite. The
peaks at 1147 cm−1 and 815 cm−1 corresponded to the C-H bending of AgNPs’ capping
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agent. The Raman spectrum in a study by Kora et al. showed the C-H groups in their
synthesized nanoparticles appeared in the range of 1165 cm−1–803 cm−1 [43].

 
Figure 4. Raman spectra of GO/NS and GO/NS/AgNPs.

The SEM image (Figure 5a) depicts the micrograph of GO/NS/AgNPs. The result of
EDS (Figure 5b) shows that the composite contained approximately 3% (wt %) of AgNPs.
The ratios of AgNPs to GO and NS were 1:5 and 1:10, respectively. The elemental mapping
images across the surface of GO/NS/AgNPs are represented in Figure 6, which shows
that both Si (silica nanoparticles) (Figure 6c) and Ag (silver nanoparticles) (Figure 6d) were
homogeneously distributed. Figure 6b,c depict similar distribution patterns which were
due to the Si-O-Si bonding of the silicate nanoparticles.
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Element   Weight % 
C       14.85 
O          50.40 
Na         1.31 
Si          30.68 
Ag         2.77 

Figure 5. SEM image of (a) GO/NS/AgNPs (scale bar of 200 μm) and (b) EDS of GO/NS/AgNPs.
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Figure 6. Elemental mapping of carbon (a), oxygen (b), silica (c), and silver (d) of GO/NS/AgNPs.

Figure 7a,b depict the TEM of silicate nanoparticles grown on graphene oxide.
Figure 7c,d show the TEM images of AgNPs dispersed on the NS at scales of 20 nm
and 10 nm, respectively. The images indicate that AgNPs were well-dispersed and exhib-
ited no aggregation. It appeared that the materials highly supported and evenly distributed
the AgNPs. The particle size distribution of GO/NS and GO/NS/AgNPs is represented in
Figure 8a,b. Figure 8a consisted of two peaks which represented the silicate nanoparticles
and graphene oxide. Silicate nanoparticles and graphene oxide had average sizes of 85
nm and 527 nm. In Figure 8b, there were three peaks that were contributed to by silver
nanoparticles, silicate nanoparticles, and graphene oxide. The first peak indicated that silver
nanoparticles had an average diameter of 26 nm. The second and third peaks represented
the silicate nanoparticles and graphene oxide with sizes of 109 nm and 731 nm, respectively.
Figure 8a,b indicated that the GO had a size range from 527 nm to 731 nm, while the
size of silicate nanoparticles ranged from 85 nm to 109 nm. The polydispersity indexes of
GO/NS and GO/NS/AgNPs were reported to be 0.218 and 0.294, respectively. Based on
ISO standard classification (ISO 22412:2017), the particles of GO/NS and GO/NS/AgNPs
were monodispersed.
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(a) 

(b) 

Figure 7. Cont.
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(d) 

(c) 

Figure 7. (a) TEM depicts NS grown on GO (scale bar of 200 nm); (b) TEM of NS grown on GO (scale
bar of 100 nm); (c) TEM depicts the distribution of AgNPs on the nanosilica (scale bar of 10 nm);
(d) TEM shows single AgNP on the nanosilica (scale bar of 5 nm).
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Figure 8. Dynamic light scattering (DLS) spectrums of (a) GO/NS and (b) GO/NS/AgNPs.

The accelerated surface area and porosimetry system was applied to measure the BET
surface area and the porosity of GO/NS and GO/NS/AgNPs. The data are represented
in Table 1. The BET surface area of GO/NS was higher than that of GO/NS/AgNPs.
It was possible that the AgNPs blocked the pores of GO/NS and caused a reduction in
pore volume and pore size. The data also showed that the BJH adsorption pore volume
(0.11 cm3/g) and pore size (7.77 nm) of GO/NS were higher than that of GO/NS/AgNPs.
Based on the IUPAC classification, both GO/NS and GO/NS/AgNPs are mesoporous
materials.

170



Nanomaterials 2022, 12, 3341

Table 1. Brunauer–Emmett–Teller (BET) surface areas, Barret–Joyner–Halenda (BJH) pore volumes,
and BJH pore sizes of GO/NS and GO/NS/AgNPs.

Composite
BET Surface Area

(m2/g)
BJH Adsorption

Pore Volume (cm3/g)
BJH Adsorption
Pore Size (nm)

GO/NS 62.09 0.11 7.77

GO/NS/AgNPs 25.83 0.04 7.08

Figure 9a shows the antibacterial effect over time of GO/NS and GO/NS/AgNPs
against E. coli. During the first hours, both materials achieved approximately a 7-log
reduction of E. coli. After two hours, both materials achieved an 8-log reduction. After
three hours, GO/NS’s antibacterial effect appeared to reduce and dropped back to 6-log,
while GO/NS/AgNPs maintained the 8-log reduction. Based on the ANOVA analysis, both
GO/NS and GO/NS/AgNPs were significantly different from the control (F(2,11) = 9.10,
p = 0.01). These results indicate that GO/NS and GO/NS/AgNPs significantly reduced the
concentration of E. coli. The average E. coli log reduction of GO/NS/AgNPs was higher
than that of GO/NS after 3 h.

Control GO/NS GO/NS/AgNPs

Figure 9. Cont.
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Control GO/NS GO/NS/AgNPs

Figure 9. Bar graphs depicting the log reduction against (a) E. coli and (b) B. subtilis when exposed to
GO/NS and GO/NS/AgNPs. The samples were compared with the control and analyzed at 0 h, 1 h,
2 h, and 3 h.

In Figure 9b, the log reduction of B. subtilis for GO/NS (4.3-log) was lower than that
of GO/NS/AgNPs (5.2-log) after an hour. After 3 h, the log reduction of GO/NS/AgNPs
against B. subtilis was higher than that of GO/NS. There was a significant difference in the
B. subtilis concentration between the composites and control (F(2,11) = 8.71, p = 0.02).

When the effectiveness of both materials was compared against E. coli and B. subtilis,
the results indicated that the inactivation of B. subtilis was significantly lower than the
inactivation of E. coli (F(5,23) = 8.34, p = 0.0006). Bacteria tend to form spores to help them
survive in harsh environmental conditions. It has been shown in previous studies that
the spores of B. subtilis have a high resistance to radiation, heat, and chemicals [44]. The
sturdiness of B. subtilis might suggest the difference in log reduction results between B.
subtilis and E. coli when exposed to GO/NS and GO/NS/AgNPs. This will attract further
future studies to explain the phenomenon. These results demonstrated the potential of
GO/NS and GO/NS/AgNPs in sterilizing resistant bacterial strains.

From Figure 5, the results indicate that more than 99% of E. coli and B. subtilis popu-
lations were killed by GO/NSN and GO/NSN/AgNPs within one hour. Table 2 shows
the bacterial log reduction difference between graphene oxide, graphene oxide composites,
mesoporous silica, and silver composites. GO/NS and GO/NS/AgNPs both exhibited
higher log reduction of Gram-negative and Gram-positive bacteria than other materials
within 1 h. A similar result was reported in a study by Nguyen et al. where the material
rGO-Ag achieved antibacterial effectiveness against Gram-negative and Gram-positive
bacteria after 24 h. Their material took a longer time to achieve effectiveness, possibly due
to the loss of functional groups on the surface of the graphene oxide [45]. In the Nguyen
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et al. study, it was observed that the graphene oxide lost the C=O and O-H carboxyl group
after being reduced [45].

Table 2. Bacterial log reduction comparison of different materials from various studies.

Materials Time Length
Log Reduction

(Gram-Negative
Bacteria)

Log Reduction
(Gram-Positive

Bacteria)
Reference

rGO-Ag 1 24 h 5 5 [45]

rGO-nAg 1 2–2.5 h 1.31 1 [46]

rGO 2 2–2.5 h 0.4 0.4 [46]

nAg 2–2.5 h 0.4 0.4 [46]

AgNC-MSNs 3 12 h 5.2 3.5 [47]

Ag/PVAGr 4 1 h 5 ~3 [48]

TA-GA 5 4 h Less than 0.5 4 [49]

GO 6 3 h 0.5–1 NA [50]

GO/CeO2
7 3 h 6 NA [50]

Silver coated PMMA
8 microsphere 24 h 4 4 [51]

GO/NS 1 h ~7 4.3 This work

GO/NS/AgNPs 1 h ~7 5.2 This work
1 Reduced graphene oxide–silver nanoparticles, 2 reduced graphene oxide, 3 silver nanoclusters decorated
mesoporous silica nanoparticles, 4 silver/polyvinyl alcohol/graphene, 5 tannic acid–graphene aerogel, 6 graphene
oxide, 7 graphene oxide–cerium oxide nanoparticles, and 8 poly(methylmethacrylate).

Table 3 indicates the inhibition capabilities of GO/NS and GO/NS/AgNPs against
E. coli and B. Subtilis. The inhibition effect of GO/NS/AgNPs was higher than GO/NS.
Both composites showed a stronger inhibition effect against B. Subtilis than that against E.
coli. It was demonstrated in the previous study that the silica nanoparticles significantly
boosted the antibacterial property of silver nanoparticles [46]. These results highly support
the capability of the composites in suppressing the growth of pathogens.

Table 3. Zone of inhibition diameter (mm) of GO/NS and GO/NS/AgNPs against E. coli and
B. subtilis.

Species
Zone of Inhibiton Diameter (mm)

GO/NS GO/NS/AgNPs

E. coli 70 ± 1.0 90 ± 1.0

B. subtilis 80 ± 1.0 100 ± 1.0

In a Bhargav et al. study, the inhibition zone diameters of antibiotics, including
Cefixime, Cefotaxime, Gatifloxacin, and Levofloxacin, against Gram-negative bacteria were
20.76 mm, 25.04 mm, 25.10 mm, and 22.71 mm, respectively [52]. In another study, the
amoxicillin exhibited inhibition zones of 35.50 mm and 39.40 mm against some Gram-
positive bacteria such as Streptococcus aureus and Bacillus subtilis [53]. When comparing
the results of this literature with Table 3, it showed a promising potential of GO/NS and
GO/NS/AgNPs for various future biomedical applications including dental filling, wound
treatment, and medical coating [54,55].

4. Conclusions

The novel GO/NS/AgNPs composite was successfully synthesized and compared
with the GO/NS. The GO/NS/AgNPs contained 3% of silver nanoparticles attached to the
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nanosilica grown over graphene oxide. The composites in this study showed extraordinarily
bacterial inactivation over time. Both GO/NS/AgNPs and GO/NS achieved more than
99% antibacterial efficiency against E. coli and B. subtilis. Through the zone of inhibition
studies, it is highly suggested that GO/NS/AgNPs have a high potential to be applied as
an effective antibacterial coating for medical equipment and other surfaces. The composite
may become attractive for future biocompatibility studies to explore further applications in
the medical field.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12193341/s1, Figure S1: Examples of Colony Forming Unit
(CFU) plate count images of (A) The control E. coli samples from 0 h to 3 h, (B) The E. coli +GO/NS
from 0 h to 3 h, (C) The E. coli + GO/NS/AgNPs from 0 h to 3 h; Figure S2: Examples of Colony
Forming Unit (CFU) plate count images of (A) The control B. subtilis samples from 0 h to 3 h, (B) The
B. Subtilis + GO/NS from 0 h to 3 h, (C) The B. subtilis + GO/NS/AgNPs from 0 h to 3 h; Figure S3:
Examples of Kirby-Bauer disk diffusion images of (A) GO/NS and GO/NS/AgNPs against E. coli,
(B) GO/NS and GO/NS/AgNPs against B. subtilis.
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Abstract: Recently, several studies have introduced nanotechnology into the area of dental materials
with the aim of improving their properties. The objective of this study is to determine the antibacterial
and mechanical properties of type I glass ionomers reinforced with halloysite nanotubes modified
with 2% chlorhexidine at concentrations of 5% and 10% relative to the total weight of the powder
used to construct each sample. Regarding antibacterial effect, 200 samples were established and
distributed into four experimental groups and six control groups (4 +ve and 2 −ve), with 20 samples
each. The mechanical properties were evaluated in 270 samples, assessing microhardness (30 samples),
compressive strength (120 samples), and setting time (120 samples). The groups were characterized
by scanning electron microscopy and Fourier transform infrared spectroscopy, and the antibacterial
activity of the ionomers was evaluated on Streptococcus mutans for 24 h. The control and positive
control groups showed no antibacterial effect, while the experimental group with 5% concentration
showed a zone of growth inhibition between 11.35 mm and 11.45 mm, and the group with 10%
concentration showed a zone of growth inhibition between 12.50 mm and 13.20 mm. Statistical
differences were observed between the experimental groups with 5% and 10% nanotubes. Regarding
the mechanical properties, microhardness, and setting time, no statistical difference was found when
compared with control groups, while compressive strength showed higher significant values, with
ionomers modified with 10% concentration of nanotubes resulting in better compressive strength
values. The incorporation of nanotubes at concentrations of 5% and 10% effectively inhibited the
presence of S. mutans, particularly when the dose–response relationship was taken into account, with
the advantage of maintaining and improving their mechanical properties.

Keywords: glass ionomer cements; chlorhexidine; nanotubes; microhardness; compressive strength

1. Introduction

Conventional glass ionomer cements (GICs) are a restorative material and the first
choice of cement in dentistry. Specifically, type I ionomers are optimal for the adhesion of
orthodontic restorations or bands used in conventional orthopedic treatments. Due to their
excellent properties including biocompatibility, a desirable thermal expansion coefficient,
and good adherence to enamel and dentin, type I ionomers provide extraordinary clinical
benefits. However, the accumulation of dentobacterial plaque around orthodontic bands,
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along with microfiltration, facilitates the passage of oral fluids and bacteria to the dental
tissue, frequently generating lesions by demineralization or white spot lesions, caries, and
periodontal disorders, causing a risk for patients receiving orthodontic treatment. Recently,
hybrid materials have been developed to improve their properties, including resin-modified
glass ionomers (RMGIs), which have been analyzed in various studies and are mainly
characterized by anticariogenic activity, an ability to remineralize dentin, and resistance
to fracture [1–7]. However, to date, it has not been possible to increase the antibacterial
capacity of these materials, to reduce the number of lesions by demineralization or the
recurrence of caries [6–11].

Research has been conducted to evaluate the antibacterial capacity of type I glass
ionomers with respect to cariogenic microorganisms [8]. Bacteria that have shown greater
proliferation in patients with fixed appliances, mainly orthodontic bands, are principally
Streptococcus mutans (S. mutans) and Porphyromonas gingivalis. Specifically, S. mutans is the
microorganism most frequently involved in the development of carious lesions [3,7].

Recently, nanotechnology has been introduced in the area of dental materials with the
aim of improving various properties of these materials. Various antimicrobial components,
such as triclosan, fluoride, chlorhexidine (CX), and xylitol, have been incorporated into
different dental materials to improve their antibacterial activity [12–14]. However, previous
studies have been reported that direct incorporation of these antimicrobial components
altered the mechanical properties of dental materials [15]. Halloysite nanotubes (HNs)
are clay nanostructures with high levels of mechanical strength, thermal stability, and
biocompatibility. Their main advantage over other nanocarriers is their low cost. Due to
their internal tubular structure, they can be loaded with different drugs for slow release
through nanopores located at their ends, prolonging the time of action [13,16–19]. Some
studies have indicated that drugs released from HNs can last 30–100 times longer than the
drug alone [17].

HNs can improve the beneficial properties of dental materials [14,20], without altering
their mechanical properties. The present study performed different tests to characterize
and evaluate the antibacterial effect on Streptococcus mutans, and the mechanical properties
(microhardness, compressive strength, and setting time) of conventional and hybrid type
I glass ionomers modified with and without HNs loaded with CX. The first hypothesis
of the study was that the incorporation of HNs with CX into glass ionomer would confer
antibacterial effects on these materials. The second hypothesis was that a higher quantity
of HNs incorporated into glass ionomers would increase the antibacterial effects conferred
on these materials. The third hypothesis was that the incorporation of HNs into ionomers
would not negatively affect their mechanical properties. The null hypothesis would be
accepted if an absence of an antibacterial effect were observed in experimental groups, or if
the dose-response of modified HNs in glass ionomers showed no changes in antibacterial
effect, or if the mechanical properties of experimental groups were altered negatively
compared with the control groups.

2. Materials and Methods

2.1. Modification of Halloysite Nanotubes with Chlorhexidine

One gram of HNs (Sigma–Aldrich, St. Louis, MO, USA) that had been previously
dried in a HERAtherm drying oven (Thermo Fisher Scientific, Waltham, MA, USA) was
weighed using an analytical balance (Shimadzu Scientific Instruments, Kyoto, Japan). A
solution of 3-(trimethoxysilyl) propyl-methacrylate-98% (Sigma–Aldrich, St. Louis, MO,
USA) diluted to 5% and 95% acetone (Sigma–Aldrich, St. Louis, MO, USA) was used for
the immersion of the nanotubes for 24 h at 110 ◦C in a drying oven.

Subsequently, 1 g of silanized nanotubes was mixed with 10 mL of 2% CX (Con-
sepsis, Ultradent Products, South Jordan, UT, USA), commonly used for disinfection in
dentistry [21], and 10 mL of 95% pure ethanol and sonicated for 1 h. The CX-loaded
nanotubes were then placed in a drying oven for 10 days at 30 ◦C to eliminate residual
solvent [17].
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2.2. Incorporation of Modified Nanotubes into Glass Ionomers

In this study, a conventional glass ionomer KC (Ketac Cem, 3M ESPE, Minnesota, USA)
and a resin-modified glass ionomer FO (Fuji Ortho, GC CORPORATION, Tokyo, Japan)
were used. Two hundred blocks, with a diameter of 3 mm and thickness of 1 mm, were
fabricated in a Teflon matrix. The materials were handled according to the manufacturer’s
instructions. The materials were activated with light and polymerized by an LED device
(Elipar, 3M ESPE, Saint Paul, MN, USA) for 40 s; a Demetron LED radiometer (Kavo
Kerr, Charlotte, USA) was used to verify that the minimum intensity of light emitted was
400 mW/cm2.

The amount of powder recommended by the manufacturer was weighed into 10 samples,
using the spoon provided by the manufacturer, to determine the average weight. KC
showed an average of 0.3631 g, while FO showed an average of 0.2543 g. Once these aver-
ages were obtained, 5% and 10% of the powder in each sample was replaced with HNs with
and without loaded CX, to form the experimental and positive control groups, respectively.
In previous studies, nanostructures including nanotubes have been incorporated to dental
materials at percentages from 3 to 20% [12,14,22,23] Some studies have mentioned that a
concentration of 10% is necessary to improve the mechanical properties [24]. The modified
powder was mixed following the manufacturer’s instructions.

Forty KC and FO ionomer blocks were used for the control group. As a positive
control, four groups of ionomers were formed with HNs without loaded CX (80 blocks),
which were distributed as follows: KC5HN (KC with 5% HNs), KC10HN (KC with 10%
HNs), FO5HN (FO with 5% HNs), and FO10HN (FO with 10% HNs).

For the experimental group, 80 ionomer blocks with HNs loaded with CX were used,
which were distributed in the following groups: KC5CX (KC with 5% HNs with CX),
KC10CX (KC with 10% HNs with CX), FO5CX (FO with 5% HNs with CX), and FO10CX
(FO with 10% HNs with CX). The distribution can be observed in Figure 1. A total of
200 circumferential blocks (5 mm × 1 mm) were fabricated to evaluate antibacterial effect.

Figure 1. Sample distribution diagram for evaluation of antibacterial effect.

2.3. Sample Characterization with Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) analysis or FTIR spectroscopy was employed to
determine the presence of chlorhexidine in experimental groups, and to compare their
chemical properties with the control group. The samples were analyzed on a 6700 FTIR
spectrometer (Perkin Elmer, Waltham, MA, USA) by ATR (attenuated total reflectance)
using a diamond/ZnSe crystal plate. Thirty-two scans were performed on each sample at
spectral resolution of 5 cm−1 with an infrared spectrum range of 400 to 4000 cm−1.

2.4. Scanning Electron Microscopy (SEM)

The specimens were mounted and observed by a cold field emission scanning electron
microscope (Hitachi SU8230, Hitachi High-Technologies Corporation, Tokyo, Japan) at
1.0 keV equipped with a Bruker XFlash 6/60.
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2.5. Microbiology Assay

The microbiological tests performed in this study were carried out according to the
guidelines established in standard M100 of the Clinical and Laboratory Standards Institute
(CLSI). Streptococcus mutans (S. mutans) 33688 (ATCC) was seeded in Petri dishes with
Muller Hinton agar (MHA) supplemented with 5% sheep blood (BD Columbia II, Germany)
using the cross-streaking technique, and incubated at 37 ◦C for 18 h. Five colonies were
taken from the fresh culture and adjusted to the 0.5 turbidity standard of the McFarland
nephelometer (1.5 × 108 CFU/mL) with 0.9% NaCl2 solution for dilutions [25].

Subsequently, the MHA Petri dishes were inoculated with S. mutans, and the glass
ionomer blocks corresponding to each group were added. The plates were placed in an
incubator (Thermo Fisher Scientific, Massachusetts, USA) for 24 h at 37 ◦C in an anaerobic
atmosphere with 5% CO2. The entire procedure was performed in triplicate.

After the plates were removed from the incubator, they were examined to verify that
the bacterial growth was uniform. the bacterial inhibition was evaluated by measuring the
zones of growth inhibition in millimeters with a Vernier caliper, taking into account the
diameter of the glass ionomer blocks.

2.6. Microhardness

The Vickers scale based on ISO 9917-1: 2007 standards was used to evaluate micro-
hardness. The sample was conformed of 5 circumferential blocks (10 mm × 3 mm) for each
Ketac and Fuji group (KC, KC5CX, KC10CX, FO, FO5CX and FO10CX). A total of 30 blocks
with 25 indentations per block were used to evaluate microhardness. The blocks were
placed on the microdurometer (SXHV-1000TA, Sinowen, Dongguan, China) and a force of
10 Newtons for 10 s was applied, using a diamond indenter certified by ISO 9001:2008.

2.7. Compression Strength

For evaluation of compressive strength, 120 rectangular blocks (4 mm × 3 mm × 3 mm)
were fabricated, divided into six groups previously mentioned with 20 samples in each.
The blocks were analyzed with a universal testing machine (Autograph AGS-X, Shimadzu
Corporation, Tokyo, Japan); the flat tip was placed in the center of the sample, and the
formula CS = 2P/πdh was used to calculate the compressive strength, where CS repre-
sents the compressive strength, P is the load at the fracture, d is the width of the sample
and h is the thickness of the sample. The results were obtained in MPa based on the
ISO 9917:1991 standard.

2.8. Setting Time

Experimental and control pastes were placed into 120 rectangular molds (4 mm
× 3 mm × 3 mm) divided as previously described. The setting time was measured accord-
ing the ISO method for water-based dental cement (ISO 9917-1:2007) recording the time
elapsed between the start of mixing and the moment where the needle (1.06 mm diameter
and 400 g weight established in the indenter) did not mark the surface with a complete
circular indentation.

The mechanical properties data obtained from the microbiological assay were analyzed
using the statistical program IBM SPSS statistical software (Version 25, IBM Corporation,
New York, NY, USA). Shapiro–Wilk, Kruskal–Wallis and the Mann–Whitney U test were
performed to evaluate the inhibitory effect of the experimental and control groups. For the
evaluation of microhardness, setting time, and compressive strength in the experimental
and control groups, Shapiro–Wilk, one way ANOVA, and Tukey testing were used.

3. Results

3.1. IR Spectroscopy

The IR spectra (Figure 2) of halloysite showed absorption bands at 746 cm−1 corre-
sponding to hydroxyl groups (OH) and at 908 cm−1 corresponding to Al–OH stretching; the
vibrational bands at 1006 cm−1 and 1119 cm−1 were attributed to silicate groups (Si–O–Si
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and Si–O2, respectively), and two bands at 3621 cm−1 and 3697 cm−1 were related to
Si–O–Al groups.

Figure 2. Spectroscopy of halloysite nanotubes and chlorhexidine nanotubes.

The presence of CX was corroborated by the N2–C=N stretching band at approximately
1642 cm−1, and vibrational bands at 1348 cm−1 and 2866 cm−1 related to CH2 and CH
methyl groups, respectively (Figure 2).

In the FO sample spectra (Figure 3), the vibrational bands at 1725 cm−1 and 1584 cm−1

were attributed to C=O polymeric acid carboxyl groups. The peak at 1538 cm−1 was related
to the stretching of C=C double bonds, reflecting the increased interaction between the
glass ionomer and the HNs at a concentration of 10%. The peaks at 2979 and 2883 cm−1

were attributed to CH2 and CH3 methyl groups, and silicon group peaks were observed at
1068 and 998 cm−1, corresponding to Al–O–Si and Si–O–Si, respectively, corroborating the
presence of HNs in the FO glass ionomer at concentrations of 5% and 10%.

Regarding the KC spectra (Figure 4), bands associated with aluminum polyacrylate
C=O were found at 1570 cm−1 and 1454 cm−1, the peak at 1395 cm−1 was attributed to
methyl CH, and the peaks at 2887 cm−1 and 2981 cm−1 were found to correspond to CH2
and CH3, respectively. The SiO2 group was clearly observed in the peaks at 1156 cm−1 and
1026 cm−1, which may correspond to the increase in HNs in the KC group at 5%.
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Figure 3. Fuji Ortho (FO) sample spectra.

Figure 4. Fuji Ortho sample spectra.
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3.2. SEM Results

The HN micrograph shows symmetrical, agglomerated, and disorganized nanotubes
with an average size of 200–500 nm in length and a width of approximately 50 nm (Figure 5).

Figure 5. Halloysite nanotubes.

The image of the FO control group (Figure 6a) shows irregular areas with a rough sur-
face, in addition to particles where the surface is smoother, with an approximate dimension
of 5 to 10 μm.

Figure 6. (a) Fuji Ortho group, (b) Fuji Ortho group with halloysite nanotubes.

In the micrograph of the FO group with HNs (Figure 6b), irregular, agglomerated
particles are observed, as well as small spherical particles of approximately 1–2 μm.

The photomicrograph corresponding to the KC group (Figure 7a) shows an irregular
surface with particles ranging from 5 to 10 μm.

In the image of the KC group with HNs (Figure 7b), agglomerated particles with an
approximate size of 1 to 2 μm are visible.
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Figure 7. (a) Ketac Cem group, (b) Ketac Cem group with halloysite nanotubes.

3.3. Microbiology Assay

The control and positive control groups did not show inhibition of S. mutans. However,
the four experimental groups showed an antibacterial effect on this microorganism, with a
mean between 11.35 mm and 13.2 mm.

Figure 8 shows that the FO10CX group had a mean of 12.45 mm, one more millimeter
of inhibitory effect than the FO5CX group, which had a mean of 11.45 mm. The difference
between the KC5CX and FO5CX groups was only 0.10 mm, which indicated no significant
change between the two ionomers. However, the KC10CX group had the greatest inhibitory
effect, with a mean of 13.20 mm, a difference of 1.85 mm compared with the KC5CX group,
which could be due to the higher percentage of incorporated nanotubes. After 72 h, bacterial
growth was observed in all experimental groups.

Figure 8. Inhibitory effect of the different groups analyzed in this study; mean (standard deviation);
mm: millimeters.

The normality of the data was verified with the Shapiro–Wilk test. Regarding the
inhibitory effect of the experimental and control groups, a Kruskal–Wallis test was per-
formed for multiple comparisons, and the Mann–Whitney U test was used to analyze
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differences between two groups. On the other hand, microhardness, setting time, and
compressive strength of the experimental and control groups showed a normal distribution;
they were compared with one way ANOVA testing and Tukey testing to analyze differences
between groups.

Statistically significant differences were observed between the experimental groups
evaluated in this study, using the Kruskal–Wallis test with a value of p = 0.001 (Table 1).

Table 1. Comparison of inhibitory effect from experimental groups analyzed in this study.

Groups Mean (SD)

Fuji ortho 5% of NH + CX. (FO5CX) 11.45 (0.759)
Fuji Ortho 10% of NH + CX. (FO10CX) 12.45 (0.759)
Ketac Cem 5% of NH + CX. (KC5CX) 11.35 (0.813)

Ketac Cem 10% of NH + CX. (KC10CX) 13.20 (0.768)
Total samples 80

Contrast Statistics 41.735
Degrees of freedom 3

p value Kruskal Wallis Test 0.001 *
SD: Standard deviation, *: significative differences p ≤ 0.05.

A pairwise comparison was performed with the Mann–Whitney U test to determine
the differences between the four experimental groups. Statistically significant differences
were observed in all groups that contained a higher percentage of nanotubes (10%) com-
pared with those that contained 5%, which suggests that greater inhibitory effect is obtained
when the percentage of nanotubes is increased (Table 2). The greatest differences were
between the FO5CX and KC10CX groups, and between the KC5CX and KC10CX groups,
yielding p = 0.001. Finally, when the KC10CX group was compared with the FO10CX group,
a minimal difference of 0.75 mm was observed, which indicates no significant difference
between the groups loaded at 10% (p = 0.223).

Table 2. Comparison between experimental groups.

Groups Contrast Statistics Contrast Statistics Deviation p Value

KC5CX-FO5CX −1.725 −0.244 1.000
KC5CX-FO10CX −24.025 −3.400 0.004 *
KC5CX-KC10CX −38.760 −5.485 0.001 *
FO5CX-FO10CX −22.300 −3.156 0.010 *
FO5CX-KC10CX 37.025 5.240 0.001 *

FO10CX-KC10CX 14.725 2.084 0.223
FO5CX: Fuji Ortho 5% of NH + CX; FO10CX: Fuji Ortho 10% of NH + CX; KC5CX: Ketac Cem 5% of NH + CX;
KC10CX: Ketac Cem 10% of NH + CX; *: significative differences p ≤ 0.05.

Descriptive results from the mechanical tests and setting times for control and experi-
mental groups analyzed in this study can be observed in Table 3. In terms of microhardness,
statistically significant differences were not observed when the Fuji control (FO) was com-
pared with experimental groups FO5CX and FO10CX, with means of 68.83, 67.96, and
67.66 respectively, p = 0.766. In the same way, Ketac Cem control (KC) was compared with
experimental groups KC5CX and KC10CX and no statistically significant differences were
observed from the ANOVA test (p = 0.056), with means of 80.03, 77.87, and 77.66 respec-
tively. The results for setting time were equal at 7.56 min for the Ketac Cem groups, and
9.57 min. for FO and FO5CX, while only FO10CX was different with 9.56 min. However,
statistically significant differences were not observed.
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Table 3. Comparison of mechanical properties from experimental and control groups.

Groups VMHN Mean (SD) ST Mean (SD) CS Mean (SD)

KC (control group) 80.03 (4.56) 7.56 (0.024) 84.16 (0.92)
KC5CX 77.87 (3.63) 7.56 (0.017) 88.78 (1.12)

KC10CX 77.66 (2.99) 7.56 (0.019) 93.96 (1.66)
Total degrees of freedom 74 59 59

Sum of squares 1119.245 0.025 1056.608
Fisher’s statistic 2.992 0.697 293.83

ANOVA test FO groups 0.056 0.502 0.001 *

FO (control group) 68.83 (5.26) 9.57 (0.011) 125.42 (1.79)
FO5CX 67.96 (5.85) 9.57 (0.014) 128.26 (2.26)

FO10CX 67.66 (6.50) 9.56 (0.018) 133.17 (2.13)
Total degrees of freedom 74 59 59

Sum of squares 2520.976 0.014 860.412
Fisher’s statistic 0.267 1.043 71.39

ANOVA test FO groups 0.766 0.359 0.001 *
KC: ketac cem cement, FO: Fuji Orto cement, 5CX: 5% of Chlorhexidine-modified nanotubes, 10CX: 10% of
Chlorhexidine-modified nanotubes VMHN: Vickers microhardness, CS: Compressive strength, ST: Setting time,
SD: Standard deviation, *: p ≤ 0.05 (significative differences).

On the other hand, values of compressive strength were observed to increase in all
experimental groups (FO5CX, FO10CX, KC5CX, KC10CX), and statistically significant
differences were indicated by ANOVA testing with a p value of 0.001 (Table 3). In Ta-
ble 4, a Tukey test comparison shows statistically significative differences between all the
study groups.

Table 4. Comparison of compressive strength between experimental and control groups.

Groups Mean Difference 95% Confidence Intervals p Value

Control-KC5CX −4.62800 IL: −5.6022, SL: −3.6538 0.001 *
Control-KC10CX −9.80900 IL: −10.7832, SL: −8.8348 0.001 *
KC5CX-KC10CX −5.18100 IL: −6.1552, SL: −4.2068 0.001 *
Control-FO5CX −2.84500 IL: −4.4242, SL: −1.2658 0.001 *

Control-FO10CX −7.75100 IL: −9.3302, SL: −6.1718 0.001 *
FO5CX-FO10CX −4.90600 IL: −6.4852, SL: −3.3268 0.001 *

* p value ≤ 0.05, KC: ketac cem cement, FO: Fuji Orto cement, 5CX: 5% of Chlorhexidine-modified nanotubes,
10CX: 10% of Chlorhexidine-modified nanotubes, inferior limit (IL) and superior limit (SL).

4. Discussion

Certain treatments require the use of orthodontic bands due to the stability these
provide to appliances, despite the disadvantages of hindering oral hygiene, causing the
accumulation of dentobacterial plaque and giving rise to white lesions [26,27].

An investigation by Tasios et al. [28] mentioned that 24% of teeth treated with or-
thodontics developed at least one white spot, with the maxillary and mandibular first
molars being most affected. Therefore, different alternatives have been implemented with
the objective of reducing the presence of these lesions. Among the main alternatives are
methods to improve the bactericidal properties of dental materials. However, an appropri-
ate material has not yet been found that can act as a bactericide in the mouth and is efficient
as a cementing agent for orthodontic bands [29,30].

Previous studies have concluded that glass ionomers show bacterial inhibition due
to the release of fluoride [31]. Several studies have mentioned that this antibacterial
effect occurs at a minimum concentration of 5000 parts per million (ppm) [32]. Other
studies report that glass ionomers alone are capable of releasing fluoride between 32.6
and 17.4 ppm [33]. Therefore, despite being efficient as restoratives, bases, or cementing
agents, these dental materials are limited in their antibacterial effect. Several studies have
developed different materials and compounds (nanoparticles of hidroxiapatite, fluorapatite
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and TiO2, fiberglass, zirconia, amino acids, chloroxylenol, boric acid and thymol, triclosan,
silver nanoparticles, etc.) with the objective of enhancing the mechanical and antibacterial
properties of glass ionomer cements. However, those studies indicated that adding some
secondary filler into the glass ionomer cements improved some properties and altered
others [34]. In the present investigation, an enhancement of antibacterial and mechanical
properties was obtained by using CX preloaded on HNs.

Recently, HNs have been incorporated into different dental materials with the aim of
improving the materials’ properties. Previous studies concluded that HNs are excellent
nanocarriers for drugs, as well as fillings for restorations, because they very efficiently pro-
mote the physical and chemical effects of dental materials. However, these nanostructures
do not present bacterial inhibition by themselves [18]. In the present investigation, the
control groups for glass ionomers without HN loading corroborated the null capacity of
bacterial inhibition.

Degrazia et al. [17] incorporated triclosan-loaded HNs into dental resins, and the
results demonstrated their efficacy and potential antibacterial effects. In the present in-
vestigation, HNs were loaded with CX and subsequently incorporated into type I glass
ionomers, and the antibacterial effects of these dental materials were evident in all experi-
mental groups.

An inhibitory effect was observed in all the experimental groups analyzed in this
study, showing zones of growth inhibition between 11 mm and 13 mm with loads of 5%
and 10% CX respectively, which agrees with previous studies in which CX treatment of
Streptococcus mutans resulted in slightly lower zones of growth inhibition, between 7 mm
and 9 mm [35]. Streptococcus mutans (ATCC 33688) was solely used in the present study, due
to the ability of the organism to inhabit and invade various areas of the oral cavity making
it a prime perpetrator of tooth decay. Moreover, scientific investigators have validated
the dominance of S. mutans on the depressions of the tooth surface, constituting 39% of
streptococci in the oral ecosystem, and their production of glucan is directly proportional
to the extent of biofilm formation [36].

Previous studies have stated that is necessary to chose an antimicrobial agent for
addition to a restorative material that will provide effective antibacterial action without
adversely affecting the material’s mechanical properties [37]. Takahashi conducted a study
in which CX was directly incorporated into a glass ionomer, and the results obtained were
similar to those of the present work: notably, a greater antibacterial effect was observed
when the CX concentration increased. In the present study, the antibacterial effect of
ionomers with higher concentrations of nanotubes preloaded with CX increased the zone
of growth inhibition. It is important to mention that in the study conducted by Takahashi,
increasing the CX concentration affected physical properties [15]. According to our results,
most of the mechanical properties analyzed in this study were not negatively affected and
compressive strength (CS) was positively modified.

Microhardness (VHN) values of control groups analyzed in this study were similar to
values observed in previous studies where conventional and resin-modified glass ionomer
cements have been evaluated [38–40], and the microhardness of experimental groups was
not found significantly altered. The setting time (ST) was consistent with that reported
by the manufacturer in control and experimental groups, although some studies mention
that incorporation of nanostructures (magnesium nanoparticles) to glass ionomer cements
increased the ST in this material [37].

Regarding CS, previous studies found similar values to those observed in conventional
and RMGI cements analyzed in our study [41–44]. On the other hand, in this study the ex-
perimental groups with 5% and 10% of Halloysite nanotubes preloaded with chlorhexidine
showed an increase in CS, which can be considered a positive modification. These results
are similar to reported in previous studies where mechanical properties were improved by
adding different nanostructures [23]. Specifically, CS of glass ionomers was improved with
the addition of magnesium oxide nanoparticles, although an increase in the setting time
was observed, probably because the presence of magnesium ions may impede or interfere
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with the acid-base reaction [37]. Other studies added 5%, 10%, 15%, and 20% of ceramic
powder to glass ionomer cements to improve the CS of the material, concluding that only at
a concentration of 10% was it possible to improve the CS without compromising the ST [24].
In our study, concentrations of 5% and 10% halloysite nanotubes with chlorhexidine added
to glass ionomer cements increased the CS without compromising the ST.

In a study by Pazourkova et al. [45] in 2019, the presence of CX was corroborated by
IR spectroscopic analysis: methylene CH stretching at 2940 cm−1 and 2860 cm−1, N2–C=N–
stretching at approximately 1646 cm−1, and CH2 groups at 1492 cm−1 were observed. The
spectral results for CX in this study were similar, showing peaks for CH at 2866 cm−1,
N2–C=N– at 1642 cm−1, and CH2 stretching at 1348 cm−1.

In 2018, Zhang et al. [46] confirmed the presence of HNs by observing bands cor-
responding to the hydroxyl group stretching at 3697 cm−1 and 3624 cm−1, and Si–O–Si
stretching at approximately 1036 cm−1, while the bands below 1000 cm−1 corresponded to
the symmetrical stretching of Si–O or Al–O groups. Similar results were observed in the
current investigation: –OH groups were identified at 3697 cm−1 and 3621 cm−1, Si–O–Si
was observed at 1006 cm−1, and finally, Al–O stretching was observed at 908 cm−1.

With respect to the analysis of glass ionomers through IR spectroscopy, previous
studies reported a peak at 3354 cm−1, corresponding to the stretching of OH groups in the
ionomer liquid, a peak at 1705 cm−1 corresponding to C=O, and C=C stretching observed
at 1640 cm−1 [47]. These results are similar to those observed in the present study, with
the OH peak at 3697 cm−1, C=O peak at 1725 cm−1, and C=C peak at 1538 cm−1; the latter
group may be associated with the increased interaction of HNs with the glass ionomer at
10% loading.

Previous studies have reported aromatic CH stretching bands at 2914 and 2852 cm−1

that correspond to an ionomer. The above coincides with the CH groups observed in the
present study, where aromatic CH stretching was observed at 2979 and 2883 cm−1 [48].

The presence of HNs in the glass ionomers was corroborated by the presence of bands
at 1068 and 998 cm−1, corresponding to aluminum (Al–O–Si) and silica (Si–O–Si) stretching,
respectively, in the FO ionomer. For the KC ionomer, stretching was observed at 1073 and
950 cm−1.

The null hypothesis was rejected because all experimental groups showed antibacterial
effect, the higher concentration of nanotubes with chlorhexidine in glass ionomer cements
showed an increase in antibacterial effect, whilst microhardness and setting time were
not altered, and compressive strength was enhanced. Previous studies investigated the
mechanical properties of dental adhesives modified with nanotubes [12,13], and others in-
vestigated the mechanical properties of resin-based materials modified with nanotubes [17],
however, glass ionomers modified with halloysite nanotubes have not been evaluated,
nor their antibacterial effect. Some studies evaluated the antibacterial effect of composites
modified with clay nanotubes, without evaluating the mechanical properties (microhard-
ness, compressive strength and setting time) [16,19]. Other studies evaluated antimicrobial
activity on different dental materials using only one strain of Streptococcus mutans as the
most common bacterial strain that causes dental caries [1,6,7,9,16,32]. In this study, the
mechanical properties and antibacterial effect on Streptococcus mutans were evaluated in
glass ionomer cements modified with halloysite nanotubes pre-loaded with chlorhexidine.

Limitations of the Study

The present study was limited through the evaluation of one bacterial strain (Strep-
tococcus mutans). Evaluation of the effects on more bacterial strains would have been
more suitable, other oral bacteria should be considered for proper microbiological analysis;
nevertheless, the authors considered that S. mutans is one of the most significant causative
of caries-related pathologies. Mechanical properties were limited to three parameters due
to the high cost analysis of each.
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5. Conclusions

Authors concluded that the addition of nanotubes preloaded with chlorhexidine into
glass ionomers at concentrations of 5% and 10% showed a notable inhibitory effect on
S. mutans, without altering the microhardness and setting time. Furthermore, compressive
strength was experimentally enhanced using 10% nanotubes. These results suggest that
halloysite nanotubes added to conventional and resin-modified glass ionomer cements
could be novel method to counteract injuries caused by orthodontic bands, with the
advantage of maintaining and improving mechanical properties.
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Abstract: Systemic fungal infections are associated with significant morbidity and mortality, and
Candida albicans is the most common causative agent. Recognition of yeast cells by immune cell surface
receptors can trigger phagocytosis of fungal pathogens and a pro-inflammatory response that may
contribute to fungal elimination. Nevertheless, the elicited inflammatory response may be deleterious
to the host by causing excessive tissue damage. We developed a nanoparticle-based approach
to modulate the host deleterious inflammatory consequences of fungal infection by using β1,3-
glucan-functionalized polystyrene (β-Glc-PS) nanoparticles. β-Glc-PS nanoparticles decreased the
levels of the proinflammatory cytokines TNF-α, IL-6, IL-1β and IL-12p40 detected in in vitro culture
supernatants of bone marrow-derived dendritic cells and macrophage challenged with C. albicans
cells. Moreover, β-Glc-PS nanoparticles impaired the production of reactive oxygen species by bone
marrow-derived dendritic cells incubated with C. albicans. This immunomodulatory effect was
dependent on the nanoparticle size. Overall, β-Glc-PS nanoparticles reduced the proinflammatory
response elicited by fungal cells in mononuclear phagocytes, setting the basis for a targeted therapy
aimed at protecting the host by lowering the inflammatory cost of infection.

Keywords: Candida albicans; β-glucan; nanoparticles; infection; inflammation

1. Introduction

In recent decades, the incidence of human fungal infections has increased, especially
in immunocompromised and hospitalized individuals. The fungal infection associated
morbidity and mortality are significant, and it is clear that these infections have emerged
as important public health problems [1,2]. Candida albicans is one of the most frequently
recovered human pathogen from fungal infections [3,4]. C. albicans cell wall is a dynamic
and complex structure essential to almost every aspect of pathogenicity. The cell wall inner
layer act as the cell skeleton and is composed of chitin and β-glucans. The outermost layer
of the C. albicans cell wall is composed of mannoproteins bound to the β-glucan/chitin
inner layer. The recognition of C. albicans cell wall and subsequent host response depends
on the chemical composition and linkages of the C. albicans cell wall polysaccharides [5–9].
Immune responses elicited during C. albicans infections are related to the host–pathogen
interaction. Nevertheless, the inflammatory response elicited by fungal recognition may
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also be deleterious to the host by causing excessive tissue damage [10]. For instance, an
exacerbated inflammatory response is often observed during neutrophil recovery in acute
leukemia patients with systemic candidiasis [11]. These observations raise important ques-
tions concerning host evolution towards maintaining a balance between control of fungal
burden and excessive inflammation [10,12]. A better understanding of these mechanisms
may offer new insights into the pathophysiology of these infections, as well as open new
possibilities for targeted anti-microbial therapy. In recent decades, β-glucans have been
used in many ways to improve health conditions in various situations [13]. Administration
of these polysaccharides proved to enhance efficacy of monoclonal antibodies used for
cancer immunotherapy, induce faster regeneration of physically damaged tissues, reduce
toxicity of bacterial endotoxin, reduce gut inflammation, enhance antibody production
against mucosal antigens, and enhance inflammation defense [13–18]. Taken together, these
works have demonstrated that in a context of excessive inflammatory response, administra-
tion of β-glucans can depress these deleterious responses, suggesting that β-glucans may
be used as an anti-inflammatory treatment, namely, in gut inflammation and sepsis.

The emergent application of nanotechnology is revolutionizing several aspects of
modern medicine, including diagnostics and therapeutics [19,20]. Nanoparticles (NP)
present a great immunomodulatory potential, as they can lead to activation or suppres-
sion of immune function [21]. Some experiments have shown that different NP trigger
inflammatory responses in different ways [22–24]. Furthermore, the NP properties play
a central role in determining the diffusion rate, the absorption of biomolecules, uptake
by immune cells, biodistribution, and NP retention time. These parameters can be used
to control biological functions and optimize the therapeutic applications. Here, we used
bioengineered NP, functionalized with β1,3-glucans, the major component of C. albicans
cell wall, in order to modulate the host immune recognition of C. albicans and reduce the
inflammatory consequences of a fungal infection.

2. Materials and Methods

2.1. NP and β-glucans

Whole glucan particles (WGP) from Saccharomyces cerevisiae, composed mainly of β1,3-
glucans ((β1→3)-Glc), were purchased from InvivoGen (San Diego, CA, USA). Carboxyl-
terminated polystyrene (COOH-PS) NP (200, 80 and 26 nm) were purchased from Bangs
Laboratories, Inc. (Fishers, IN, USA). All the polystyrene (PS) NP were used right after 24 h
of dialysis (molecular weight cut-off (MWCO): 3500 kDa) against deionized (DI) water.

2.2. Chemical Characterization of Soluble β-Glucans

WGP (5 mg) were dissolved in 0.1 M NaNO3 solution and analyzed by Size Exclu-
sion Chromatography (SEC) using a PL-GPC 110 chromatograph (Polymer Laboratories,
Venice, CA, USA) with a pre-column PL aquagel-OH Guard 8 μm and two PL aquagel-OH
MIXED 8 μm D 300 mm × 7.5 mm columns at 36 ◦C. A 0.1 M NaNO3 eluent solution was
pumped at a flow rate of 0.9 mL/min. Sugar composition of soluble WGP was analyzed
by gas chromatography-flame ionization detection (GC-FID) (Perkin Elmer-Clarus 400,
PerkinElmer, Waltham, MA, USA) and quantified using 2-deoxyglucose as internal stan-
dard [25], as previously described [26]. The alditol acetates were evaluated in a GC-FID
with a capillary column DB-225 (30 m length, 0.25 mm inner diameter and 0.15 μm film
thickness). The oven temperature was: 200 ◦C to 220 ◦C at a rate of 40 ◦C/min (7 min),
increasing to 230 ◦C at a rate of 20 ◦C/min (1 min). The temperature of the injector was
220 ◦C and the detector was at 230 ◦C. Hydrogen was used as a carrier gas at a flow rate of
1.7 mL/min [26,27].

The glycosidic-linkage composition was determined by gas chromatography-mass
spectrometry (GC-MS) of partially methylated alditol acetates (PMAA) using a previously
described methodology [26]. The PMAA were analyzed by GC-MS using a Shimadzu
GCMS-QP2010, with a DB-1 (J&W Scientific, Folsom, CA, USA) capillary column (30 m
length, 0.25 mm internal diameter, and 0.10 μm film thickness). Samples were injected
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in “split” mode using an injector temperature of 220 ◦C. The temperature program used
was: 50 ◦C with a linear increase of 8 ◦C/min until 140 ◦C, followed by a linear increase
of 0.5 ◦C/min until 150 ◦C and finally by a linear increase of 40 ◦C/min until 250 ◦C.
The helium carrier gas had a flow rate of 1.84 mL/min and a column head pressure of
124.1 kPa. The GC was connected to a QP2010 Ultra (Shimadzu Corporation, Kyoto, Japan)
mass quadrupole selective detector operating with an electron impact mode at 70 eV and
scanning the range m/z 40–500, 1 s cycle, in a full scan mode acquisition.

2.3. Surface Functionalization of PS NP with Soluble (β1→3)-Glc

Soluble WGP (5 mg) was dissolved in phosphate buffer (10 mM sodium phosphate,
150 mM NaCl, pH 7.5). Subsequently, sodium periodate (0.1 M) was added, and the
solution was incubated for 30 min. The resultant oxidizing glucan solution was then
mixed with excess of carbohydrazide (100:1) and sodium cyanoborohydride (10 mM).
Dialyzed COOH-PS (1 mg/mL) was mixed with previous glucan solution and 1-ethyl-
3(3-dimethylaminopropyl)carbodiimide (EDC) (1 mg) during 2 h. β-Glucan-conjugated
nanoparticles (β-Glc-PS) were desalted on a PD-10 column to remove excess reactants.

2.4. Size and ζ-Potential Analysis of β-Glc-PS

The hydrodynamic size of NP was determined by dynamic light scattering (DLS) on
a DynaPro Plate Reader II (Wyatt Technology Corporation, Santa Barbara, CA, USA), at
37 ◦C, with 10 acquisitions per sample. Differential centrifugal sedimentation (DCS) was
performed on DC24000 disc centrifuge (CPS Instruments, Prairieville, LA, USA), with a
linear 8–24% sucrose gradient at 23,677 rotations per minute (RPM). The ζ-potential of
the particles was evaluated by DLS at 25 ◦C with a Malvern ZetaSizer Nano ZS particle
analyzer (Malvern Panalytical, Malvern, UK). Malvern Dispersion Technology Software
(DTS; Malvern Panalytical, Malvern, UK) with monomodal mode data processing was
used to determine average ζ-potential (mV) and error values. The analysis was conducted
between 1 h and 24 h after incubation at 25 ◦C using 1 mg/mL, 0.1 mg/mL, and 0.01 mg/mL
of NP in phosphate buffer. Each condition was set in triplicate and the measurements
were analyzed with the Dynamics 7.1.7 (Wyatt Technology Corporation, Santa Barbara,
CA, USA).

2.5. Dot Blot Analysis and Glucan Quantification of β-Glc-PS NP

For the dot blot immunoassay, 2 μL of each sample was spotted onto nitrocellulose
membrane and then allowed to air dry. Each nitrocellulose membrane was incubated in
blocking solution (Tris Buffer Saline-Tween (TBS-T) + 2% low fat dry milk) for 1 h at room
temperature (RT). The membranes were then washed three times 10 min in TBS-T and
incubated with anti-(β1→3)-Glc (1:800, Biosupplies, Yagoona, Australia) for 2 h, washed,
and further incubated with polyclonal rabbit anti-mouse IgG/AP (1:500, Dako, Glostrup,
Denmark) and, subsequently, with substrate solution (BCIP/NBT, Sigma-Aldrich, St. Louis,
MO, USA) until spots were visible.

The amount of (β1→3)-Glc on the surface of the NP was analyzed using a phenol-
sulphuric acid assay [28].

2.6. FTIR Spectroscopy

For Fourier transformed infrared (FTIR) analysis, 2 mL of each NP suspension (26, 80,
200 nm β-Glc-PS NP and COOH-PS NP) was scanned using PerkinElmer Frontier FTIR
(Universal Attenuated Total Reflection (ATR) Sampling Accessory; PerkinElmer, Waltham,
MA, USA) with a resolution of 4 cm−1 in the ATR sampling mode. For each sample,
32 scans were acquired and averaged, Energy = 371 and OPD = 0.2 and recorded in the
4000–400 cm−1 spectral range.
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2.7. NP Aggregation under Physiological Conditions

PS NP were diluted with either water, PBS, RPMI plus 10% fetal bovine serum (FBS)
or mouse serum (MS). The analyses were conducted between 0 h and 24 h after incubation.
The hydrodynamic size of NP was measured by DLS on DynaPro Plate Reader II (Wyatt
Technology Corporation, Santa Barbara, CA, USA), at 37 ◦C, with 10 acquisitions per
sample. Before the analysis of samples, the refractive index and viscosity were adjusted
according to solvent used.

2.8. Mouse Serum Protein Corona Analysis

NP suspensions (0.5 mg/mL) were incubated with MS for 1 h, 12 h and 24 h. The
samples were centrifuged (15 min, 14,000 rpm, 20 ◦C) to pellet the particle–protein com-
plexes. The pellet was resuspended in PBS, transferred to a new vial, and centrifuged again
to pellet the particle–protein complexes. This procedure was repeated three times. After
the third washing step, the proteins were eluted from the particles by adding SDS-sample
buffer (dH2O, 0.5 M Tris-HCl, Glycerol, 10% SDS, 2-mercaptoethanol, 1% bromophenol
blue) to the pellet and boiling the solution. Corona proteins were separated through 10%
SDS/PAGE 1D gels. Each gel run included one lane of a molecular weight ladder standard,
PageRuler Prestained Protein Ladder (Thermo Scientific, Waltham, MA, USA).

2.9. Yeast Cell and Culture Conditions

C. albicans SC5314 (ATCC MYA-2876, ATCC, Manassas, VA, USA) cells were main-
tained frozen (30% glycerol at −80 ◦C). Viable cells were obtained from cultures performed
on solid yeast extract-peptone-dextrose (YPD) medium (1% yeast extract, 2% peptone, 2%
glucose, 2% agar). Isolates were then grown in liquid YPD medium (37 ◦C, 140 rpm) in a
shaking incubator to late exponential growth (14–16 h), recovered by centrifugation and
washed twice in sterile phosphate-buffered saline (PBS). To prepare heat-killed (HK) cells,
C. albicans yeast cells were grown as described before and incubated at 70 ◦C for 30 min in
sterile PBS.

2.10. Mice

BALB/c mice were bred under specific-pathogen-free conditions at the Animal Facility
of the Instituto de Investigação e Inovação em Saúde (i3S), Porto, Portugal. Procedures
involving mice were performed according to the European Convention for the Protection
of Vertebrate Animals used for Experimental and Other Scientific Purposes (ETS 123),
directive 2010/63/EU, of the European Parliament and of the council of 22 September
2010 on the protection of the animals used for scientific purposes, and Portuguese rules
(DL 113/2013). Experiments were approved by the institutional board responsible for
animal welfare (ORBEA) at i3S and authorization to perform the experiments was issued
by the competent national authority (Direção Geral de Alimentação e Veterinária) with the
reference number 014036/2019-07-24.

2.11. In Vitro Differentiation of BMM and BMDC

To generate bone marrow-derived macrophages (BMM) and dendritic cells (BMDC),
bone marrow cells were collected from femurs and tibias of BALB/c mice by flushing
with cold Roswell Park Memorial Institute (RPMI) 1640 (Sigma-Aldrich, St. Louis, MO,
USA). The collected cells (1 × 106 cells/mL) were seeded onto six-well plates and in-
cubated at 37 ◦C, 5% CO2 in RPMI supplemented with 10% fetal bovine serum (FBS)
(Biowest, Nuaillé, France), penicillin (100 IU/mL)/streptomycin (100 mg/mL) (Sigma-
Aldrich, St. Louis, MO, USA), L-glutamine (2 mM) (Sigma-Aldrich, St. Louis, MO, USA), 1%
(v/v) 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES) buffer (Sigma-Aldrich,
St. Louis, MO, USA), 5 μM 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA)
and 20% (v/v) J558-cell supernatant, containing murine granulocyte-macrophage colony-
stimulating factor (GM-CSF), or 10% (v/v) L-cell conditioned medium (LCCM), to differen-
tiate BMM and BMDC, respectively. The media were renewed every two days for BMDC
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cultures and at day 3 and 5 for BMM. On day 7, non-adherent and loosely adherent BMDC
were harvested by gentle washing with PBS and BMM were carefully recovered using a
cell scraper. The proportions of differentiated dendritic cells (DC) and macrophages were
assessed by flow cytometry upon staining with anti-CD11c FITC-conjugated (clone HL3),
anti-F4/80 PE-Cy5.5-conjugated (clone BM8), anti-MHC class II PE-conjugated (clone 2G9)
and anti-CD86 PE-Cy7-conjugated (clone GL1).

2.12. β-Glc-PS Cytotoxicity Analysis

BMM and BMDC were plated in 96-well tissue culture plates (2 × 105 cells/well) and
incubated at 37 ◦C in a humidified atmosphere in 5% CO2. Three different concentrations
of NP were evaluated. Cell viability was assessed using the 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) assay. Enzymatic activity was quantified after
solubilization of MTT formazan with dimethyl sulfoxide (DMSO):ethanol (1:1) solution.
Absorbance was then measured at 570 nm. Untreated cells were used as viability control
(100%). Normal, apoptotic, and necrotic cells were determined using an Annexin V-
FITC/propidium iodide (PI) assay kit (eBioscience, San Diego, CA, USA) according to
manufacturer’s instructions. The flow cytometry analysis was performed within 15 min in
a BD FACSCantoTMII (BD Biosciences, Franklin Lakes, NJ, USA), using the FlowJo software
(version 10.0.7; FlowJo, Ashland, OR, USA).

2.13. Phagocytosis Quantification Assay

The phagocytosis of C. albicans by BMDC and BMM was analyzed by flow cytometry
using a previously described methodology [29]. BMDC and BMM suspensions were
incubated with Sytox Green-labeled C. albicans HK at a MOI (Multiplicity of infection)
of 1:5 (1 BMDC/BMM to 5 yeasts) and treated with 10 μg/mL NP for 30 min, at 37 ◦C
and 5% CO2. Cells were analyzed by flow cytometry in a BD FACSCantoTM II, using the
FlowJo software (version 10.0.7; FlowJo, Ashland, OR, USA). The percentage of yeasts
interacting with immune cells was calculated from dot plot analysis of Sytox Green vs. PI
fluorescence intensities.

2.14. Evaluation of ROS Production

Reactive oxygen species (ROS) production was evaluated using the Superoxide De-
tection Kit for flow cytometry (Enzo Life Sciences, Farmingdale, NY, USA). C. albicans HK
yeast cells were incubated with BMM or BMDC (MOI of 1 BMDC/BMM: 5 yeasts) and
treated at same time with 10 μg/mL NP or 10 μg/mL WGP. As a positive control, BMM
and BMDC were treated with 100 nM PMA (Sigma-Aldrich, St. Louis, MO, USA). Plates
were incubated for 15 min at 37 ◦C and 5% CO2. Upon incubation, cells were prepared
according to manufacturer’s instructions. Samples were immediately analyzed in a BD
FACSCanto II and acquired data were analyzed by using FlowJo software (version 10.0.7;
FlowJo, Ashland, OR, USA).

2.15. Cytokine Quantification by Sandwich ELISA

BMDC were incubated for 24 h with yeast cells at a MOI of 1 BMDC: 5 Yeasts. Cultures
were treated with 10 μg/mL of NP or 10 μg/mL of WGP.

Cytokine levels in cell culture supernatants and serum samples were evaluated by
sandwich enzyme-linked immunosorbent assay (ELISA) using commercial kits, according
to the manufacturer’s instructions (Mouse IL-6, IL-12p70 ELISA Ready-SET-Go!®, eBio-
science, San Diego, CA, USA; Mouse TNF-α and IL-1β MAX Standard, Biolegend, San
Diego, CA, USA).

2.16. Statistical Analysis

All experiments were performed at least in triplicate (n ≥ 3). Data are reported as
means ± SD and were analyzed by one-way ANOVA and Tukey’s post hoc test using
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GraphPad Prism (Version 7.0; GraphPad Software, San Diego, CA, USA). Statistically signif-
icant results were defined as follows: * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

3. Results and Discussion

3.1. Characterization of Soluble Whole Glucan Particle (WGP)

Soluble WGP was used to functionalize carboxyl-terminated polystyrene nanoparti-
cles (COOH-PS NP) sized 26, 80 and 200 nm. The WGP was characterized according to
their molecular weight (MW) distribution, neutral sugars, and glycosidic-linkage analyses
(Figure S1, Tables 1 and 2).

Table 1. Characterization of soluble WGP. Neutral sugar analysis of soluble WGP. Carbohydrate com-
position of (β1,3)-Glucan (WGP) was determined by GC-FID and quantified using 2-deoxyglucose as
internal standard. Mean results are presented in molecular percentage (mol %) and mass concentra-
tion (mg/g). Each condition was set in triplicate.

WGP

mol % C (mg/g)

Glucose 93.35 607.91
Mannose 0.58 3.54
Arabinose 0.07 0.33

Table 2. Characterization of soluble WGP. Glycosidic linkage composition (molecular percentage) of
soluble WGP. The glycosidic-linkage composition of soluble WGP was determined by GC-MS of par-
tially methylated alditol acetates. Man—Mannose; Glc—Glucose; GlcNAc—N—Acetylglucosamine
Each condition was set in triplicate.

WGP (mol %)

t-Man 0.80
2,3-Man 0.21

Total Man 1.01
t-Glc 20.60
3-Glc 53.53
4-Glc 1.88
6-Glc 12.57

3,4-Glc 1.00
2,3-Glc 3.70
3,6-Glc 3.81

2,3,4-Glc 1.28
2,3,6-Glc 0.18
Total Glc 98.55
4-GlcNAc 1.4

Neutral sugar analysis (Table 1) showed that soluble WGP was composed of 93.5%
glucose. As expected, since soluble WGP is obtained from S. cerevisiae cell wall extractions,
minor contaminations with other cell wall sugars, like mannose and arabinose, were also
detected. The used soluble WGP was composed mostly of (1,3)-linked glucose (53.5%)
followed by 12.6% of (1,6)-linked glucose (Table 2) distributed into two populations with a
MW of 50 and 280 kDa (Figure S1), where the highest MW corresponds mainly to (β1→3)-
Glc and the lowest MW corresponds mainly to (β1→3)-Glc and (β1→6)-Glc (Table S1 and
Figure S2).

3.2. Production and Characterization of β-Glc-PS

Directional conjugation of WGP onto COOH-PS was achieved through carbonyl-
reactive chemistry (Figure 1). Three different NP sizes (200, 80 and 26 nm) were chosen
as the size of NP may influence WGP delivery to and recognition by cells of the immune
system. Protein binding is dependent on NP size as shown for unconjugated COOH-PS
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NP in mouse and human serum [30,31], which together with the size itself can affect
biodistribution and secretion pathways [32,33].

ζ
μ

Figure 1. Schematic representation of the chemical conjugation of soluble WGP onto COOH-PS
NP surface.

Soluble WGP were oxidized with periodate in order to create aldehyde residues
between C2−C3 and C3-C4 bonds of the non-reducing end or (β1→6)-Glc residues [34].
This means that the polymer of lower molecular weight was more prone to be modified
than the one with the highest molecular weight which, due to its richness in (β1→3)-Glc
residues, resistant to periodate oxidation, and lower content in terminal residues. These
oxidized β-glucans were coupled to carbohydrazide and this bond was further stabilized by
reduction with sodium cyanoborohydride. β-glucan-hydrazide molecules were incubated
with COOH-PS NP in the presence of EDC for a complete conjugation [35].

The size of conjugated NP was determined by DLS and DCS (Table 3 and Figure S3).
All NP showed increased radius after β-glucan conjugation. Moreover, all β-Glc-PS NP
presented less negative surface charge than naked COOH-PS NP counterparts (Table 3).
This charge shift was strongly related with the presence of (β1→3)-Glc onto PS NP surface
and the consequent reduction of surface carboxyl groups.

Table 3. Physical properties of polystyrene NP before (COOH-PS) and after conjugation with (β1,3)-
glucans (β-Glc-PS). The average hydrodynamic size of COOH-PS and β-Glc-PS NP was evaluated
through dynamic light scattering (DLS) at a concentration of 0.5 mg mL−1. PDI values were deter-
mined by DLS using DynaPro Plate Reader II. Zeta-potential analysis of COOH-PS and β-Glc-PS was
performed using Malvern Zetasizer Nano ZS particle analyser. Surface area valeues were obtained
from manufacturer. Values represent mean ± SD from three independent experiments.

Manufacturer
Nominal
Size (nm)

Surface
Conjugation

Diameter
(nm)

PDI
ζ-Potential

(mV)
Surface Area

(μm2 g−1)

200
COOH-PS 189.9 ± 3.3 0.02 ± 0.01 −35.2 ± 2.0 2.9 × 1013

β-Glc-PS 199.3 ± 3.6 0.03 ± 0.02 −12.2 ± 0.4

80
COOH-PS 87.1 ± 0.7 0.09 ± 0.02 −35.8 ± 1.4 7.1 × 1013

β-Glc-PS 92.0 ± 0.9 0.08 ± 0.01 −12.9 ± 1.8

26
COOH-PS 26.1 ± 1.3 0.36 ± 0.01 −27.3 ± 1.3 2.2 × 1014

β-Glc-PS 47.5 ± 0.1 0.57 ± 0.02 −8.6 ± 0.6

The amount of β-glucans on the surface of NP was determined using the phenol-
sulphuric acid assay (Table 4) [28]. The average β-glucan content increased as the NP
size increased. These quantifications were in accordance with dot blot analysis using
(β1→3)-Glc-specific mAb (Figure 2). Although 200 nm NP presented lower surface area
per mass and less possible conjugation sites available (1.0 × 1020 COOH groups/mL)
when compared with 80 nm (1.3 × 1020 COOH groups/mL) and 26 nm (3.4 × 1020 COOH
groups/mL), the 200 nm NP bound more (β1→3)-Glc than the other NP used. Size-related
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(β1→3)-Glc conjugation efficacy could be associated with NP size and curvature effect. As
previously reported, lower NP curvature facilitates ligand–ligand interactions and hence a
higher packing density [36,37].

Table 4. β-glucan content on 0.5 mg/mL NP surface after conjugation was quantified according to
Dubois et al. Values represent means ± SD.

β-Glc-PS NP Glucan Concentration (μg/mL)

200 nm 4.44 ± 1.67
80 nm 2.97 ± 1.10
26 nm 1.41 ± 0.32

β μ

 
Figure 2. Analysis of (β1,3)-glucan onto NP surface after conjugation. Dot Blot analysis of COOH-PS
and β-Glc-PS. After conjugation protocol, 0.5 mg/mL of β-Glc-PS and COOH-PS NP were spotted
(5 μL) on nitrocellulose membranes and incubated with (β1,3)-glucan-specific mAb.

The successful covalent conjugation of (β1→3)-Glc onto PS NP surface was also
confirmed using Fourier transform infrared (FTIR) spectroscopy (Figure 3). The β-Glc-PS
spectra showed a band at ~1650 cm−1 (amine I) and 1550 cm−1 (amine II), indicating
the successful conjugation of β-glucans onto PS surface [38–41]. Moreover, the band at
the fingerprint region of 950–1200 cm−1, due to the stretching vibration associated with
the C-O-C and C-O-H groups of polysaccharides [27], also confirming the existence of
β-glucans on the NP surface [42].

The formation of protein corona modifies the physical and chemical NP properties,
namely their hydrodynamics size and surface charge. Moreover, the opsonization of NP by
protein corona formation has a central role in the recognition of NP by immune cells. To
understand the corona profile of NP in a physiological environment, NP were incubated
with MS and the protein corona formation was analyzed by SDS-page (Figure S4). The
protein binding after incubation with MS was compared between the three sizes of NP.
In previous work, we demonstrated a size-dependent protein corona formation around
COOH-PS NP after MS incubation. However, after the NP surface conjugation with soluble
β-glucans, no significant differences in protein corona were observed between the three
β-Glc-PS NP sizes.

Aggregation of NP was also evaluated after incubation with MS and RPMI + 10%
FBS (Figure S5). The 26 nm β-Glc-PS NP showed higher size variations after incubation
with RPMI + 10% FBS and MS when compared with 80 nm and 200 nm NP. The aggre-
gation is not obviously associated with differences in NP protein corona. However, the
structure of absorbed proteins could be different among NP sizes affecting aggregation and
consequently affecting biodistribution, immune recognition, and NP uptake [43].
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Figure 3. Fourier transformed infrared (FTIR) spectra of COOH-PS, soluble β-Glc and β-Glc-PS
NP. Sample suspensions were scanned using PerkinElmer Frontier FTIR (Universal ATR Sampling
Assessory) with a resolution of 4 cm−1 in ATR sampling mode. Each condition was set in triplicate.

3.3. Biocompatibility of β-Glc-PS with BMDC and BMM

Biocompatibility of β-Glc-PS was assessed with MTT assay and Annexin V/Propidium
Iodide (PI) staining using BMDC and BMM (Figure 4a,b). A slight decrease in cell viabil-
ity was detected when using 26 nm NP while no significant effects were detected using
80 and 200 nm NP. This decrease in cell viability could be related with the high aggre-
gation observed for 26 nm NP when incubated in serum-containing media which might
influence its cell interaction and induce cytotoxicity (Figure S5). For the same mass of
NP, smaller NP present a higher surface area and thus more available surface to interact
with macromolecules, in addition to higher aggregation as already mentioned. Particle
size and available surface area may thus contribute to the higher cell toxicity of the 26 nm
NP [44]. The protein corona composition does not seem likely to have had a role in toxicity
since after conjugation with β-glucans, as all the different sized NP showed similar protein
corona profile (Figure S4). Although we cannot exclude that aggregation could influence
the NP physical properties and decrease the surface area available, the complexity of 26 nm
NP aggregates and the high polydispersity and heterogenicity can still result in cell toxicity
since they cannot be assumed to behave like single and stable larger-size NP.
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Figure 4. Cell viability of BMDC and BMM treated with β-Glc-PS. BMDC (left) and BMM (right) were
stimulated with three different-sized β-Glc-PS for 24 h at a concentration of 10 μg/mL and analyzed
in a (a) MTT assay and by (b) FITC-annexin V staining, using flow cytometry. Samples were acquired
on FACSCantoII (BD Biosciences) and data analyzed with FlowJo software (Version 10.0.7). Each
black dot corresponds to the mean value of three technical replicates of an independent experiment.

3.4. Effect of β-Glc-PS on Phagocyte Function

Phagocytosis plays a critical role in innate immunity, promoting the removal and
killing of pathogens, and triggering the adaptive immune response [45].

Phagocytosis assays were performed in vitro using BMDC and BMDC incubated with
C. albicans and treated with different sized β-Glc-PS. Naked NP (COOH-PS) were used
as controls to assess a possible effect of the used polymer. Treatment with 200 or 80 nm
β-Glc-PS induced a reduction of yeast phagocytosis, observed in both BMDC and BMM
(Figure 5a, gating strategy shown in Figure S6). No reduction in yeast phagocytosis was
observed using 26 nm NP, which could indicate a size-dependent effect. Also, no effect was
observed on phagocytic function using COOH-PS.

Production of reactive oxygen metabolites is considered a major antifungal mechanism
in phagocytes [46,47]. Therefore, we studied the ability of β-Glc-PS to modulate ROS
production (Figure 5, Figure S7 and Table S2). As shown in Figure 5b, lower levels of
ROS were produced in C. albicans-challenged BMDC and BMM treated with β-Glc-PS
when compared with non-treated cells. This could be related to the observed reduction
of β-glucan-mediated C. albicans phagocytosis (Figure 5a). These results indicate that
β-Glc-PS may interfere with effector mechanisms used by phagocytic cells in the course
of C. albicans infections. The immobilization of β-Glc onto NP surface showed to be more
effective in reducing ROS production than did free soluble β-Glc treatment. No significant
ROS production was detected in non-infected cells treated with β-Glc-PS alone, which
reinforces the absence of a nanoparticle cytotoxic effect [48]. COOH-PS had no effect on
ROS production by BMM and BMDC after C. albicans stimulation (Figure S7).
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Figure 5. Analysis of β-Glc-PS treatment on phagocyte function. (a) Quantification of yeast phagocy-
tosis by BMDC and BMM was assessed by flow cytometry. Immune cells were incubated for 30 min
with heat-killed C. albicans SC5314 (MOI 1 BMDC/BMM: 5 yeasts) labeled with Sytox Green plus
80 nm β-Glc-PS (10 μg/mL) and stained with Propidium Iodide prior to analysis. (b) Production of
ROS was assessed by using Superoxide Detection kit. BMM and BMDC incubated for 15 min with
heat-killed C. albicans SC5314 at a MOI 1:5, in the presence of 200, 80 or 26 nm β-Glc-PS NP (10 μg/mL)
and analyzed by flow cytometry. Samples were acquired on FACSCantoII (BD Biosciences) and data
analyzed with FlowJo software (Version 10.0.7). Bars correspond to means ± SD. Each condition was
set in triplicate. Each black dot corresponds to the mean value of the three technical replicates of an
independent experiment. One-way ANOVA with Tukey’s post Hoc test, (** p < 0.01; *** p < 0.001;
**** p < 0.0001). The complete statistical analysis data is presented in the Supplementary Material
(Table S2).

3.5. β-Glc-PS NP Reduced the Proinflammatory Response of Dendritic Cells Induced by
C. albicans

Following recognition of pathogens by Pathogen Recognition Receptors, distinct
signaling pathways are induced. These pathways act through a cross-regulation mechanism,
which results in the production of proinflammatory cytokines [49]. The induction of
proinflammatory cytokines is an important component of antifungal host defense [50]. Thus,
the levels of TNF-α, IL-1β, IL-6, and IL-12p70 were quantified in the culture supernatants of
C. albicans-challenged BMDC treated and untreated with β-Glc-PS. All the cultures treated
with β-Glc-PS showed a marked reduction of TNF-α, IL-1β, IL-6, IL-12p70 levels (Figure 6,
Figure S8 and Table S3). β-Glc-PS anti-inflammatory effect showed size-dependency. The
26 nm β-Glc-PS NP was the least effective size. No significant reduction in cytokines levels
was observed in BMM and BMDC cultures challenged with C. albicans and treated with
COOH-PS (Figure S8).
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Figure 6. Quantification of cytokines in supernatants of BMDC cultures. The levels of TNF-α, IL-1β,
IL-6 and IL-12p70 secreted by BALB/c mice BMDC were quantified by sandwich ELISA. Immune
cells were incubated with live C. albicans SC5314 at a MOI of 1:5 (1 DC: 5 yeast cells) for 24 h. The
80 nm β-Glc-PS (10 μg/mL) were added 1 h prior to infection. Each condition was set in triplicate.
Each black dot corresponds to the mean value of the three technical replicates of an independent
experiment. Bars correspond to means ± one SD. One-way ANOVA with Tukey’s post hoc test.
(*** p < 0.001; **** p < 0.0001). The complete statistical analysis data is presented in the Supplementary
Material (Table S3).

The β-Glc-PS NP treatment showed size dependency. In fact, 80 nm β-Glc-PS was
the most biologically effective size. Smaller NP presents a higher surface area per mass,
and thus more available surface to interact with cells and cellular components, in addition
to higher aggregation and less stability. This may therefore have contributed to the less
effective results obtained with 26 nm β-Glc-PS NP (Figure S4) [44]. The curvature could
potentially affect the density of conjugated WGP as well as the angles between the WGP
chains affecting the binding to Dectin-1 receptor [35,36]. Moreover, the diffusion rate,
which increases with decreasing particle size, is also an important factor for ligand receptor
recognition [51]. The immobilization of (β1→3)-Glc onto NP surface enhances the anti-
inflammatory effect of these polysaccharides when compared with treatment with free
soluble (β1→3)-Glc.

4. Conclusions

C. albicans asymptomatically colonizes more than 30% of individuals in a population
at any given time. However, when the host immune system of the carrier individuals
is weakened, this fungus can cause both mucosal and systemic infections. Some risk
factors, such as neutropenia, central venous catheters, or systemic antibiotic exposure,
may predispose individuals to invasive and even life-threatening systemic candidiasis.
Invasive C. albicans infections can result in an uncontrolled hyper-inflammatory response,
leading to severe host damage. With this study we showed that β-glucan-functionalized
nanoparticles could down-modulate the proinflammatory response of host immune cells
induced by C. albicans, in a size-dependent manner. This NP-based approach showed a
promising therapeutic potential, extending the described potential of (β1→3)-Glc in host
inflammation control.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12142475/s1, Figure S1: Characterization of soluble WGP.
Chromatogram obtained by gel permeation chromatography (GPC); Figure S2. Light Scattering
analysis of WGP SEC separation. Table S1. Glycosidic linkage composition of WGP fractions after
SEC separation. Figure S3: Physical properties of NP after conjugation with β-(1,3)-glucans; Figure S4:
Protein corona of β-Glc-PS after mouse serum incubation; Figure S5: Hydrodynamics radius of
200 nm, 80 nm and 26 nm in biological conditions; Figure S6: Representative FACS gating strategy of
phagocytosis assay; Figure S7: Effect of COOH-PS NP treatment in BMDC and BMM ROS production;
Table S2: Statistical analysis of BMDC and BMM ROS production; Figure S8: Effect of COOH-PS NP
treatment in BMDC pro-inflammatory cytokine production. Table S3: Statistical analysis of BMDC
proinflammatory cytokine production.
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Abstract: Chemotherapeutics such as platinum-based drugs are commonly used to treat several
cancer types, but unfortunately, their use is limited by several side effects, such as high degradation
of the drug before entering the cells, off-target organ toxicity and development of drug resistance.
An interesting strategy to overcome such limitations is the development of nanocarriers that could
enhance cellular accumulation in target cells in addition to decreasing associated drug toxicity in
normal cells. Here, we aim to prepare and characterize a graphene-oxide-based 2D nanoplatform
functionalised using highly branched, eight-arm polyethylene-glycol, which, owing to its high
number of available functional groups, offers considerable loading capacity over its linear modalities
and represents a highly potent nanodelivery platform as a versatile system in cancer therapy. The
obtained results show that the GO@PEG carrier allows for the use of lower amounts of Pt drug
compared to a Pt-free complex while achieving similar effects. The nanoplatform accomplishes
very good cellular proliferation inhibition in osteosarcoma, which is strictly related to increased
cellular uptake. This enhanced cellular internalization is also observed in glioblastoma, although
it is less pronounced due to differences in metabolism compared to osteosarcoma. The proposed
GO@PEG nanoplatform is also promising for the inhibition of migration, especially in highly invasive
breast carcinoma (i.e., MDA-MB-231 cell line), neutralizing the metastatic process. The GO@PEG
nanoplatform thus represents an interesting tool in cancer treatment that can be specifically tailored
to target different cancers.

Keywords: nanomaterials; platinum-based drug; graphene oxide; breast cancer; osteosarcoma;
glioblastoma; nanomedicine; drug delivery systems

1. Introduction

Cancer is one of the leading causes of death worldwide [1,2], and it is frequently
caused by many factors, including genetic variables, physical and chemical insults and
lifestyle habits, such as poor diet or smoking [3,4]. It has been widely studied based on its
epidemiology and mechanism, with the main therapies adopted to date based on various
surgeries, chemotherapy and radiotherapy, as well as relatively new strategies, such as
immune or gene therapies. Following surgical removal, chemotherapy is the most common
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treatment strategy, as it is based on the use of specific molecules targeting the high cancer
cell proliferation rate, interfering with their metabolism [5]. Among chemotherapeutic
agents, platinum(II)-based compounds are the most successful, and three compounds, i.e.,
cisplatin, carboplatin and oxaliplatin, are used worldwide to cure several cancer types
(Figure 1) [6,7].

Figure 1. Pt-based drugs. Cisplatin, carboplatin and oxaliplatin.

The main target of platinum-based drugs is nuclear DNA; upon penetration of the
cell membrane, cisplatin infiltrates the hydrolysis pathways forming cationic aqua species
that reach and covalently bind to the nuclear DNA, causing its damage, as well as the
arrest of the cancer cell cycle in the G2/M transition phase, leading to apoptosis [7].
Although platinum-based chemotherapeutics are the most frequently used anticancer
drugs, they still have several side effects. Platinum is administered intravenously, abd
the targeted cancer cells are reached the via blood stream, where the drug is usually
bound to plasma proteins, such as albumin, and degraded in a high percentage before
entering the target cells [7,8]. Systemic administration potentially leads to higher toxicity
for off-target organs, eventually causing adverse side effects, such as nephrotoxicity and
ototoxicity [9,10]. Moreover, tumour cell resistance to platinum has adverse and serious
consequences for the fate of patients [11]. Ab interesting strategy to overcome these
limitations is the development of nanocarriers that could enhance cellular accumulation,
decreasing the associated toxicity [10–12]. Graphene oxide (GO)-based nanoplatforms have
interesting physicochemical and surface properties, making them potentially attractive for
medical applications as nanomaterials for cancer-targeted drug delivery [13,14]. However,
water-dispersible GO often aggregates under physiological conditions in the presence of
salts due to the charge screening effect [15]. In addition, depending on the concentration
used, GO can per se induce cytotoxicity due to oxidative stress [16,17]. To target these
problems, GO readily undergoes bipartite surface modification thanks to carboxyl groups
abundantly present on its surface that allow for functionalisation with many biomolecules
and drugs [18]. In order to reduce the level of cytotoxicity while promoting its cellular
uptake, the use of bio-mimicking molecules, such as polyethylene glycol (PEG), has been
recently studied [18], and it has been shown that the addition of PEG increases stability,
improves solubility and reduces aggregation, prolonging the circulation of GO in the
bloodstream [19,20].

In the present study, we focused on the preparation and characterization of a GO-
based nanoplatform functionalised using highly branched PEG modality, namely 8-arm
PEG, to enhance the efficacy and loading capacity of Pt-based drugs, thereby achieving
a highly performant and stable nanodelivery system. Physicochemical characterization
was carried out to investigate the features of the functionalised nanomaterial in terms of its
dimensions, platinum drug-loading capacity and long-term stability. Its biological activity,
such as cellular uptake, viability, morphology and migration, was then evaluated in seven
human tumour cell lines selected as representative of three cancers with high incidence
and morbidity worldwide, i.e., breast cancer: MDA-MB-231 and MDA-MB-486 cell lines;
glioblastoma: U87 and U118 cell lines; and osteosarcoma: MG63, U2-OS and SAOS-2 cell
lines [12,21,22].
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2. Materials and Methods

2.1. Synthesis of Pt-Based Drug 1 (Pt-Free)

Compound 1 was synthesized as previously reported with few modifications
(Figure 2) [23]. Oxoplatin, c,c,t-[Pt(NH3)2Cl2(OH)2] (0.1 g, 0.3 mmol) was suspended
in 10 mL of DMSO. Succinic anhydride (0.028 g, 0.28 mmol) was added to the mixture,
and the suspension was stirred at 45 ◦C overnight. The obtained solution was filtered to
remove the small amount of unreacted oxoplatin and lyophilized overnight. The residue
was washed with cold acetone, cold methanol and diethyl ether and dried under a vacuum
(0.058 g, yield 62%). 1H-NMR (DMSO-d6) 6.50 (br.tr, 6H), 2.95–1.93 (m, 4H). Elemental
analyses calc for C4H12Cl2N2O5Pt: C, 11.07; H, 2.79; N, 6.45. Found: C, 11.35; H, 2.51;
N, 6.28.

Figure 2. Chemical structure of Compound 1 (Pt-free).

2.2. GO Flake Size Optimization

Commercially available graphene oxide (GO, Sigma Aldrich, Saint Louis, MO, USA)
was used as a starting material. The flakes size adjustment and size selection were based on
a combination of two previously published protocols [24,25]. Briefly, the GO stock solution
(4 mg/mL) was diluted to a concentration of 400 μg/mL in PBS buffer. The diluted GO
solution was further sonicated in an ultrasonic bath (Sonorex Digitec DT 103 H, Bandelin,
Berlin, ermany) at 70 ◦C for 6 h. The sample was then agitated for 18 h with a Heidolph
(Schwabach, Germany) Unimax 1010 shaker (500 RPM, 65 ◦C) and sonicated again for 6 h
in the ultrasonic bath at 70 ◦C. Large- flakes were removed by centrifugation (Benchtop
4–16 K, 21191 RCF, 5 min), and the supernatant containing GO dispersion was used in all
further experiments.

2.3. PEGylation of GO

An amount of 25 mg 8-arm polyethylene glycol-amine (10 kDa, Sigma-Aldrich,
St. Louis, MI, USA) was added to the 5 mL of GO dispersion prepared in the previous step
and sonicated for 10 min. Subsequently, 40 μL of 5 mg/mL N-(3-Dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich) was added to the mixture
dropwise. Next, a second cycle of agitation and sonification was performed for 18 h
(500 RPM, 65 ◦C) and 6 h (70 ◦C). The infrared spectra were obtained on a Nicolet iS5 FTIR
spectrometer (Fisher Scientific, Waltham, MA, USA) in ATR mode using a ZnSe crystal.

2.4. Pt Loading on GO@PEG Nanoplaftorms

Loading of compound 1 onto GO@PEG was carried out in two consecutive steps.
A stock solution containing 5 mg of compound 1 and 22.1 mg EDC dissolved in 1 mL
deionized H2O was resuspended by a brief sonication to form a homogeneous, clear solu-
tion, which was agitated (500 RPM) at room temperature for 1 h. A volume of 100 μL of
5 mg/mL compound 1 stock solution was added to 1 mL GO@PEG and agitated for 24 h
(500 RPM, 23 ◦C). Unbound compound 1 was removed by centrifugation at 21,191 RCF for
10 min. The total amount of the anchored compound 1 was determined by atomic absorp-
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tion spectroscopy (AAS) performed in triplicate (N = 3). The resulting pellet GO@PEG-Pt
was gently resuspended in 1 mL PBS and stored at 4 ◦C until use.

2.5. Characterization of GO-Based Nanoplatforms
2.5.1. Determination of GO Amount and Size Distribution

Raman spectra of GO@PEG nanoplatforms were obtained using a Witec Alpha 300 R+
Raman spectroscopic system (Witec, Ulm, Germany) followed by excitation operating at
532 nm. The power of the laser on the sample was 5 mW. In total, 30 microscans were
averaged to obtain one spectrum. In total, six spectra from six random locations over the
flake were averaged to obtain the data shown in the Section 3. The concentration and
size distribution of the prepared dispersion were determined by means of atomic force
microscopy (AFM). The concentration was 1.5 × 109 GO flakes/mL, with a median of
266 nm. An atomic force microscope (AFM, Ntegra spectra, NT-MDT, Moscow, Russia)
was used to analyse the height and size profile of the GO flakes in the stock solution and in
the supernatant solution, as well as GO@PEG (Supplementary Materials, Figure S1). Based
on previous AFM observations by many groups, the thickness of single-layer graphene has
been experimentally demonstrated to be approximately 1.1 nm [26–28]. This microscopic
method was also used to determine the amount of GO flakes in 1 mL of supernatant solution
and, subsequently, to analyse the size distribution of GO in the supernatant solution.

A volume of 5 μL of the sample was pipetted onto a mica substrate with a radius of
0.5 cm. AFM images of 50 × 50 μm samples were taken in semi-contact mode with an
ACTA-SS-10 tip at a scan speed of 0.3 Hz. Subsequently, the captured images were edited
in the Gwyddion program, and the number of GO flakes per image was analysed using
ImageJ software. The final amount of GO in the supernatant solution was then calculated.
The evaluation results in ImageJ were also used for size distribution (N = 2142).

Scanning electron microscopy (SEM) images taken using a Hitachi SU6600 scanning
electron microscope (Hitachi, Tokyo, Japan). For analysis of GO in stock solution, a small
drop of material dispersion in water was placed on a carbon tape and dried at room
temperature. An accelerating voltage of 7 kV was used for imaging. A small drop of
GO@PEG dispersion in water was placed on a copper grid with carbon film and dried at
room temperature. The sample was analysed with an accelerating voltage of 5 kV.

2.5.2. Pt Loading on GO-PEG Nanoplatforms

The loading efficiency of compound 1 on GO@PEG was determined from the super-
natant obtained by centrifugation in the final step of GO@PEG-Pt preparation (Section 2.4)
using atomic absorption spectroscopy (AAS). The loading ratio of Pt was analysed by AAS
and calculated according to a previously published definition of loading efficiency [28].
LE% is defined as (concentration of the drug loaded on GO/the initial concentration of the
drug) × 100:

LE =
Concentration o f Pt loaded
concentration o f Pt initially

× 100%

2.5.3. GO-PEG Pt Stability Testing

GO@PEG Pt solution in the dialysis membrane was incubated in a flask with PBS at
pH 7.4 for 1, 2, 3, 5, 14 and 21 days under two different temperature conditions (4 ◦C and
23 ◦C). The concentration of released Pt from the GO@PEG nanoplatform to PBS was also
measured by means of AAS. Measurements were performed in triplicate for each time
point (N = 3).

2.6. In Vitro Biological Study

Compound 1 (Pt-free) was dissolved in DMSO at 1 mg/mLm diluted in the cultured
medium at different concentrations (i.e., 15 μM, 30 μM and 60 μM) and used as the Pt-
free group. Based on the quantification of compound 1 loaded on the nanoplatforms, the
bioactivity of GO@PEG-Pt was tested at the same concentration of Pt-free that corresponded
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to 1.0 μg/mL, 2.0 μg/mL and 4.0 μg/mL of GO@PEG nanoplatforms loaded with 15 μM,
30 μM and 60 μM of Pt-free, respectively. The GO@PEG nanoplatforms alone were also
tested at the same concentration (1.0 μg/mL, 2.0 μg/mL and 4.0 μg/mL) to verify the
cytotoxicity of the nanoplatform itself. Cells alone were used as a control group.

2.6.1. Cell Culture

The following cell lines were used: three human osteosarcoma cell lines: MG63 (ATCC
CRL1427), SAOS-2 (ATCC HTB-85) and U2-OS (ATCC HTB-96); two human adenocarci-
noma cell lines isolated from breast cancers: MDA-MB-231 (ATCC HTB26) and MDA-MB-
468 (ATCC HTB231); and two human glioblastoma cell lines: U118 (ATCC HTB15) and
U87 (ATCC HTB14). MG63 cells were cultured in a growth medium composed of DMEM
F12 GlutaMAX™ modified medium (Gibco, Waltham, MA, USA), 10% foetal bovine serum
(FBS) (Gibco) and 1% penicillin/streptomycin (Pen/Strep) (100 U/mL-100 μg/mL, Gibco);
SAOS-2 cells were cultured using McCoy’s 5 A (modified) medium (Gibco) supplemented
with 15% FBS and 1% Pen/Strep; and U2-OS cells were cultured using McCoy’s 5 A (modi-
fied) medium supplemented with 10% FBS and 1% Pen/Strep. MDA MB 321 and 468 cells
were cultured in growth media using RPMI 1640 (Gibco), 10% FBS and 1% Pen/Strep; U87
cells were grown in complete medium composed of MEM-α nucleosides no-ascorbic-acid
medium (Gibco), 10% FBS and 1% Pen/Strep; and U118 cells were cultured using DMEM
high-glucose pyruvate medium (Gibco), 10% FBS and 1% Pen/Strep.

Cells were grown at 37 ◦C in a 5% CO2 atmosphere under controlled humidity condi-
tions, detached from culture flasks by trypsinization and then centrifuged. The cell number
and viability were assessed by trypan blue dye exclusion test. All cell-handling procedures
were performed in a sterile laminar flow hood.

2.6.2. Cell Viability

The MTT assay is a colorimetric protocol used to quantitatively assess cell viability.
3-(4,5-dimethylthiazol-2—yl)2,5-diphenyltetrazolium bromide (MTT) can be reduced to
formazan crystals by metabolically active cells. Briefly, 1.6 × 104 cells/cm2 were plated
in a 96-well plate. After 24 h, Pt-free, GO@PEG-Pt and GO@PEG at the above-reported
concentrations were added to the culture medium and left for 72 h. MTT reagent was
resuspended in 1X phosphate-buffered saline (PBS) at a 5 mg/mL final concentration and
added to cell culture media in a 1:10 ratio. After 2 h incubation at 37 ◦C, the solution
was discarded, and formazan crystals were dissolved by adding DMSO and shaking for
15 min. The absorbance of three biological replicates (n = 3) for each condition was read at
570 nm using a Multiskan FC microplate photometer (Thermo Scientific). The results are
represented in graphs with % with respect to cells only.

2.6.3. Cell Morphology

Cell morphology of 1.6 × 104 cells/cm2 was analysed 72 h after incubation with
Pt-free and GO@PEG-Pt at 15 μM, 30 μM and 60 μM concentrations and GO@PEG at the
corresponding nanoplatform concentrations. Briefly, cells were washed with PBS 1X and
fixed using 4% paraformaldehyde (Merck) for 15 min at room temperature (RT). Membrane
permeabilization was performed in PBS 1X with 0.1% (v/v) Triton X-100 (Sigma Aldrich,
Saint Louis, MO, USA) for 5 min at RT. A PBS 1X wash was performed, and then F-actin
filaments were highlighted with rhodamine phalloidin (Actin Red 555 Ready Probes™
Reagent, Invitrogen, Waltham, MA, USA), following the manufacturer’s indications for
30 min at RT to visualize the cytoskeletal conformation. DAPI (600 nM) counterstaining
was performed for identification of cell nuclei, following the manufacturer’s instructions.
Images were captured with an inverted Ti-E fluorescence microscope (Nikon, Tokyo, Japan).
A single biological replicate was performed for each condition (n = 1).
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2.6.4. Quantification of Cellular Uptake of Pt

Inductively coupled plasma optical emission spectrometry (ICP-OES, Agilent Tech-
nologies 5100 ICP-OES, Santa Clara, CA, USA) was used to evaluate the platinum drug
1 cell internalization (Pt-free and GO@PEG-Pt). Briefly, 1.6 × 104 cell/cm2 were seeded
in a 6-well plate for each cell line. After 24 h, Pt-free and GO@PEG-Pt were added at a
concentration of 30 μM and incubated for 4 and 24 h, respectively. At each time point, cells
were washed with PBS 1X, trypsinised and scraped, reaching a final volume of 400 μL for
each sample. Cells were counted using a trypan blue dye exclusion test. ICP-OES was used
for quantitative determination of Pt ions. Briefly, the samples were dissolved with 500 μL
nitric acid (65 wt.%) and 2.1 mL of Milli-Q water, followed by sonication for 30 min in an
ultrasonicated bath. Cells alone were prepared similarly. The analytical wavelength of
Pt was 265.945 nm. Pt per cell was quantified, and biological analysis was performed in
triplicate for each condition (n = 3).

2.6.5. Migration Assay

Cell migration ability was analysed by applying an optimized model of the scratch
assay [29]. All the cell lines were seeded in a 24-well plate at a density of 50 × 103 cells/cm2.
After 24 h, the cell monolayer was scraped in a straight line to create a “scratch” with a
p200 pipet tip; then, cells were washed with the same cell medium supplemented with
only 2% of FBS to remove cell debris, and Pt-free and GO@PEG-Pt were added at a 30 μM
concentration. A first image of the scratch was acquired at time 0, then after 24, 48 and
72 h by an inverted Ti-E Fluorescent microscope. For each acquired image, six measures
of scratch width were obtained and analysed quantitatively using ImageJ software. In
addition, at times 0 and 72 h, cells were fixed with 4% w/v paraformaldehyde (PFA), cell
nuclei were highlighted by DAPI staining and images were acquired using an inverted Ti-e
fluorescent microscope. A biological duplicate was performed for each condition (N = 2).

2.6.6. Statistical Analyses

Results of MTT assays are reported as percentage (%) with respect to cells only ± standard
error of the mean (SEM), and data were analysed by two-way analysis of variance (two-
way ANOVA) and Tukey’s multiple comparisons test. ICP-OES results are elaborated
as picograms of Pt per cell, reported in graphs as mean ± SEM and analysed by two-
way ANOVA and Sidak’s multiple comparisons test. Scratch assay results are graphically
represented as distance covered (μm) by cells over time towards the centre of the performed
scratch, expressed as mean ± SEM plotted on the graphs and analysed by two-way ANOVA
and Tukey’s multiple comparisons test. Statistical analysis was performed with GraphPad
Prism software (version 8.0.1).

3. Results and Discussion

In this work, we focused on the development of GO-based nanoplatforms with high
performance in delivering platinum-based drugs in order to overcome the current limita-
tions of clinically used chemotherapeutics, including carboplatin, oxaliplatin and cisplatin,
which, once in the human body, are rapidly degraded, with considerable toxicity to off-
target organs [23,30].

Among various cancer types, we selected three tumours based on their incidence
(breast cancer) and aggressiveness (osteosarcoma and glioblastoma). Breast cancer is the
leading cause of death in women, with an incidence of 2.3 million cases worldwide in
2020 [11]. Breast cancer often metastasizes in the liver, lungs, brain and, in 70% of cases,
bones [31]. Osteosarcoma is the most common bone cancer affecting young patients, with a
poor response to chemotherapy, with a negative impact on patients’ life expectancy [12].
Glioblastoma is a very aggressive type of cancer of the central nervous system generated
from the glial cells, with a poor prognosis of life expectancy, with 5-year survival rates of
5 % without any significant improvements in recent decades [21]. A distinctive feature
of this work is the wide in vitro testing performed in seven cancer cell lines of selected
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tumours, where cell viability and morphology were first evaluated with three different
concentrations of GO@PEG-Pt. The most promising group was investigated further to
evaluate the cellular uptake of GO@PEG-Pt, as it is well-known that Pt becomes activated
only once it enters the cells. In addition, our in vitro study focused on another extremely
important aspect of developing an anticancer strategy: the possibility of inhibiting cancer
cell migration in order to reduce the infiltration of the tumour surrounding parenchyma,
which often metastasize throughout the body.

3.1. Characterization of GO-Based Nanoplatforms

The mean flake size of the graphene oxide particles found in the GO stock solution
was considerably decreased by a combination of protocols previously described by Ma
and Chen [24,25] (see Section 2). The treated GO and GO functionalised using PEG were
consequently characterized by AFM (Figure 3A,B). Statistical analysis of the obtained image
data confirmed the successful preparation of pristine GO flakes with a mean lateral size of
130 nm for more than 85% of the identified flakes (n = 2142) (Figure 3C). A full histogram of
the flake size distribution is shown in Figure S2 (Supplementary Materials). Modification of
the surface with PEG resulted in a change in the height of GO flakes; in the stock solution,
the typical height was approximately 1.1 nm (1–2 layers, Figure S1B), and after surface
modification, the height increased by approximately nine times to 9 nm (corresponding
to fewer than 20 layers; Figure 3B). The Raman spectrum in Figure 3D shows dominant D
and G bands characteristic of sp2 and sp3 hybridization of carbon containing groups in
the nanomaterial. The D/G ratio was 0.75, which indicates several defects in the lattice
caused by the present functional groups. GO morphology was characterized by the means
of scanning electron microscopy (SEM); the resulting micrograph is shown in Figure 3E.

Despite their hydrophilic nature, the prepared GO flakes rapidly aggregated in the
presence of salts and serum components, as observed by Wang and Loutfy [32–34]. There-
fore, the branched eight-arm PEG-NH2 polymer was covalently conjugated to the as-
prepared GO to increase its stability under physiological conditions. The successful PEGy-
lation of GO flakes was confirmed by data acquired using infrared spectroscopy (Figure 3F),
with prominent bands characteristic of PEG observed. Furthermore, PEG-coated GO flakes
were imaged by SEM (Figure 3G). The NH2 groups of the GO@PEG were covalently linked
to the carboxylic part of Pt-based drug 1, as shown in Figure 2. The resulting GO@PEG-Pt
showed high temperature-independent stability in PBS buffer (pH 7.4) solution (Figure 3H).
After 24 h, 35% of Pt was released from the GO@PEG nanoplatform before reaching a
plateau. A loading efficiency (LE) of 64% was determined for the GO@PEG nanoplatform;
this higher LE based on GO is a major advantage over conventional nanocarriers, such as
liposomes [35] and solid lipid nanocarriers [36]. The use of eight-arm PEG in our study
allowed us to achieve a significantly higher LE of cisplatin (LE = 64%) compared to previous
studies, wherein linear PEG (LE = 4.5%) [37] and six-arm PEG (LE = 11%) [38] were used.

In general, GO-based nanoplatforms enable the delivery of higher concentrations of
drugs to the tumour region. In the case of drug loading for liposomes and solid lipid
nanoparticles, the drug needs to be dissolved or added within the matrix. However, due to
the limited solubility of hydrophobic drugs in these matrices, the loading capacities are
generally lower than those observed for GO. There is also a significant loss of drug during
the synthesis of liposomes and solid lipids [32]. For example, Zhou et al. developed a
drug delivery platform based on microsomes composed of poly(2-methacryloyloxyethyl
phosphorylcholine)-b-poly(methacrylic acid) copolymer. This system was loaded with
cis-diamminedichloroplatinum and used for treatment of osteosarcoma cells. The reported
drug loading content was 13.7% [33]. Son K.D. et al. described a drug delivery platform
based on calcium-phosphate nanocomposites and evaluated its performance in the delivery
of cisplatin, caffeic acid and chlorogenic acid for treatment of osteosarcoma. The drug
loading content was between 1% (caffeic acid) and 1.7% (cisplatin) [34]. Li et al. described
cisplatin-loaded poly(L-glutamic acid)-g-methoxy poly(ethylene glycol) nanoparticles with
an average size of around 43 nm for treatment of osteosarcoma [35].
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However, as previously mentioned, the use of GO-based nanoplatforms has its limi-
tations. PEGylation, for which both linear and branched PEG can be used, is an effective
strategy to overcome these shortcomings. However, linear PEGylation has several limita-
tions, such as lack of targeting ability due to collapse in the bloodstream and low efficiency
in drug loading [39–42]. Compared to linear PEGs, branched PEGs have more modifiable
end groups, which can be used to prepare multifunctional systems with different molecules,
including anticancer drugs, fluorescent molecules and targeted ligands. Branched PEGs
have better targeting ability, environmental responsiveness and blood circulation, improv-
ing drug solubility and bioavailability [43].

Figure 3. Characterization of GO-based nanoplatforms. (A) AFM image of PEGylated GO flakes.
(B) Height profile was determined for marked GO flakes. (C) Size distribution of GO flakes in
supernatant and typical D and G bands of GO are shown by the Raman spectrum (D). (E) Scanning
electron microscopy images (SEM) of graphene oxide in stock solution and the presence of PEG in
the sample with GO are demonstrated by IR spectra (F). (H) Successfully PEGylated GO flakes are
displayed by SEM (G). Release kinetics of Pt-loaded GO@PEG at 4 ◦C and 23 ◦C (n = 3).
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3.2. Synthesis of the Platinum-Based Prodrug

Complex 1 is a Pt(IV) compound based on a cisplatin scaffold with succinic acid in an
axial position that allow for the conjugation to GO functionalized with PEG-NH2 groups
via coupling with EDC (see Section 2 for details). Pt(IV) species are considered prodrugs
because they are intracellularly activated by reduction. It is well known that Pt(IV) species
are reduced in the cellular environment (by reducing agents such as glutathione or ascorbic
acid), releasing the active Pt(II) scaffold (in this case cisplatin). Using this strategy, cisplatin
covalently bound to GO is released upon cellular internalization [44].

3.3. In Vitro Evaluation of GO@PEG-Pt Bioactivity

The cytotoxicity of the unloaded GO@PEG nanoplatform was investigated at three
different concentrations (i.e., 1.0 μg/mL, 2.0 μg/mL and 4.0 μg/mL) corresponding to the
concentrations of GO@PEG nanoplatforms loaded with 15 μM, 30 μM and 60 μM of Pt-free,
respectively (see Section 2). Unloaded GO@PEG did not show any significant toxicity,
given about 100% of viable cells (Figures 4–6 and S3–S9), without negatively affecting the
cell morphology, visualized by actin filament staining, (Figures 4–6 and S3–S9) in all the
seven cell lines tested. These results confirm that the GO@PEG-based nanoplatform is a
promising nanodelivery system, in accordance with previous works showing the absence
of toxicity strictly related to GO@PEG, even in vivo with higher concentrations [45,46];
therefore, GO@PEG nanoplatforms have the potential to be administered in vivo with no
side effects.

Figure 4. Cell viability and morphological analysis in osteosarcoma cell lines. An MTT assay was
performed after 72 h of cell culture. The data show the percentage of viable cells compared to cells
alone as the control, and the mean ± standard error of the mean is presented. The graphs show the
viability of the U2-OS cell line (A), the MG63 cell line (B), the SAOS-2 cell line (C) and the respective
morphological images of the cells cultured for 72 h in the presence of the 30 mM concentration.
Phalloidin red stains for actin filaments, and DAPI blue stains for cell nuclei (D). Scale bars: 100 μm.
(* p-value ≤ 0.05; *** p-value ≤ 0.001; **** p-value ≤ 0.0001). Significant differences between GO@PEG
and the other compounds are reported in the graph as follows: a: GO@PEG vs. Pt-free; p-value ≤ 0.01
and GO@PEG vs. GO@PEG-Pt p-value ≤ 0.001 in U2-OS; GO@PEG vs. Pt-free p-value ≤ 0.01
and GO@PEG vs GO@PEG-Pt p-value ≤ 0.0001 in MG63; GO@PEG vs. Pt-free p-value ≤ 0.05 and
GO@PEG vs GO@PEG-Pt p-value ≤ 0.001 in SAOS-2. b and F: GO@PEG vs Pt-free and GO@PEG vs.
GO@PEG-Pt both p-value ≤ 0.0001 in all cell lines.
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Figure 5. Cell viability and morphological analysis in glioblastoma cell lines. An MTT assay was
performed after 72 h of cell culture. The data show the percentage of viable cells compared to cells
alone as the control, and the mean ± standard error of the mean is presented. The graphs show
the viability of the U87 cell line (A), the U118 cell line (B) and the respective morphological images
of the cells cultured for 72 h in the presence of the 30 mM concentration. Phalloidin red stains
for actin filaments, and DAPI blue stains for cell nuclei (C). Scale bars: 100 μm. (* p-value ≤ 0.05;
** p-value ≤ 0.01). Significant differences between GO@PEG and the other compounds are reported
in the graph as follows, a: GO@PEG vs. Pt-free p-value ≤ 0.01 in U87; GO@PEG vs. GO@PEG-Pt
p-value ≤ 0.05 in U118. b: GO@PEG vs. Pt-free p-value ≤ 0.0001 and GO@PEG vs. GO@PEG-
Pt p-value ≤ 0.01 in U87, GO@PEG vs. Pt-free p-value ≤ 0.01 and GO@PEG vs. GO@PEG-Pt
p-value ≤ 0.0001 in U118. F: GO@PEG vs. Pt-free p-value ≤ 0.0001 and GO@PEG vs. GO@PEG-
Pt p-value ≤ 0.001 in U87, GO@PEG vs. Pt-free p-value ≤ 0.0001 and GO@PEG vs. GO@PEG-Pt
p-value ≤ 0.0001 in U118.

Figure 6. Cell viability and morphological analysis in breast adenocarcinoma cell lines. An MTT
assay was performed after 72 h of cell culture. The data show the percentage of viable cells compared
to cells alone as the control, and the mean ± standard error of the mean is presented. The graphs
show the viability of the MDA-MB-231 cell line (A), the MDA-MB 468 cell line (B) and the respective
morphological images of the cells cultured for 72 h in the presence of the 30 mM concentration.
Phalloidin red stains for actin filaments, and DAPI blue stains for cell nuclei (C). Scale bars: 100 μm.
(* p-value ≤ 0.05, *** p-value ≤ 0.001). Significant differences between GO@PEG and the other
compounds are reported in the graph as follows, a: GO@PEG vs. GO@PEG-Pt p-value ≤ 0.05 in
MDA-MB 468. b: GO@PEG vs. Pt-free p-value ≤ 0.01 and GO@PEG vs. GO@PEG-Pt p-value ≤ 0.0001
in MDA-MB 468. F: GO@PEG vs. Pt-free p-value ≤ 0.001 in MDA-MB 231, GO@PEG vs. Pt-free and
GO@PEG vs. GO@PEG-Pt both p-value ≤ 0.0001 in MDA-MB 468.

The biological bioactivity of GO@PEG-Pt was then evaluated to validate the nanoplat-
form as a highly performant nanodelivery system. We investigated the cell viability, mor-
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phology, nanoplatform uptake and cell migration in different cancer cell lines compared
to Pt-free at three different concentrations (15 μM, 30 μM and 60 μM) and cells alone as a
control group (i.e., untreated cells). The data show an evident dose-dependent reduction
in the cell metabolic activity in both cases (GO@PEG-Pt and Pt-free) compared to the cells
alone in all tested cancer cell lines (Figures 4–6). These overall results demonstrate that Pt
maintained its action when loaded on GO@PEG nanoplatforms.

A detailed review of the data indicates that osteosarcoma is the most affected tumour,
with cell viability reduced to 90% compared to cells alone (Figure 4A–C), confirming the
literature on osteosarcoma chemotherapy, which reports that cisplatin is a key and widely
used drug [47,48]. The most promising result is related to the significant decrease in
cell viability in the GO@PEG-Pt group compared to the Pt-free group, which validates
the GO@PEG nanoplatforms as promising Pt vehicles for osteosarcoma treatment at a
concentration of 30 μM [49,50] (Figure 4A–C).

In the MG63 cell line, this effect is also clearly visible (p-value ≤ 0.001) at the lowest
tested Pt concentration (i.e., 15 μM) and, although less pronounced, was also detected in the
U118 glioblastoma and the MDA-MB-468 breast cancer cell lines (Figures 5A,B and 6A,B).

A qualitative cell morphology analysis was performed, confirming the cell viability
data. First, the cell density is lower in the GO@PEG-Pt group compared to the Pt-free
group in the osteosarcoma cell lines, breast cancer cell lines and glioblastoma U118 cell
line (Figures 4D, 5C, 6C and S3–S7 Supplementary Materials). MG63 and SAOS-2 cell lines
are most negatively affected by the presence of GO@PEG-Pt, with a round and smaller
cell morphology shape and with actin filaments aggregated at the cell’s edges (Figure 4D).
This analysis confirmed the absence of cytotoxicity of the GO@PEG nanoplatform in all the
tested cells (Figures 4D, 5C and 6C). In fact, the cell morphology reflected the healthy state
of the cells in the GO@PEG group, showing a high cell number and typical spindle-shaped
cells without differences with the untreated cells-only group (Figures 4D, 5C and 6C).

To better elucidate whether the higher cell mortality was strictly related to enhanced
Pt uptake driven by the GO@PEG nanoplatform, a cellular uptake analysis was performed
and evaluated with ICP-OES, quantifying the Pt amount per cell after 4 and 24 h at 30 μM,
selected as the most promising concentration. The GO@PEG nanoplatform enhanced Pt
internalization in all the cell lines tested after 24 h, with the greatest differences compared
to Pt-free in osteosarcoma and glioblastoma cell lines (MG63 p-value ≤ 0.0001; SAOS-2 and
U87 p-value ≤ 0.05) (Figures 7A–C, 8A,B and 9A,B). However, even after 4 h, a visible trend
of the increase in Pt uptake was observed. An evident discrepancy between Pt-free and
GO@PEG was observed for osteosarcoma cell lines (p-value ≤ 0.0001 and p-value ≤ 0.001
in MG63 and U2-OS cells, respectively), glioblastoma cell lines and the MDA-MB-468 breast
cancer cell line (Figures 7A–C, 8A,B and 9A,B).

These results are very promising and support our initial hypothesis with respect to
the use of the GO@PEG nanoplatform as a highly performant nanodelivery system for
platinum-based drugs. This strategy was demonstrated to be very efficient in reducing the
amount of Pt needed in cancer therapy and, consequently, in diminishing the well-known
side effects related to Pt-based drugs.
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Figure 7. Human osteosarcoma cell lines: ICP-OES on U2-OS (A), MG63 (B) and SAOS-2 (C). Scratch
test on U2-OS (D), MG63 (E) and SAOS-2 (F). α: Pt-free vs. cells only and GO@PEG-Pt vs. cells
only, both p values ≤ 0.0001 in U2-OS; Pt-free vs. cells only. p value ≤ 0.0001 in SAOS-2. β: Pt-free
vs. cells only and GO@PEG-Pt vs. cells only, both p values ≤ 0.0001 in U2-OS; Pt-free vs. cells
only, p value ≤ 0.01, and GO@PEG-Pt vs. cells only, p value ≤ 0.0001 in MG63; Pt-free vs. cells
only and GO@PEG-Pt vs. cells only, both p values ≤ 0.0001 in SAOS-2. ϕ: Pt-free vs. cells only
and GO@PEG-Pt vs. cells only both, p value ≤ 0.0001 in U2-OS, MG63 and SAOS-2. Significant
differences between Pt-free and GO@PEG-Pt are reported in the graph as follows: * p-value ≤ 0.05,
*** p-value ≤ 0.001, **** p-value ≤ 0.0001. Representative DAPI staining of scratch test on MG63 cells
(G) cells. Scale bars = 500 μm. Cell nuclei are indicated in blue.

A further investigation was performed to verify whether the proposed GO@PEG
nanoplatform delivery system could also play a key role in the inhibition of the cell
migration/invasiveness. One clinically distinctive trait of several tumours is the extensive
infiltration by cancer cells of the tumour surrounding parenchyma, which often metastasize
throughout the body [51]. An in vitro scratch assay was used as an easy, low-cost and well-
developed method to measure cell migration of all seven cell lines in contact with GO@PEG-
Pt compared to Pt-free at 30 μM for 72 h (Figures 7D–G, 8C–E and 9C–E). The distance
covered by cells towards the centre of the scratch was quantified as an indicator of migrating
movements, and overall, the results showed that GO@PEG-Pt significantly inhibits the
migration of all tested cell lines compared to the control group, with the exception of U87
glioblastoma cells, for which a significant inhibition of cell migration was observed in the
presence of the nanoplatform only after 48 h (Figures 7D–F, 8C,D and 9C,D). It is important
to note that GO@PEG-Pt was able to significantly reduce the migration of MDA-MB-231
breast cancer cells compared to Pt-free (p value ≤ 0.0001 at 48 and 72 h; Figure 9C,E).
In particular, at 72 h, a distance of only 141 μm was covered by MDA-MB-231 cells in
the presence of the loaded nanoplatform compared to the more than doubled migration
distance showed by the cells cultured with Pt-free (i.e., a distance of 300 μm covered).
These are very interesting and promising results, as although the MDA-MB-231 cell line
is not particularly sensitive to the GO@PEG system in terms of cell viability inhibition, as
verified by MTT test, the proposed GO-based nanoplatforms could be used as an effective
therapy to reduce tumour metastatic invasion, which is the primary cause of patient
mortality during breast cancer progression [52]. MDA-MB-231 is a highly invasive breast
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carcinoma cell line compared to MDA-MB-468 and is commonly used to model late-stage
breast cancer. It is invasive in vitro and, when implanted orthotopically, spontaneously
metastasizes to lymph nodes [53,54]. A slight difference in migration was also observed
in U118 glioblastoma cells, as well as MG63 and U2-OS osteosarcoma cell lines, when
cultured with GO@PEG-Pt compared to Pt-free (p-value ≤ 0.0001 at 48 h and p-value ≤ 0.01
at 72 h for U118; p-value ≤ 0.05 and p-value ≤ 0.0001 at 48 and 72 h, respectively, for
MG63; p-value ≤ 0.0001 and p-value ≤ 0.05 at 24 and 48 h, and 72 h, respectively, for
U2-OS) (Figures 7D,E,G and 8D,E). U118, MG63 and U2-OS cells were able to cover about
360 μm, 112 μm and 137 μm, respectively, when cultured with GO@PEG-Pt compared to
Pt-free (about 411 μm and 167 μm for U118, MG63 and U2-OS, respectively). However, the
invasive nature of glioblastoma cells is shown by the scratch test, as well as the malignancy
of U118 and U87 strictly related to the high proliferative ability of cells, which makes them
difficult to treat, as confirmed by our cell viability results [55]. An increasing number of
scientific reports are still discussing the critical relationship between the proliferation and
migration of glioblastoma cells in relation to platinum-based nanoplatforms, depending on
genetically and morphological different cell lines and various platinum sources affecting
these two cellular properties. In this case, the results suggest a increased effect of the
GO@PEG-Pt nanoplatform on the migration of U118 cells compared to U87. Moreover, the
slight but significant inhibition of MG63 and U2-OS migration confirmed the aggressiveness
and metastatic potential of osteosarcoma cells relative to conventional chemotherapeutic
drugs, including high-dose platinum-based drugs [56–58]. On these bases, our results
are very exciting overall, suggesting an improvement of Pt drug action in the migration
inhibition of osteosarcoma, especially in MG63, U2-OS and glioblastoma cells when loaded
on the GO-based nanoplatform. We hypothesize that this behaviour could be attributed
to the cell metabolism GO, which decreases the electron transfer chain activity, limiting
ATP production and compromising the assembly of actin filaments fundamental to cell
migration and tumour invasiveness [59,60].

Figure 8. Human glioblastoma cell lines. ICP-OES on U87 (A) and U118 (B). Scratch test on
U87 (C) and U118 (D); α: Pt-free vs. cells alone, p value ≤ 0.05, and GO@PEG-Pt vs. cells alone,
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p value ≤ 0.0001 for U87. β: Pt-free vs. cells alone, p value ≤ 0.0001, and GO@PEG-Pt vs. cells
alone, p value ≤ 0.05 in U87; Pt-free vs. cells alone, p value ≤ 0.001, and GO@PEG-Pt vs. cells
alone, p value ≤ 0.0001 in U118. ϕ: Pt-free vs. cells alone, p value ≤ 0.0001 in U87; Pt-free vs.
cells alone, p value ≤ 0.001, and GO@PEG-Pt vs. cells alone, p value ≤ 0.0001 in U118. Significant
differences between Pt-free and GO@PEG-Pt are reported in the graph as follows: * p-value ≤ 0.05,
** p-value ≤ 0.01, **** p-value ≤ 0.0001. Representative DAPI staining of scratch test on U118 cells
(E). Scale bars = 500 μm. Cell nuclei are indicated in blue.

Figure 9. Human breast adenocarcinoma cell lines. ICP-OES on MDA-MB-231 (A) and MDA-MB-468
(B). Scratch test on MDA-MB-231 (C) and MDA-MB-468 (D); β: Pt-free vs. cells alone and GO@PEG-
Pt vs. cells alone, both p values ≤ 0.0001 in MDA-MB 231. ϕ: Pt-free vs. cells alone and GO@PEG-Pt
vs. cells alone, both p values ≤ 0.0001 in MDA-MB 231; Pt-free vs. cells alone, p value ≤ 0.0001,
and GO@PEG-Pt vs. cells alone, p value ≤ 0.001 in MDA-MB 468. Significant differences between
Pt-free and GO@PEG-Pt are reported in the graph as follows: **** p-value ≤ 0.0001. Representative
DAPI staining of scratch test on MDA-MB-231 cells (E). Scale bars = 500 μm. Cell nuclei are indicated
in blue.

4. Conclusions

Several nanomaterials, such as liposomes, polymeric nanoparticles, metal or carbon
nanostructures, are useful tools to selectively target tumour cells, implementing the drug’s
pharmacokinetics, increasing the anticancer effect and diminishing the toxic effect at the
same time. Their large surface area makes carbon-based nanomaterials excellent drug
carrier candidates. In this study, we validated a GO-based nanoplatform modified using
eight-arm PEG to improve functionalisation with a Pt(IV) anticancer drug based on a
cisplatin scaffold, obtaining a highly performant nanodelivery system as a versatile system
in cancer therapy. The obtained data demonstrate that the use of a GO@PEG carrier permits
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the use of less Pt drugs, achieving a very good cellular proliferation inhibition in osteosar-
coma strictly related to a higher cellular uptake. This enhanced cellular internalization is
also observed in glioblastoma; however, due to a different cell metabolism, the Pt drug
bioactivity, once inside the cells, is less pronounced, although it is a good starting point to
drive more selective drugs (e.g., triazene analogue of dacarbazine). The proposed GO@PEG
nanoplatform is also promising for the inhibition of migration, especially in highly inva-
sive breast carcinoma (i.e., MDA-MB-231 cell line), neutralizing the metastatic process. In
conclusion the GO@PEG nanoplatform represents a promising tool in nanomedicine, in
particular for cancer treatment, due to its drug type and loading capacity, which can be
specifically tailored to target different cancers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12142372/s1, Figure S1: AFM analysis; Figure S2: Size
distribution of GO flakes. Figure S3: U2-OS cells’ morphology evaluation at 72 h; Figure S4.: MG63
cells’ morphology evaluation at 72 h; Figure S5. SAOS-2 cells’ morphology evaluation at 72 h; Figure
S6. U87 cells’ morphology evaluation at 72 h; Figure S7. U118 cells’ morphology evaluation at
72 h; Figure S8. MDA-MB-231 cells’ morphology evaluation at 72 h; Figure S9. MDA-MB-468 cells’
morphology evaluation at 72 h.
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Abstract: Advances in drug delivery systems (DDSs) have enabled the specific delivery of drugs
to target cells. Subtilase cytotoxin (SubAB) produced by certain enterohemorrhagic Escherichia
coli strains induces endoplasmic reticulum (ER) stress and suppresses nitric oxide generation in
macrophages. We previously reported that modification of SubAB with poly(D,L-lactide-co-glycolic)
acid (PLGA) nanoparticles (SubAB-PLGA NPs) increased intracellular uptake of SubAB and had an
anti-inflammatory effect on macrophages. However, specific delivery of SubAB to macrophages could
not be achieved because its effects on other cell types were not negligible. Therefore, to suppress
non-specific SubAB binding, we used low-binding mutant SubABS35A (S35A) in which the 35th serine
of the B subunit was mutated to alanine. In a macrophage cell line, PLGA NPs modified with S35A
(S35A-PLGA NPs) induced ER stress and had anti-inflammatory effects similar to WT-PLGA NPs.
However, in an epithelial cell line, S35A-PLGA NPs induced lower ER stress than WT-PLGA NPs.
These results suggest that S35A is selectively delivered to macrophages rather than epithelial cells by
modification with PLGA NPs and exerts anti-inflammatory effects. Our findings provide a useful
technique for protein delivery to macrophages and encourage medical applications of DDSs for the
treatment of inflammatory diseases.

Keywords: PLGA nanoparticles; anti-inflammatory; controlled drug delivery

1. Introduction

A drug delivery system (DDS) is an engineered technology for targeted delivery
and/or controlled release of therapeutic agents, which plays an important role in advances
in pharmaceutical and medical fields. The goal of a DDS is to achieve better therapeutic
effects without any side effects. Therefore, the development of attractive drug carriers
with both targeting of lesions and controlled release is eagerly awaited [1]. Synthetic
nanoparticles (NPs) as drug carriers are a potential clinical therapeutic tool against cancer
and inflammation [2]. NPs have been developed on the basis of various materials including
liposomes [3], chitosan [4], dextran [5], silica [6], metals such as silver and gold [7], and
biodegradable poly(D,L-lactide-co-glycolic) acid (PLGA) [8]. Recently, Jin et al. reported
the chirality-controlled protein NPs driven by molecular interactions for cancer therapy.
The developed NPs were effectively taken up into HCT116 cells and showed significant
antitumor activity [9]. Other polymer materials including hydrogels, micro/nanofibers,
and inorganic hybrid NPs have also been developed and are expected to be next-generation
DDSs. [10–12] Moreover, drugs are delivered to not only specific tissues and cells, but
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also to specific cellular organelles, such as nuclei, mitochondria, and lysosomes, using a
DDS [13–15].

The endoplasmic reticulum (ER) is a crucial organelle for protein quality control
(e.g., protein synthesis, folding, maturation, and stabilization) [16]. Many intracellular
proteins are folded in the ER by various chaperones and folding enzymes [17]. Subsequently,
the proteins are subjected to post-translational modifications, including glycosylation and
disulfide bond formation by glycosylation enzymes and oxidoreductase, respectively,
to generate mature forms [18]. Genetic and environmental damage, such as nutrient
depletion, and oxidative stress, causes the accumulation of unfolded proteins, resulting in
ER stress. This stress activates the unfolded protein response (UPR) via ER stress sensor
proteins [19]. Although ER stress is associated with many pathological conditions, recent
studies have revealed that adaptive UPR signaling protects cells from cytotoxicity and
excessive inflammation in a context-dependent manner [20]. Therefore, controlling the UPR
may provide new prospects for future treatments of ER-related diseases and inflammation.
On the basis of the above concept, some researchers have reported targeting the ER using
sulfonyl ligands and peptides [21,22].

Subtilase cytotoxin (SubAB), a member of the AB5 toxin family, was identified in
enterohemorrhagic Escherichia coli O113:H21 that was associated with an outbreak in Aus-
tralia [23–25]. SubAB consists of an enzymatically active A subunit (SubA) that cleaves host
ER chaperon binding immunoglobulin protein (BiP) and a pentameric B subunit (SubB)
that binds to sialoglycan-modified cell surface receptors and mediates uptake into target
cells [26,27]. SubAB translocates to the ER via the COPI-dependent Golgi retrograde traf-
ficking pathway [28,29]. After translocation into the ER, SubAB cleaves BiP and results
in ER stress-induced cytotoxicity through activation of ER stress sensors protein kinase
R-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme 1α (IRE1α), and
activating transcription factor 6 (ATF6) that mediate a unique signaling pathway including
eukaryotic initiation factor 2α (eIF2α) phosphorylation and C/EBP homologous protein
(CHOP) expression [30,31]. Several studies have demonstrated that SubAB induces cyto-
toxicity, stress granule formation [31], inhibition of autophagy [32] and inflammasome [33]
in vitro, and lethal severe hemorrhagic inflammation and enteropathogenic bacterial infec-
tion in mice [34]. Additionally, SubAB inhibits lipopolysaccharide (LPS)-induced nitric oxide
(NO) production in macrophages through suppression of nuclear factor kappa-B (NF-κB)
activation and subsequent inducible NO synthase (iNOS) expression [35]. SubAB may
have therapeutic potential for immunosuppression in macrophages because of inhibiting
activation of NF-κB, the master regulator of LPS-induced pro-inflammatory gene expression.

Recently, we reported that modification of NPs with PLGA improves the efficiency
of wildtype SubAB (WT) uptake into macrophages and the subsequent anti-inflammatory
effect [36]. However, macrophage-specific delivery of WT was difficult because the B
subunit of WT has a potent cell adhesion property without cell specificity. Therefore, in
this study, we attempted macrophage-specific delivery of the toxin using a mutant SubAB
with a low-affinity cell adhesion property engineered through site-directed mutagenesis in
the B subunit.

2. Materials and Methods

2.1. Materials

Poly(D,L-lactide-co-glycolic) acid (PLGA, 85:15, MW: 190,000–240,000) and fluorescein
isothiocyanate isomer I were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (water-soluble carbodiimide, WSC), and N-(5-amino-1-carboxypentyl) iminodiacetic
acid (AB-NTA) were from DOJINDO (Kumamoto, Japan). A purified mouse anti-BiP/GRP78
antibody (Cat#610979) was from BD Transduction Laboratories™ (Franklin Lakes, NJ,
USA). Oleylamine and an anti-β-actin mouse monoclonal antibody were purchased from
FUJIFILM Wako Pure Chemical (Osaka, Japan). Anti-mouse immunoglobulin G (IgG),
horseradish peroxidase (HRP)-linked (#7076) and anti-rabbit IgG, HRP-linked (#7074),
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anti-CHOP (#2895), anti-poly(ADP-ribose) polymerases (PARP) (#9542), anti-cleaved PARP
(#5625), anti-cleaved cysteine aspartate-specific protease (caspase) 7 (#9491), anti-cleaved
caspase 3 (#9661), anti-phospho-eIF2α (#3398), and anti-total eIF2α (#5324) antibodies were
obtained from Cell Signaling Technology (Danvers, MA, USA). An anti-iNOS mouse mono-
clonal antibody [37] and anti-SubAB anti-serum [38] were prepared as reported previously.

2.2. Purification of His-Tagged Toxins

Oligo histidine-tagged (6× His-tagged) recombinant SubAB (His-tagged SubAB; WT),
catalytically inactive mutant His-tagged SubAS272AB (S272A), and His-tagged A subunit
(SubA) were purified by affinity chromatography using Ni-NTA agarose (Qiagen, Hilden,
Germany) as reported previously [39].

2.3. Site-Directed Mutagenesis of B Subunit of SubAB

To replace a serine residue (S35) with alanine in the B subunit of SubAB, we per-
formed PCR-based site-directed mutagenesis on a SubAB expression plasmid (pET23b-
SubAB) using a QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa
Clara, CA, USA), in accordance with the manufacturer’s instructions. Primers used for
mutagenesis were as follows: 5′-GGCATGTTTGCAGGCGTTGTTATTACCC-3′ and 5′-
CAACGCCTGCAAACATGCCATCCCGGGC-3′ (mutated bases are underlined). The se-
quence was confirmed by an ABI PRISM 377 DNA sequencer (Applied Biosystems, Foster
City, CA, USA). The his-tagged SubABS35A (S35A) mutant was purified using the same
method described above.

2.4. HiLyte Fluor™ 555 (HF555) Labeling of Toxins

To investigate SubAB uptake by RAW264.7 and HeLa cells, WT and mutant toxins
(S272A, SubA, and S35A) were labeled with HiLyte Fluor™ 555 Labeling Kit-NH2 (Do-
jindo, Kumamoto, Japan) in accordance with the manufacturer’s instructions. Briefly, to
replace the solvent in which the toxins were dissolved, 200 μg toxins were applied to the
ultrafiltration spin column and centrifuged at 8000× g for 10 min. Toxins were dissolved
in reaction buffer, mixed with the succinimidyl ester (SE) reactive form of Hilyte Fluor™
555 (HF555-SE) (dissolved in DMSO), and incubated at 37 ◦C for 30 min. WS buffer was
added to the mixtures in the spin column and then washed by centrifugation at 8000× g for
10 min to remove the unbound HF555-SE. The HF555-labeled toxins (HF555-toxins) were
dissolved in 200 μL PBS by pipetting and stored at 4 ◦C.

2.5. Cell Culture

Murine macrophage cell lines J774.1 and RAW264.7 cells, and human cervical cancer
cell line HeLa were cultured in Dulbecco’s modified Eagle’s medium (FUJIFILM Wako)
supplemented with 10% heat-inactivated fetal bovine serum (MP Biomedicals, Santa Ana,
CA, USA) and 1% penicillin-streptomycin (Nacalai Tesque, Kyoto, Japan) in a 5% CO2
humidified incubator at 37 ◦C.

2.6. Fluorescence Microscopy

RAW264.7 and HeLa cells were seeded on a glass-bottom dish at 5 × 104 cells/dish
and 1×104 cells/dish, respectively. After overnight culture, 100 μL HF555-toxins (HF555-
WT, HF555-S272A, HF555-SubA, and HF555-S35A) and 1 μL Cellstain® DAPI solution
(DOJINDO) were added to the cells. After incubation for 1 h at 37 ◦C, cells were observed
under a BZ-X800 All-in-one Fluorescence Microscope (Keyence, Osaka, Japan).

2.7. Preparation of PLGA NPs

PLGA NPs were synthesized in accordance with our previous study [36]. Briefly, PLGA
and stearic acid at a 1:37 ratio were prepared in chloroform (oil phase). To prepare PLGA
NPs, the oil phase was added dropwise to the ultrapure water under probe sonication and
evaporation solvent for 3 h.
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2.8. Preparation of FITC-Conjugated Oleylamine

FITC-conjugated oleylamine was synthesized by a reaction between the amino group
of oleylamine (OA)-fluorescein isothiocyanate isomer I (FITC) and the isothiocyanate group
of FITC. FITC (2 mg) was dissolved in 2 mL N,N-dimethylformamide (DMF). Then, 30 mL
OA was dissolved in 50 mL DMF. The FITC and OA solution was then mixed for 48 h at
50 ◦C. After the reaction, FITC-OA was collected by column chromatography.

2.9. Preparation of FITC-Labeled PLGA NPs

FITC-labeled PLGA NPs were prepared by an emulsion/evaporation method. Briefly,
PLGA, stearic acid, and FITC-OA at a 1:7:30 ratio were prepared in chloroform (oil phase).
To prepare PLGA NPs, the oil phase was added dropwise to the ultrapure water under
probe sonication and evaporation solvent for 3 h.

2.10. Characterization of PLGA NPs

The size distribution and zeta potential of NPs were measured by a Zetasizer Nano ZS
(Malvern Instruments Ltd., Worcestershire, UK). The shape and size of NPs were observed
by transmission electron microscopy (TEM, JEM-1400Plus; JEOL, Tokyo, Japan). For TEM
observation, 100 μL PLGA NPs was mixed with 100 μL of 0.01% phosphotungstic acid for
5 min and then 20 μL of the solution was placed on parafilm. A carbon-film-coated TEM
grid (ELS-C10, Okenshoji Co., Ltd., Tokyo, Japan) was placed inside the droplet. After
incubation for 2 min, the grid was dried in a vacuum at room temperature overnight.

2.11. Surface Modification of PLGA NPs with SubAB Toxins

Modification of the PLGA NP surface with SubAB was performed in accordance with
a previous report [30]. In brief, 100 μL PLGA NPs dispersed in water was centrifuged at
12,000× g for 5 min. The precipitate was redispersed in 100 μL of a solution containing
10 μL of 0.9 mg/mL NHS and 1.5 mg/mL WSC in 20 mM phosphate buffer (pH 8.2). The
mixture was shaken for 20 min at 37 ◦C, followed by washing with 20 mM phosphate
buffer (pH 8.2). Then, 5 μL of 2 mg/mL AB-NTA was added to the NHS-activated PLGA
NP solution and the mixture was shaken for 2 h at 37 ◦C. After washing the mixture, the
resultant NTA-modified PLGA NPs were reacted with 5 μL of a 2 mg/mL NiCl2 aqueous
solution and shaken at 37 ◦C for 30 min. The mixture was washed with 20 mM phosphate
buffer (pH 8.2) and redispersed in 95 μL of 20 mM phosphate buffer (pH 8.2). Then, 5 μL
of 347 μg/mL His-tagged SubAB was added. The mixture was shaken for 1 h at room
temperature and washed with 20 mM phosphate buffer (pH 8.2). Then, the resultant
His-tagged SubAB-conjugated PLGA NPs (WT-PLGA NPs) were stored at 4 ◦C. Mutant
SubABS35A-conjugated PLGA NPs (S35A-PLGA NPs) and SubA-conjugated PLGA NPs
(A-PLGA NPs) were prepared in a similar manner.

2.12. Evaluation of pH-Dependent Release of His-Tagged SubAB Toxins

One-hundred microliters of SubAB toxins-PLGA NPs (WT-PLGA NPs, S35A-PLGA
NPs, and A-PLGA NPs) were centrifuged (12,000× g, 5 min) to remove the supernatant.
The NPs were redispersed in 100 μL ultrapure water. The solution was centrifuged again
(12000× g, 5 min) to remove the supernatant. The NPs were then redispersed in 30 μL of
8 mM phosphate buffer (pH 7.4) or acetate buffer (pH 5.0) and shaken at 37 ◦C. After 0, 1,
10, and 30 min, the samples were centrifuged (12,000× g, 5 min) to collect the supernatants.
Released His-tagged toxins in the supernatants were analyzed by Western blotting using
anti-SubAB anti-serum.

2.13. Intracellular Uptake of SubAB Toxin-PLGA NPs

Intracellular uptake of SubAB toxins-PLGA NPs in RAW264.7 and HeLa cells was
evaluated by fluorescence microscopy and a fluorescence microplate reader. RAW264.7 and
HeLa cells were seeded at 5 × 104 and 1 × 104 cells/dish in glass-bottom dishes at 5 × 104

and 1 × 104 cells/well in a 96-well plate, respectively, and incubated overnight at 37 ◦C.
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Cells were incubated for 20 h with FITC-labeled PLGA NPs modified with HF555-labeled
SubAB toxins. The distributions of HF555-labeled SubAB toxins and FITC-labeled PLGA
NPs were observed under the BZ-X800 All-in-one Fluorescence Microscope. The fluores-
cence intensity of FITC-labeled PLGA NPs in each well was measured and quantified using
a TECAN Infinite F200 Pro fluorescence microplate reader (Tecan Group Ltd., Männedorf,
Switzerland) at an excitation wavelength of 485 nm and emission wavelength of 535 nm.

2.14. Western Blotting

J774.1 and HeLa cells were seeded at 5 × 104 and 1 × 104 cells/well, respectively, and
cultured overnight at 37 ◦C. The cells were treated with or without LPS (100 ng/mL) in
the presence of 5 μg/mL SubAB toxins and 20 μg/mL SubAB toxins-PLGA NPs, and then
incubated for 3, 8, or 20 h at 37 ◦C. Cells were lysed in SDS sample buffer (62.5 mM Tris-HCl,
pH 6.8, 2% SDS, 6% glycerol, 0.005% bromophenol blue, and 2.5% 2-mercaptoethanol) and
then boiled for 3 min. Proteins were separated by SDS-PAGE, and transferred onto a
polyvinylidene difluoride membrane (Merck Millipore, Darmstadt, Germany) at 100 V for
1 h. The membranes were blocked with 5% dry non-fat milk in TBS-T (20 mM Tris-HCl,
pH 7.5, 137 mM NaCl, and 0.1% Tween 20) for 1 h and then incubated for 1 h at room
temperature or overnight at 4 ◦C with the indicated primary antibody. The membranes
were washed with TBS-T, followed by incubation with an HRP-conjugated secondary
antibody at room temperature for 1 h. Protein bands were detected using Immobilon
Western Chemiluminescent HRP Substrate (Merck Millipore) and a luminescent image
analyzer, the ChemiDoc™ XRS system (Bio-Rad, Hercules, CA, USA).

2.15. MTT Assay

Cell viability was assessed by the MTT assay in accordance with our previous study [40].
To evaluate the toxicity of SubAB toxin-PLGA NPs, J774.1 and HeLa cells were seeded
at 5 × 104 and 1 × 104 cells/well, respectively, in a 96-well plate and treated for 24 h
with or without 5 μg/mL PLGA NPs, WT-PLGA NPs, A-PLGA NPs, or S35A-PLGA NPs.
Culture supernatants were then replaced with a culture medium containing 0.75 mg/mL
MTT. After 1 h of incubation, a stop solution (isopropanol containing 0.4% HCl and 10%
Triton X-100) was added to each well. Relative cell viability was analyzed by measuring
absorbance at 570 nm using the microplate reader. Results are expressed as the mean cell
viability ± standard deviation (S.D.) of triplicate cultures.

2.16. Griess Assay

Quantification of nitrite ions produced by macrophages was examined by the Griess as-
say. J774.1 cells seeded in a 96-well plate were treated with or without 5 μg/mL PLGA NPs,
WT-PLGA NPs, A-PLGA NPs, or S35A-PLGA NPs. After treatment for 20 h, 50 μL of cul-
ture supernatant was mixed with 25 μL Griess Reagent I (1% sulfanilamide in 5% HCl) and
incubated for 5 min. Then, 25 μL Griess Reagent II [0.1% N-(1-naphthyl)-ethylenediamine]
was added, followed by incubation at room temperature for 10 min. Absorbance at 570 nm
was measured by the microplate reader.

2.17. Statistical Analysis

All data are expressed as means ± S.D. Data for each experiment were obtained from
at least three independent experiments. Statistical analyses were performed using Student’s
t-test with the level of significance set at p < 0.05.

3. Results and Discussion

3.1. Cell Recognition-Inactivated SubABS35A (S35A) Mutant Had Decreased Uptake by Cells

Wildtype SubAB (WT) binds to cell surface receptors and enters through lipid rafts
and actin-dependent macropinocytosis-like mechanisms in HeLa cells [26,41,42]. The
35th serine residue (S35) of the B subunit (corresponds to S12 of the secreted B subunit
without the N-terminal signal peptide) is required for binding to N-glycolylneuraminic
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acid-terminated glycans of receptors [23,41]. To evaluate cellular uptake of mutant SubAB
toxins including the catalytically inactive mutant SubAS272AB (S272A), site-directed B
subunit mutant SubABS35A (S35A), and B subunit-deficient mutant SubA, we treated cells
with fluorescent dye-labeled toxins [HF555-wildtype SubAB (WT), S272A, S35A, and SubA
(A)] and observed the distribution by fluorescence microscopy. Figure 1 shows fluorescent
signals of HF555 around nuclei in both RAW264.7 and HeLa cells treated with HF555-
WT and HF555-S272A, suggesting that both WT and mutant S272A, which have intact B
subunits, were internalized and localized in the ER (Figure 1a,b). However, intracellular
accumulation of HF555 fluorescence was not observed in cells treated with HF555-A
and HF555-S35A. In agreement with a previous report [23,43], our results indicated that
intracellular uptake of SubAB was dramatically decreased by deficiency of the B subunit
or mutation in serine at position 35. Yersinia pestis and Salmonella enterica serovar Typhi
encode homologs of SubB, namely YpeB and PltB [44,45]. Mutations in the serine residue
corresponding to S35 of SubB negate the binding activity, demonstrating the importance of
the serine residue at this position for sialoglycan-modified cell surface receptors. However,
mutation in the active site of the A subunit did not affect cellular uptake and accumulation
around the nucleus.

SubAB is known to specifically cleave the endoplasmic reticulum chaperone BiP.
Figure 1c shows the Western blot images of BiP cleavage by incubation of RAW264.7, HeLa,
and HeLa cell lysates with the indicated toxins. WT cleaved BiP in both RAW 264.7 and
HeLa cells, and in cell lysates, whereas SubA (A) and SubABS35A (S35A) cleaved BiP only in
cell lysates (Figure S1a–c). These results indicate that both A and S35A have an enzymatic
activity that cleaves BiP but cannot enter cells because of reduced cell binding. Therefore,
the accumulation of HF555-SubAB toxins around the nucleus indicates ER accumulation
that depends on the binding activity of the B subunit. However, S272A translocates to the
ER but does not cleave BiP in macrophages, HeLa cells, or cell lysates because of mutation
in the active site.
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Figure 1. Evaluation of cellular uptake and BiP cleavage activity of various SubAB toxins.
(a,b) RAW264.7 cells (a) and HeLa cells (b) were treated with 5 μg/mL Hylite555 (HF555)-labeled
toxins and then incubated for 1 h at 37 ◦C. After adding a DAPI solution, cells were observed by
fluorescence microscopy. WT: HF555-labeled wildtype SubAB; S272A: HF555-labeled SubAS272AB; A:
HF555-labeled SubA; S35A: HF555-labeled SubABS35A. Scale bars: 10 μm. (c) RAW264.7 and HeLa
cells and a HeLa cell lysate were treated for 1 h with 5 μg/mL toxins. BiP cleavage in cultured cells
and the cell lysate were evaluated by Western blotting. WT: wildtype SubAB; S272A: SubAS272AB; A:
SubA; S35A: SubABS35A. β-Actin served as a loading control.
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3.2. Preparation and Characterization of PLGA NPs Modified with Various SubAB Toxins

Poly(D,L-lactide-co-glycolic) acid (PLGA) is a synthetic copolymer composed of lactic
and glycolic acids. PLGA has amphipathic properties because of the lactic acid-derived
hydrophobic crystalline characteristic and glycolic acid-derived hydrophilic amorphous
characteristic. It is degraded by cellular hydrolysis and metabolized by the tricarboxylic
acid cycle, and subsequently eliminated from the body as carbon dioxide and water [46].
PLGA NPs are one of the most characterized biomaterials available for the development of
drug delivery systems in terms of design and performance as a biodegradable micro/nano-
device [47,48]. To expose carboxyl groups outside of the particle, we prepared PLGA
NPs by the single oil-in-water emulsion method in presence of stearic acids (Figure 2a).
TEM observation showed that the PLGA NPs were spherical and dispersed individually
(Figure 2b). The PLGA NPs had an average particle size of 260.7 ± 14.7 nm and a zeta
potential of −32.8 ± 0.32 mV (Table 1 and Figure S2a,b). The observed size of the PLGA
NPs on the TEM grids was smaller than the diameters measured by DLS, which is related
to the different states of the particles during these measurements. In DLS measurement, the
NPs were dispersed in an aqueous solution and therefore swollen [49,50]. Meanwhile, in
TEM observation, the NPs were observed in dry conditions. Thus, the NPs may be shrunk
during the dry process, resulting in a smaller size than that of DLS measurement [51].
Furthermore, DLS measurement is a technique to characterize particle size from the decay
of light scattering as a result of Brownian motion. In the case of a high polydispersity
index, light scattering intensity is strengthened by large particles, meaning that the size of
characterized particle was larger than that of the intrinsic particle [52]. The negative zeta
potential indicated that the carboxyl groups of stearic acid were embedded in the NP surface.
The carboxyl groups of stearic acid were modified by His-tagged WT, A, or S35A through
a Ni2+ chelate complex (Figure 2c). The poly-histidine-tagged (His-tagged) recombinant
protein binds strongly to transition metal chelates such as the Ni(II) nitrilotriacetate (Ni-
NTA) complex at pH 8.0. Protonation of the imidazole nitrogen atom in the histidine
residue (pKa3 = 6.04) and the coordination bond between histidine and transition metal
ions including Ni2+ are disrupted by a pH reduction to 5.0 [53,54]. In a previous study,
macrophage-selective delivery was not achieved by WT-PLGA NPs. WT-PLGA has also
delivered WT to epithelial cells. Thus, to target macrophages, we modified PLGA NPs
through the Ni-NTA complex at pH 8.0 with the His-tagged A and S35A, which has a low
cell-binding activity. The particle size and zeta potential of WT-, A-, and S35A-PLGA NPs
were examined by DLS. As shown in Table 1 and Figure S2c–h, the average size of the
toxin-modified PLGA NPs was approximately 300 nm, and the zeta potential had increased
positively. Theoretically calculated isoelectric point (pI) values of SubAB subunits obtained
by the Compute pI/Mw tool ExPASy (https://web.expasy.org/computepi/) (accessed
on 14 February 2022) were 9.28 (A subunit) and 8.54 (B subunit) in water. These results
suggested that PLGA NPs were successfully modified with toxins via the stearic-acid-based
Ni-NTA complex.

Table 1. Particle size, polydispersity index, and zeta potential of PLGA NPs, WT-PLGA NPs, A-PLGA
NPs, and S35A-PLGA NPs in water.

Size (nm) Polydispersity Index Zeta Potential (mV)

PLGA NPs 260.7 ± 14.7 0.215 ± 0.012 −32.8 ± 0.32
WT-PLGA NPs 303.4 ± 4.9 0.367 ± 0.030 7.09 ± 1.32
A-PLGA NPs 302.5 ± 5.6 0.355 ±0.008 8.89 ± 0.73

S35A-PLGA NPs 302.7 ± 2.3 0.362 ±0.035 3.19 ± 0.15
Data are expressed as means ± S.D. (n = 3).
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Figure 2. Preparation of PLGA NPs and modification with SubAB. (a) Schematic diagram of PLGA
NPs in which stearic acids are anchored on the surface. (b) Transmission electron microscopy image
of PLGA NPs. (c) Schematic diagram of toxin-PLGA NPs in which toxins are anchored on the surface.

To evaluate pH-responsive dissociation of His-tagged SubAB toxins and SubA from
PLGA NPs, we treated WT-, A-, and S35A-PLGA NPs with buffer solutions of different pH
values as indicated in Figure S3. Most His-tagged toxins had dissociated within 1 min at
pH 5.0, but not at pH 7.4 (Figure S3a–d). Recently, functional vesicular systems consisting
of non-ionic surfactants and cholesterol such as niosome have attracted much attention in
the field of drug delivery because of their advantages, such as being capable of entrapping
both hydrophilic and hydrophobic drugs in their aqueous inner core and lipid bilayer,
high stability, biocompatible, biodegradable [55,56]. Niosome is a well-designed bilayer
membrane carrier, but it takes several hours to release the drug [57]. On the other hand, the
release of toxins from PLGA NPs is considerably faster and is expected to have a rapid drug
effect in an acidic environment. Consistent with a previous study [36], these data suggested
that the His-tagged toxins would be released from PLGA NPs in a pH-dependent manner
when taken up by cells and exposed to the acidic environment of endosomes and lysosomes.
This study evaluated the stability of NPs in water (Table 1 and Figure S2) and the release of
toxins under acid conditions (Figure S3). However, in a biological environment containing
blood or plasma, the stability of NPs may change and uncontrolled toxin release may occur.
Therefore, further studies under various biological conditions are needed to better explore
its stability and toxin release.
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3.3. WT- and S35A-PLGA NPs Induce ER Stress and Inhibit iNOS Expression in Macrophages

SubAB cleaves BiP to produce 44 and 28 kDa polypeptides [27]. The cleavage of BiP
induces an ER stress response, leading to expression of CHOP, cleavage of PARP, and
activation of caspases [58–60]. To investigate the effect of toxin-modified PLGA NPs on
J774.1 cells, the cells were incubated for 3, 8, and 20 h with free or toxin-modified PLGA
NPs, followed by detection of BiP cleavage, PARP cleavage, and CHOP expression.

After 3 h of incubation, free WT cleaved BiP, but not free S35A, A, and PLGA NPs
alone. However, WT and S35A-modified PLGA NPs induced BiP cleavage, but not A-PLGA
NPs (Figure 3a,b). PARP was cleaved from 116 kDa to 85 kDa as apoptosis progressed.
Evaluation of PARP cleavage at 8 h revealed more fragments in cells treated with WT, WT-
PLGA NPs, and S35A-PLGA NPs compared with other treatments (Figure 3c,d). Consistent
with the results of BiP and PARP cleavage, CHOP expression at 8 and 20 h was higher
after WT, WT-PLGA NP, and S35A-PLGA NP treatments compared with other treatments.
S35A-PLGA NPs induced a lower level of CHOP expression compared with WT at 8 h, but
the expression was equal to WT at 20 h (Figure 3c,e,f and Figure S4a). In any time period,
A did not induce PARP cleavage or CHOP expression even when modified to PLGA NPs.
Therefore, these results suggest that S35A-PLGA NPs affect macrophages, although it is
slightly less than WT and WT-PLGA NPs.

Previously, we reported that SubAB-mediated ER stress inhibits LPS-induced iNOS
expression by suppressing nuclear translocation of NF-κB [35]. iNOS is an inflammatory
marker, which produces NO from L-arginine as a substrate [61]. The produced NO is
oxidized to nitrite as a stable metabolite [62]. At 20 h of treatment, iNOS and nitrite
generation were quantified by Western blotting and the Griess assay, respectively. S35A-
PLGA NPs inhibited iNOS expression and nitrite production in addition to free WT and WT-
PLGA NPs (Figure 3g–i). Additionally, cell viability assessed by MTT assays after treatment
for 24 h revealed that WT, WT-PLGA NPs, and S35A-PLGA NPs showed cytotoxicity
(Figure S4b).

These results revealed that free S35A did not induce ER stress and suppressed inflam-
mation because it was not taken up by cells. The PLGA NP modification induced S35A
uptake by J774.1 cells, followed by ER stress due to BiP cleavage, and suppressed iNOS
expression and nitrite production in J774.1 cells. However, A-PLGA NPs did not induce ER
stress or BiP cleavage, suggesting that the B subunit of SubAB is important not only for
cell adhesion but also for delivery of the A subunit to the ER. In general, the ER retention
signal sequence, such as KDEL and KKXX-like motif sequences, play a crucial role in the
localization of transmembrane proteins in the ER [63], and the B subunit has the KKNS
sequence at amino acids 128–131. Although S35A has a mutation in serine at position 35 of
the B subunit to alanine, this mutation does not affect the sequence of KKNS. Therefore, WT
and S35A transferred to the ER via KKNS sequences after being taken up by macrophages.

3.4. S35A-PLGA NPs Do Not Induce ER Stress or Cytotoxicity in HeLa Cells

As shown in Figure 3, S35A-PLGA NPs showed anti-inflammatory effects in macrophages.
To develop macrophage-specific delivery, it was necessary to prove that S35A-PLGA NPs
did not enter non-phagocytic cells such as epithelial cells and do not induce ER stress.
Therefore, we used HeLa cells to investigate whether S35A-PLGA NPs induced ER stress in
non-phagocytic cells. Caspase is activated by the ER stress response and is a useful marker
of cell death due to apoptosis [64]. Phosphorylation of eIF2α at Ser51 is induced by various
environmental stresses such as ER and oxidative stresses or amino acid starvation. There
are four types of protein kinases known to phosphorylate eIF2α in mammals, including
PERK, general control nonderepressible-2 (GCN2), heme-regulated inhibitory (HRI), and
protein kinase R (PKR) [65]. PERK activation induces eIF2α phosphorylation, caspase
3 and 7 cleavage, CHOP expression, and PARP cleavage [66–69]. We next evaluated
eIF2α phosphorylation, caspase and PARP cleavage, and CHOP expression to assess the
cytotoxicity of S35A-PLGA NPs
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Figure 3. Induction of ER stress and anti-inflammatory effect by SubAB-PLGA NPs on macrophages.
(a–h) J774.1 cells were treated with or without LPS (100 ng/mL) in the presence or absence of
5 μg/mL toxins and 20 μg/mL PLGA NPs for 3, 8, and 20 h. After incubation, the cells were lysed
in SDS sample buffer and subjected to Western blotting. (a) Evaluation of BiP cleavage at 3 h by
Western blot analysis. (b) Quantification of BiP cleavage by densitometry. (c) Evaluation of cleaved
PARP (cPARP) and CHOP expression at 8 h by Western blot analysis. (d) Quantification of PARP
cleavage by densitometry. (e) Evaluation of CHOP expression at 20 h by Western blot analysis.
(f) Quantification of CHOP expression by densitometry. (g) Evaluation of iNOS expression at 20 h by
Western blot analysis. (h) Quantification of iNOS expression by densitometry. (i) Quantification of
nitrite production by the Griess assay. Data are expressed as means ± S.D. (n = 3). Statistical analyses
were performed using Student’s t-test. ** p < 0.01.
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We evaluated the BiP cleavage, eIF2α phosphorylation, and cleaved caspase 7 at
3 h in HeLa cells (Figure 4a,b). WT and WT-PLGA NPs cleaved BiP, which correlated
with caspase 7 activation and eIF2α phosphorylation. Interestingly, BiP cleavage was not
detected in S35A-PLGA NP-treated HeLa cells (Figure 4a,b and Figure S5a,b). Caspase
7 activation and eIF2α phosphorylation in S35A-PLGA NP-treated cells were lower than
those in WT or WT-PLGA NP-treated cells. At 8 h, PARP cleavage, as well as caspase 3 and
7 activation, were detected in WT or WT-PLGA NP-treated HeLa cells (Figure 4c,d and
Figure S5c,d), but not in cells treated with S35A-PLGA NPs. CHOP expression induced
by S35A-PLGA NPs was hardly detected compared with WT or WT-PLGA NP treatments,
suggesting that ER stress did not occur in HeLa cells (Figure 4e,f). Consistent with these
results, WT and WT-PLGA, but not S35A-PLGA NPs, caused cell death after 24 h of
treatment (Figure S5e). ER stress mediated by activation of the PERK-eIF2α pathway is
important as the main cell death mechanism induced by SubAB [70]. SubAB inhibits protein
synthesis through eIF2α phosphorylation and caspase 3/7 activation and fragmentation,
followed by apoptosis [71,72]. Notably, S35A-PLGA NPs showed lower activation of these
factors than WT-PLGA NPs in HeLa cells. By summarizing the results from Figure 3,
Figure 4, Figures S4 and S5, our data suggested that S35A-PLGA NPs induce ER stress and
cytotoxicity in macrophages through activation of these cell death mechanisms, but not in
endothelial cells.

3.5. S35A-PLGA NPs Specifically Enter Macrophages, but Not Epithelial Cells

To examine the cellular uptake of PLGA NPs by RAW264.7 and HeLa cells, we synthe-
sized FITC-labeled PLGA NPs and then modified them with WT or S35A. The intracellular
localization of these fluorescent PLGA NPs was evaluated by fluorescence microscopy
and a fluorescence microplate reader. Fluorescence images revealed that FITC-labeled
PLGA NPs were taken up by macrophages regardless of the toxin type (Figure 5a). Ad-
ditionally, evaluation of PLGA NP uptake by the fluorescence microplate reader revealed
no significant difference in the uptake by RAW264.7 cells of any of the NPs (Figure 5b).
However, WT-PLGA NPs were taken up and HF555-WT was detected in HeLa cells, but
not PLGA NPs alone or S35A-PLGA NPs (Figure 5c). The fluorescence intensity read by
the microplate reader showed that S35A-PLGA NPs did not enter HeLa cells (Figure 5d).
These data suggested that S35A-PLGA specifically targets macrophages. In addition to
macrophages, S35A-PLGA NPs have the potential to target neutrophils and dendritic cells
that have a phagocytic activity.
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Figure 4. Induction of ER stress and cytotoxicity by SubAB-PLGA NPs in HeLa cells. (a–f) HeLa cells
were treated with or without 5 μg/mL toxins and 20 μg/mL toxin-PLGA NPs for 3, 8, and 20 h. After
treatment, the cells were lysed in SDS sample buffer and subjected to Western blotting. cCas7, cleaved
caspase 7; cCas3, cleaved caspase 3; cPARP, cleaved PARP. (a) Evaluation of BiP cleavage, caspase
7 activation, and eIF2 phosphorylation at 3 h. (b) Quantification of BiP cleavage by densitometry.
(c) Evaluation of PARP cleavage, and caspase 3 and 7 activation at 8 h. (d) Quantification of PARP
cleavage by densitometry. (e) Evaluation of CHOP expression at 20 h. (f) Quantification of CHOP
expression by densitometry. Data are expressed as means ± S.D. (n = 3). Statistical analyses were
performed using Student’s t-test. n.s., not significant. * p < 0.05, ** p < 0.01.
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Figure 5. Uptake of SubAB-PLGA NPs by RAW264.7 and HeLa cells. RAW264.7 (a,b) and HeLa (c,d)
cells were treated with 5 μg/mL FITC-labeled PLGA NPs modified with or without HF555-labeled
WT or S35A. After incubation for 20 h, intracellular localization of fluorescent dye-labeled PLGA NPs
and toxins was analyzed by fluorescence microscopy (a,c) and a fluorescence microplate reader (b,d).
Scale bars: 10 μm. Data are expressed as means ± S.D. (n = 3). Statistical analyses were performed
using Student’s t-test. n.s., not significant. * p < 0.05, ** p < 0.01.
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WT-PLGA NPs exert a higher effect on macrophages than free SubAB at low con-
centrations [36]. It has been considered that this may be due to uptake of PLAGA NPs
via phagocytosis caused by the entry of SubAB through other pathways or promotion
of the normal pathway, including endocytosis or a macropinocytosis-like mechanism.
However, WT-PLGA NPs showed cytotoxicity in HeLa cells (Figure S5e), which are non-
phagocytic epithelial cells. SubAB enters HeLa cells via an actin/lipid-raft-dependent
macropinocytosis-like uptake pathway [26]. The B subunit binds to sialoglycan which
mainly has N-glycolylneuraminic acid as a sialic acid [43]. S35A is a synthetic mutant in
which the 35th serine (S35) of the B subunit is replaced with alanine, but the BiP cleav-
age ability of the A subunit and ER retention signal sequence of the B subunit are active.
Although the entry of S35A into cells was reduced, if taken up, it was transported to the
ER, cleaved BiP (Figure 1c), and induced ER stress in macrophages (Figure 3). These data
indicated that S35 is responsible for the binding activity of the B subunit. By focusing on
this property, we conceived delivery using the phagocytosis of PLGA NPs by macrophages.
In fact, S35A was not incorporated as a free toxin, but S35A-PLGA NPs were taken up
by macrophages (Figure 5a), leading to ER stress and anti-inflammatory effects (Figure 3).
As expected, S35A-PLGA NPs did not enter HeLa cells (Figure 5b) and produced nei-
ther ER stress nor cytotoxicity. Interestingly, we achieved specific delivery of S35A to the
macrophage ER by targeting the uptake with PLGA NP. Previous KO cell screening using
the CRISPR/Cas9 gRNA library has demonstrated that KDEL receptors 1 and 2 are impor-
tant host factors for SubAB toxicity [41]. Cell death is attenuated in KDELR1 and 2 KO cells,
suggesting that the ER retention KKNS sequence in the C-terminal of the SubAB B subunit
contributes to the localization of the ER and the cytotoxicity of SubAB. S35A reached the
ER via this sequence, but SubA was unable to suppress macrophage inflammation even
when modified with PLGA NPs. As SubA does not have an ER retention KKNS sequence,
these results suggest that SubA cannot reach the ER even if this subunit enters the cell with
PLGA NPs. Our observation raises the possibility that PLGA NPs modified with SubB
containing an ER retention signal sequence could deliver a reagent of interest to the ER of
phagocytic cells. By modifying proteins or peptides with organelle-targeting sequences,
our system may deliver substances to various organelles such as nuclei and mitochondria.
The ER and Golgi pathways play important roles in the post-translational modification
and maturation of synthesized proteins. In particular, the ER is an essential organelle for
redox regulation of disulfide bond formation and sugar chain modification, and enzymes
that mediate these maturation processes are mainly abundant in the ER. In the future, it
is expected that this technology will be applied to DDSs that target organelles, leading to
the development of treatment strategies for many diseases such as infectious diseases and
cancer as well as inflammation.

4. Conclusions

In this study, we established a macrophage-specific delivery system using site-directed
mutagenesis of bacterial toxins and PLGA NP modification. SubABS35A (S35A), which
has a mutated serine residue (S35) of the B subunit to reduce cell-binding activity [23,43],
was not taken up by cells without the PLGA modification. However, S35A-PLGA NPs
were efficiently taken up by J774.1 cells and suppressed inflammation. S35A-PLGA NPs
were hardly taken up by HeLa cells and did not show toxicity, suggesting that S35A
PLGA NPs do not have a non-specific effect on epithelial cells. Additionally, PLGA NPs
conjugated with His-tagged S35A via the Ni-NTA complex resulted in rapid dissociation
of S35A from PLGA NPs at a low pH, which was similar to the results observed in our
previous study. This suggests that S35A is efficiently released from NPs by intracellular
acidification during cellular trafficking after phagocytosis. Our well-designed DDS has
achieved macrophage-specific delivery of anti-inflammatory toxins and it is exerting their
effects in the ER. S35A-PLGA NPs are nano-sized materials that are biodegradable and
expected to be an anti-inflammatory nanomaterial with low side effects. However, further
confirmation of the stability of PLGA NPs and the release of toxins from NPs under
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biological conditions is necessary in future studies. Toxins from various microorganisms
are bioactive and act specifically on the target molecule in the host. Many toxins have
useful functions, such as anti-inflammatory, anti-cancer, and immune-potentiating effects,
to support bacterial survival and transmission. Therefore, such bioactive toxins could be
applied as new therapeutic agents without side effects if their binding activity and cellular
uptake are regulated by modification with NP. These results are also expected to be applied
to organelle-specific delivery of drugs and therapeutic strategies for autoimmune diseases,
infection, and cancer. This study has been limited to experiments using cultured cells,
especially mouse macrophages. In the future, we would like to establish a therapeutic
treatment for mouse inflammation models and an experimental system using human NO-
producing cells and a co-culture system consisting of macrophages and epithelial cells, and
evaluate the potential of anti-inflammatory NPs for clinical application.
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Nebojsa Pantelic

Received: 28 April 2022

Accepted: 19 May 2022

Published: 30 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Strong and Elastic Hydrogels from Dual-Crosslinked
Composites Composed of Glycol Chitosan and
Amino-Functionalized Bioactive Glass Nanoparticles

Qing Min 1,†, Congcong Wang 2,†, Yuchen Zhang 1, Danlei Tian 2, Ying Wan 2,* and Jiliang Wu 1,*

1 School of Pharmacy, Hubei University of Science and Technology, Xianning 437100, China;
baimin0628@hbust.edu.cn (Q.M.); zhangych@hbust.edu.cn (Y.Z.)

2 College of Life Science and Technology, Huazhong University of Science and Technology,
Wuhan 430074, China; congcongwang@hust.edu.cn (C.W.); tiandanlei@hust.edu.cn (D.T.)

* Correspondence: ying_wan@hust.edu.cn (Y.W.); jlwu@hbust.edu.cn (J.W.)
† These authors contributed equally to this work.

Abstract: Mesoporous bioactive glass (BG) nanoparticles (NPs) with a high specific surface area were
prepared. The surfaces of BG NPs were further modified using an amino-containing compound
or synthesized precursors to produce three kinds of amino-functionalized bioactive glass (ABG)
NPs via devised synthetic routes. The achieved ABG NPs possessed various spacer lengths with
free amino groups anchored at the end of the spacer. These ABG NPs were then combined with
glycol chitosan (GCH) to construct single- or dual-crosslinked ABG/GCH composite hydrogels
using genipin (GN) alone as a single crosslinker or a combination of GN and poly(ethylene glycol)
diglycidyl ether (PEGDE) as dual crosslinkers. The spacer length of ABG NPs was found to impose
significant effects on the strength and elasticity of GN-crosslinked ABG/GCH hydrogels. After being
dually crosslinked with GN and PEGDE, the elastic modulus of some dual-crosslinked ABG/GCH
hydrogels reached around 6.9 kPa or higher with their yielding strains larger than 60%, indicative of
their strong and elastic features. The optimally achieved ABG/GCH hydrogels were injectable with
tunable gelation time, and also able to support the growth of seeded MC3T3-E1 cells and specific
matrix deposition. These results suggest that the dual-crosslinked ABG/GCH hydrogels have the
potential for some applications in tissue engineering.

Keywords: dual-crosslinked hydrogel; glycol chitosan; bioactive glass nanoparticles; amino functionalization;
strength and elasticity

1. Introduction

Injectable hydrogels have drawn a lot of attention in tissue engineering applications
over the last decade due to their several advantages, such as a minimally invasive injec-
tion procedure, the in situ formation of self-supporting objects and convenient filling of
complex tissue defects with arbitrary shapes [1,2]. In addition to these, they can serve as
injectable carriers for delivering cells, therapeutic drugs and bioactive molecules because
they have highly interconnected porous structures with a large amount of water reten-
tion as well as good permeability, which is particularly conducive to the easy transport
of nutrients and metabolites, and, in turn, beneficial for the cell-involved tissue repair
and reconstruction [2–4]. Nowadays, many kinds of naturally sourced polymers, majorly
including collagen, gelatin, silk fibroin, chitosan (CH), dextran, alginate and hyaluronic
acid, have been extensively used in the form of hydrogels since they usually show good
biocompatibility, easy biodegradation and better biomedical performance than other types
of hydrogels made from synthetic polymers [1–7].

Among the mentioned natural polymers, CH is recognized as a versatile biomate-
rial and has been broadly investigated for hydrogel applications due to its meritorious
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properties, including biodegradability, nontoxicity, nonantigenicity, anti-microbial activity,
adherence, cell affinity and a broad range of abilities for chemical modification through its
amino at the C-2 sites or hydroxyl groups at the C-6 sites [8,9]. In particular, CH molecules
have a chemical structure highly similar to glycosaminoglycans (GAGs) that commonly
exist in the extracellular matrix (ECM) of different types of human tissues. These advan-
tages of CH have made it a preferable biomaterial for a large variety of applications in
tissue repair and regeneration [8,10]. To date, many types of CH-based hydrogels have
been developed via various physical or chemical methods and they have been widely
utilized for the repair and regeneration of injured skin, nerve, cartilage and bone [8,9,11].
Despite the wide-ranging usability, the hydrogels based on innate CH often show poor
mechanical properties such as fragility and insufficient strength, limiting their applications
to some extent.

In the case of bone repair and regeneration, the applicable hydrogels need to have
the ability to build a strong and elastic microenvironment for housing cells because the
mechanical properties of the hydrogels applied can markedly modulate the growth be-
havior of the cells encapsulated in or migrating from the periphery of injured tissue and,
concomitantly, exert a strong effect on the remodeling of the neonatal tissues. Nowadays, it
is generally recognized that a mechanically poor hydrogel would usually result in inferior
outcomes if it is used in the repair and regeneration of some skeletal tissues, such as bone
or articular cartilage [12,13]. Accordingly, how to endow a hydrogel with high strength
and good elasticity as well as sufficient safety is always an important issue that needs to be
addressed if it is intended for use in bone repair.

A large number of studies have suggested that a dual or multiple network polymer
hydrogel could be substantially strengthened in terms of its three-dimensional (3D) stabil-
ity, mechanical performance and degradation tolerance through interactions such as the
mutual restriction of networks, chain entanglement and intermolecular interactions when
compared to a single network gel [14–16]. Hence, it can be envisaged that a strong and
elastic CH-based composite hydrogel with the potential for use in bone repair could be
developed, provided that some other suitable components are employed while the resulting
composite hydrogel is effectively crosslinked using suitable crosslinkers. In addition to the
employment of strong and elastic hydrogels for housing cells in bone repair, the incorpo-
ration of certain osteogenic ingredients into the gels is one of the practicable strategies to
promote bone repair [3,17]. Various kinds of inorganic biomaterials such as hydroxyapatite,
beta-tricalcium phosphate and bioactive glass (BG) have been widely investigated for use in
bone repair. Of them, BG nanoparticles (NPs) have two specific advantages in bone repair:
(1) they can firmly bond to bone tissue in the defect and transform into hydroxyapatite-like
layers under the action of physiological fluids [3,17,18], and (2) their bioactive dissolution
products such as Si and Ca ions have the capability for osteogenic stimulation [17,18].
Nevertheless, it is generally difficult to build a strong and elastic composite hydrogel by
simply mixing CH and BG NPs while crosslinking the resulting mixture because BG NPs
only contain hydroxyl groups on their surface and these hydroxyl groups are difficult to use
for crosslinking with CH. Hence, new strategies for effectively crosslinking BG NPs with
CH need to be explored for constructing strong and elastic BG/CH composite hydrogels if
the resulting gels are intended for use in bone repair.

With these considerations in mind, in this study, an effort was made to develop a
new type of injectable composite hydrogel using glycol chitosan (GCH), a water-soluble
derivative of CH, and amino-functionalized bioactive glass (ABG) NPs while employing
genipin (GN) as a single crosslinker or a combination of GN and poly(ethylene glycol)
diglycidyl ether (PEGDE) as dual crosslinkers. Mesoporous BG NPs with a high specific sur-
face area were first prepared, and their surfaces were modified using an amino-containing
compound or synthesized precursors to produce three kinds of ABG NPs via newly de-
signed synthetic routes. These ABG NPs were endowed with different spacers with varying
spacer lengths and the free amino groups were anchored at the end of the spacer. ABG
NPs were then combined with GCH to construct single or dual-crosslinked ABG/GCH
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composite hydrogels. GN, a natural product that is derived from the fruits of the Gardenia
jasminoides plant, was selected as an amino-associated crosslinker due to its much higher
safety when compared to many other kinds of crosslinkers suited for crosslinking amino
groups [8,19,20]. PEGDE was employed as another crosslinker considering that its epoxy
groups have reactivity toward amino and hydroxyl groups while showing much faster
reaction rates compared to GN. Some optimally constructed ABG/GCH gels were found
to exhibit mechanically strong and elastic characteristics with well-defined injectability
and tunable gelation time. They were able to support the growth of seeded MC3T3-E1
cells and specific matrix deposition. All these results suggest that the presently developed
ABG/GCH composite gels could find a new avenue for potential application in bone tissue
engineering.

2. Materials and Methods

2.1. Materials

GCH (degree of polymerization ≥ 400), GN and PEGDE (Mn of PEG: 2000) were
purchased from Sigma-Aldrich (Shanghai, China). Cetyltrimethylammonium bromide
(CTAB), tetraethyl orthosilicate (TEOS), 3-(aminopropyl)triethoxysilane (APTES), diethylen-
etriamine (DETA), 3-chloropropyldimethylmethoxysilane (CPDMMS) and pentaethylene-
hexamine (PEHA) were supplied by Aladdin Inc. (Shanghai, China). Other chemicals were
of analytical grade and purchased from Sinopharm (Shanghai, China).

2.2. Synthesis of Bioglass Nanoparticles

BG NPs were synthesized following a reported method with some modification [21].
In a typical process, 0.5 g of CTAB was dissolved in a mixed solution composed of 70 mL
of deionized water, 0.8 mL of aqueous ammonia, 5 mL of ethyl ether, and 10 mL of ethanol,
and the resulting mixture was vigorously stirred for 30 min. To this mixture, 2.5 mL of
TEOS was added with additional stirring for 30 min, followed by the addition of 0.47 g of
calcium nitrate (Ca(NO3)2·4H2O). The mixture was allowed to react with stirring for 6 h at
room temperature. The resulting sediment was collected by centrifugation at 10,000 rpm
for 5 min, washed with ethanol three times first, and then with deionized water repeatedly.
The obtained BG NPs were dried at 70 ◦C for 24 h. The ground powder was heated up
to 550 ◦C at a rate of 2 ◦C/min to remove organic residues. CaO/SiO2 molar ratio for the
prepared BG NPs was measured to be around 0.14 from their energy dispersive spectra.

2.3. Amino Functionalization of Bioglass Nanoparticles

Three kinds of ABG NPs were prepared via different synthetic routes. BG NPs were
directly reacted with APTES in dry toluene to produce a kind of ABG NP (denoted ABG-1
NPs) using a method similar to that described in the literature [22]. Two other kinds of
ABG NPs were prepared as follows. In brief, a given amount of DETA was dissolved
in 5 mL of anhydrous ethanol, in presence of CPDMMS and triethylamine, with stirring
for 1 h to produce a precursor. After that, a suspension of BG NPs in ethanol (0.2 wt%)
was added to the system containing the precursor with stirring at reflux for 24 h. The
product was recovered by centrifugation, washed with anhydrous ethanol repeatedly and
dried at 120 ◦C to achieve the second kind of ABG NP (denoted ABG-2 NPs). The third
kind of ABG NP, denoted ABG-3 NPs, was prepared using the same method except that
DETA was replaced by PEHA. A schematic illustration for the synthesis of BG NPs and
three kinds of ABG NPs with varied spacer lengths is presented in Figure 1. The feed ratios
of BG NPs to the amino-containing compound or other compounds were optimized using
the orthogonal design method to ensure that three kinds of ABG NPs had similar amino
amounts but varied spacer lengths. The amino content of these ABG NPs was detected by
the ninhydrin assay [23].
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(a) 

 
(b) 

Figure 1. Scheme for synthesis of BG NPs (a) and different kinds of ABG NPs (b) with varied
spacer lengths.

2.4. Characterization

NPs were viewed with a transmission electron microscope (TEM, Tecnai, FEI, Hills-
boro, OR, USA) to identify their morphology, size and dispersity. A dynamic light scattering
instrument (Nano-ZS90, Malvern, Worcestershire, UK) was used to detect the hydrody-
namic size and zeta (ζ) potential of NPs. Energy dispersive X-ray (EDX) spectra of NPs
were detected during scanning electron microscopy (SEM, Quanta, FEI, Eindhoven, The
Netherlands). For the measurements of isotherms and pore-size distributions, NPs were
first dried in a vacuum oven at 100 ◦C for 12 h before loading into the sample chamber of the
surface area and pore size analyzer (ASAP 2020 Plus, Micromeritics, Norcross, GA, USA).
After being degassed at 120 ◦C for 24 h, the volume of nitrogen adsorption–desorption was
measured at different pressures. The specific surface areas of NPs were determined using
the BET method, and their pore size and volume were calculated with the BJH method.

2.5. Preparation of Hydrogels

GCH solutions with varying concentrations were prepared by dissolving GCH in
deionized water. Three kinds of ABG NPs were dispersed in deionized water to produce
their respective suspensions. A series of composite solutions with formulated compositions
were prepared by mixing the selected GCH solution, ABG suspension and GN solution
together. The prepared composite solutions were then introduced into different vials, and
incubated at 37 ◦C for 12 h to produce the single-crosslinked gels.

In the case of dual-crosslinked ABG/GCH gel preparation, PEGDE was added to
the above prepared composite solutions to serve as another crosslinker. The obtained
composite solutions were also introduced into different vials and the vials were incubated
at 37 ◦C for varied periods. Gelation time for dual-crosslinked gels was determined using a
tube-inverting method. In a typical process, one of the preparatory composite solutions
was introduced into a vial, and the vial was placed in an ice/water bath with stirring for
5 min before incubation. Once the incubation of the vial in the water bath (37 ◦C) began, the
fluidity of the solution in the vial was regularly checked, and gelation time was recorded
starting from the time point for the vial incubation and ending at the moment when the
solution stopped flowing.
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2.6. Rheological Measurements

A rheometer (Kinexus Pro KNX2100, Southborough, MA, USA) was used for rheologi-
cal measurements. Frequency sweep spectra for elastic modulus (G′) and viscous modulus
(G′′) of gel samples were detected in a frequency range between 0.1 and 100 Hz at 37 ◦C and
a constant strain of 1%. Concerning strain sweep spectra, G′ and G′′ of gels were detected
by setting the temperature at 37 ◦C and frequency at 1 Hz, respectively. Shear viscosity
measurement was conducted in a shear rate range between 0.1 and 100 s−1 at 25 ◦C using
liquid samples.

2.7. Cell Culture

An osteoblast-like cell line (MC3T3-E1) was procured from the Type Culture Collection
of the Chinese Academy of Sciences and used to evaluate the gel potential in supporting the
cell growth. The purchased cells were expanded by culturing them in the α-MEM medium
that contains fetal bovine serum (10%), penicillin (1%) and streptomycin (1%) in a 5% CO2
humidified atmosphere at 37 ◦C with medium changes every two days. The harvested cells
were resuspended in PBS and used for subsequent experiments.

Cell proliferation was assessed by measuring the DNA content in cell–gel constructs.
In a typical procedure, the selected composite solutions were sterilized by introducing
them into different glass dishes to form their respective thin layers, and these dishes were
irradiated by UV light at 4 ◦C for a required period of time. Afterward, an aliquot of the
sterilized solution was placed in a sterile petri dish and mixed with a given volume of
medium containing MC3T3-E1 cells to produce a mixture. The cell-containing mixture was
loaded into 24-well culture dishes at a designated volume of 200 μL per well and incubated
at 37 ◦C for gelling. The formed gels were then cultured with a complete medium for 7 days
with medium changes every 2 days. At predetermined time intervals, gel samples were
withdrawn, washed with PBS and crushed into powder in liquid nitrogen. The powder
samples were then cultured with a solution containing proteinase K at 55 ◦C for 48 h to
digest proteins in the powder samples. The supernatant matching with each sample was
collected by centrifugation, and then subjected to DNA content determination using a
Quant-iT PicoGreen dsDNA kit (Invitrogen) following the manufacturer’s instructions.
Two-dimensional cell culture was used as a control (named 2D-control) [24].

The selected cell–gel constructs were detected using a live/dead staining method to
examine the viability of the seeded cells. Typically, the above prepared cell-containing
mixture was loaded into confocal dishes and incubated at 37 ◦C for gelling. After 3 and
7 days of incubation, the cell–gel constructs were washed with PBS and then cultured with
a serum-free medium containing calcein acetoxymethyl ester and propidium iodide in the
dark for cell staining. After washing with PBS, the gels were immediately imaged using a
confocal microscope (LSM 510 META, Zeiss, Shanghai, China).

The activity of alkaline phosphatase (ALP) of the seeded cells and the amount of
cell-synthesized type-I collagen were quantitatively measured, respectively. The above
prepared cell–gel constructs were cultured in the complete medium for various durations
up to 14 days, and at prescribed time points, they were washed with PBS, crushed and
lysed in the lysis buffer at 4 ◦C. The collected supernatants were then assayed with an
ALP kit (Beyotime, Shanghai, China) and a collagen type I ELISA kit (Biological, Salem,
MA, USA), respectively. The amount of total protein content in cell–gel constructs was also
assayed with a bicinchoninic acid protein kit (Beyotime, China).

2.8. Statistical Analysis

Data were shown as means ± standard deviation. Statistical difference between
two groups was determined using Student’s t-test, and multiple comparisons were made
using one-way analysis of variance. A p-value < 0.05 was considered statistically significant.
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3. Results and Discussion

3.1. Characterization of Bioglass Nanoparticles

BG NPs with a high specific surface area were first synthesized under optimized
conditions, intending to achieve higher surface amino substitution in subsequent chemical
modification. The inserted TEM image in Figure 2a shows that BG NPs were approximately
spherical with highly porous morphology. Their size varied from around 140 to 400 nm and
exhibited a nearly symmetrical size distribution. The recorded N2 adsorption–desorption
isotherm for BG NPs (Figure 2b) signifies that they had a typical hysteresis loop with the
inception turning point of around 0.57 (p/p0), indicative of the presence of mesoporous
pores inside these BG NPs [25]. The pore-size distribution in Figure 2c exhibits that most
of the pores in BG NPs were about 5 nm in size, and a small percentage of pores had a
size notably larger than 5 nm. Oxygen, silicon and calcium elements were detected from
the EDX spectrum of BG NPs (Figure 2d). Based on the data shown in Figure 2d, the
presently synthesized BG NPs were estimated to contain 88 mol% SiO2 and 12 mol% CaO,
respectively. Several sets of BG NPs were measured to determine their specific surface
area, pore volume, pore size, ζ-potential and hydrodynamic size; relevant parameters are
provided in Table 1.

  
(a) (b) 

  
(c) (d) 

Figure 2. Size distribution with inserted TEM micrograph (a), nitrogen adsorption–desorption
isotherm (b), pore-size distribution (c) and EDX spectrum (d) for BG NPs.
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Table 1. Parameters for different kinds of nanoparticles.

Sample
Name

Surface Area
(m2/g)

Pore Volume
(mL/g)

Pore Size
(nm)

ζ-Potential
(mV)

Particle
Size (nm)

Content of Amino Groups
(mmol/g)

BG 794.4 ± 63.2 1.03 ± 0.09 4.94 ± 0.21 −12.8 ± 0.81 251.6 ± 10.8 −
ABG-1 462.1 ± 31.7 0.81 ± 0.06 4.06 ± 0.17 27.3 ± 1.27 279.9 ± 17.5 0.426 ± 0.031
ABG-2 445.4 ± 27.4 0.74 ± 0.07 3.74 ± 0.13 26.7 ± 1.32 298.1 ± 20.7 0.407 ± 0.046
ABG-3 417.8 ± 23.1 0.68 ± 0.05 3.38 ± 0.15 26.4 ± 1.49 314.4 ± 21.1 0.386 ± 0.042

Three kinds of ABG NPs were produced through different synthetic routes. ABG-1
NPs were prepared via a condensation reaction between ethoxy groups in APTES and
hydroxyl groups on the surface of BG NPs. Thus, free amino groups of APTES were exposed
on the surface of ABG-1 NPs and connected to Si atoms by the spacer containing four chain
units, as shown in Figure 1. With respect to ABG-2 and ABG-3 NPs, they were prepared by
reacting BG NPs with different precursors. One of the precursors was synthesized via the
reaction between CPDMMS and DETA, and the other was obtained by reacting CPDMMS
with PEHA. Based on the presently designed synthetic routes, ABG-2 and ABG-3 NPs had
notably longer spacer lengths in comparison to ABG-1 NPs. The spacer for ABG-2 NPs
consisted of 10 chain units from the free terminal amino group to the surface Si atom of
ABG-2 NPs, and, correspondingly, the spacer for ABG-3 NPs contained 19 chain units, as
illustrated in Figure 1. Theoretically, it seems that the precursor with longer spacers can be
synthesized following the current method. Our tentative preliminary experiments showed
that if a diamino-terminal linear molecule with a longer chain length was used to synthesize
the intended precursor, the obtained product would likely contain more by-products and
these by-products were difficult to remove. Therefore, the spacer length for these ABG NPs
was controlled at 19 chain units or lower.

Several representative TEM micrographs for three kinds of ABG NPs are shown in
Figure 3. These ABG NPs were still approximately spherical with porous morphologies and
well-defined dispersity; their size distribution intervals became wider but the distribution
curves showed better symmetry in comparison to BG NPs. Many sets of specimens for each
kind of ABG NP were subject to the assigned measurements, and obtained parameters for
them are also summarized in Table 1. It can be noticed that these ABG NPs had a smaller
specific surface area, pore volume and pore size but a larger particle size, and, in particular,
positive ζ-potential when compared to BG NPs. As described in the experimental section,
ABG NPs were produced by modifying BG NPs with an amino-containing compound or
two kinds of precursors. Since BG NPs are highly porous with a hydroxyl group-exposed
surface, the compound or precursors employed would thus react with the hydroxyl groups
on the surface of pores inside the BG NPs in addition to their reaction with the hydroxyl
groups on the surface of BG NPs, which would thus lead to decreases in the specific surface
area, pore volume and pore size for ABG NPs. The three kinds of ABG NPs had similar
ζ-potentials, indirectly suggesting that the amount of amino groups exposed on their
surfaces would be similar. Quantitative measurements further confirmed that their surface
contained about 0.4 mmol/g amino groups without significant difference (Table 1).

It is known that the hydroxyl group-exposed surface of BG NPs generally makes
their ζ-potential negative. After modifying the BG NPs with the selected compound and
synthesized precursors with free amino groups situated at the end of their spacers, these
free amino groups will thus be exposed on the surface of ABG NPs, and, meanwhile,
these amino groups are connected to the NPs by different spacers with varying lengths
(Figure 1). As a result, ABG NPs attain positive ζ-potential and an enlarged hydrodynamic
size compared to BG NPs.
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(a) (b) 

  
(c) (d) 

Figure 3. TEM micrographs for ABG-1 (a), ABG-2 (b) and ABG-3 (c) NPs as well as their size
distributions (d).

3.2. Single-Crosslinked Hydrogels

Three kinds of ABG NPs were combined with GCH to prepare single-crosslinked
ABG/GCH composite gels using GN only as the crosslinker. The compositional proportions
and frequency sweep spectra for the resulting gels are provided in Table 2 and Figure 4,
respectively. The applied amount of GN was already preset to a level of no more than
0.2% for effectively crosslinking these gels while endowing them with sufficient safety. The
frequency sweep spectrum of the GL-1 gel in Figure 4a exhibits that the G′ value in the linear
viscoelastic region (LVR) was around 800 Pa, meaning that the GL-1 gel is mechanically
weak [26]. GL-2, GL-3 and G-4 gels that were incorporated with varied amounts of ABG-1
NPs showed much higher G′ compared to the GL-1 gel, and the G′ values of these gels
in the LVR remarkably increased with an increasing amount of ABG-1 NPs. Although
an amount of ABG-1 NPs higher than 2 (w/v)% can also be incorporated into these gels,
the resulting composite solutions were found to be inconducive for injectable applications
due to their increased viscosity. Accordingly, the amount of ABG-1 NPs incorporated was
controlled at 2 (w/v)% or lower. As shown in Table 2, GL-4, GL-5 and G-6 gels were built by
combining GCH with different kinds of ABG NPs having various spacer lengths, and their
frequency sweep spectra exhibit that these gels had their G′ values in the LVR much higher
than those of others. To quantitatively compare the gels enumerated in Table 2, many sets
of gel samples were measured to determine their G′ and G′′ at 1 Hz, and the relevant results
are depicted in Figure 4c,d. In principle, the magnitude of G′ and the G′/G′′ ratio can be
used together to assess the strength of the hydrogel [26,27]. In general, a mechanically
strong hydrogel has large G′, and, conjointly, its G′ is one order or even two orders of
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magnitude greater than its G′′ [26,28,29]. The bar graphs in Figure 4c,d explicate that
GL-i (i = 2, 3, 4, 5 and 6) gels had their respective G′ values of about 1.4, 2.2, 2.6, 2.9 and
2.9 kPa, respectively, with matched G′/G′′ ratios of around 19.3, 23.1, 20.7, 21.6 and 20.6,
respectively. Among these gels, GL-3, GL-4, GL-5 and GL-6 gels can be considered to have
mechanically strong characteristics because their G′ values are larger than 2 kPa and the
corresponding G′/G′′ ratio is higher than 20. It can also be noticed that GL-5 and GL-6
gels showed significantly larger G′ compared to GL-4 gel. Taking into consideration the
difference in ABG NPs employed for producing GL-4, GL-5 and GL-6 gels (Tables 1 and 2),
it can be concluded that the ABG NPs with a longer spacer length can serve as a better
component for enhancing the strength of the resulting composite gels.

Table 2. Parameters for single-crosslinked hydrogels.

Sample Name GCH (w/v%) ABG-1 (w/v%) ABG-2 (w/v%) ABG-3 (w/v%) GN (w/v%)

GL-1 (a) 2.5 − − − 0.2
GL-2 2.5 1 − − 0.2
GL-3 2.5 1.5 − − 0.2
GL-4 2.5 2.0 − − 0.2
GL-5 2.5 − 2.0 − 0.2
GL-6 2.5 − − 2.0 0.2

(a) This gel was used as control.

  
(a) (b) 

  
(c) (d) 

Figure 4. Frequency-dependent variations in G′ (a) and G′′ (b) as well as average values of G′ (c) and
G′′ (d) at 1 Hz for gels illustrated in Table 2 (*, p < 0.05; **, p < 0.01; ***, p < 0.001; N.S., not significant).
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The strain dependency of G′ and G′′ is often used as an indicator to assess the elasticity
of hydrogels [26,28]. In most cases, the strain sweep spectrum of a hydrogel has a crossover
point at which G′ is equal to G′′, commonly called the yielding strain. Starting from the
yielding strain, the increasing strain of the gel will not be in phase with the applied stress,
and G′ of the gel will drop down rapidly, which connotes the occurrence of disruption of
the 3D network in the gel [26,28]. Figure 5 presents several plots of G′ and G′′ versus the
strain for different gels illustrated in Table 2. GL-1, GL-2, GL-3 and GL-4 gels were seen
to have yielding strains of around 20% or slightly higher without significant differences,
suggesting that they are inelastic. GL-5 and GL-6 gels showed significantly larger yielding
strains than other gels, manifesting that these gels gain certain elasticity.

  
(a) (b) 

Figure 5. Strain sweep spectra (a) and average yielding strain (b) for gels illustrated in Table 2
(*, p < 0.05; **, p < 0.01; N.S., not significant).

As shown in Table 2, GL-4, GL-5 and GL-6 gels were built in the same proportions, but
they differed from each other in the ABG NPs incorporated. The bar graphs in Figure 5b
propose that the ABG NPs with a longer spacer length can endow the resulting composite
gels with significantly improved elasticity.

3.3. Dual-Crosslinked Hydrogels

In general, an injectable gel needs a suitable gelation time so that it has good fluidity
before injection and, on the other hand, is able to solidify into a self-supporting object
within a rational time interval after injection [30]. It is known that GN-involved crosslinking
reactions are time-consuming and the gelation time for GN-crosslinked CH hydrogels is
usually long [31,32]. In the present instance, the prepared solutions with their formulations
shown in Table 2 were estimated to take more than 2 h at 37 ◦C to become nonflowing,
and thereafter, they also needed a long time to form well-solidified gels. The long gelation
time for the GN-only crosslinked gels makes them unsuitable for certain in situ gelling
applications where fast gelatinization is needed. In addition, the stronger single-crosslinked
gels, namely GL-5 and GL-6, only have their G′ values close to 3kPa, which still requires a
significant improvement in strength if they are intended for use in bone repair. Considering
that GL-6 gel is similar to GL-5 gel in G′ value (Figure 4c) but shows a significantly larger
yielding strain (Figure 5b) than GL-5 gel, the GL-6 gel was thus selected for the preparation
and subsequent investigation of dual-crosslinked gels.

PEGDE was employed as another crosslinker due to the high reactivity of the diepoxy
groups in PEGDE toward amino and hydroxyl groups [33,34], which could yield multiple
networks in the resulting gels when used together with GN and, in turn, impart the
heightened strength and enlarged elasticity to the resulting gels. To ensure the adequate
safety of composite gels, in the present study, the PEGDE dosage was controlled to a level
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of 0.03 w/v% or lower. The compositional proportions, gelation time and some rheological
measurement results for the dual-crosslinked gels are provided in Table 3 and Figure 6,
respectively. Data in Table 3 reveal that the gelation time for these gels was measured to be
from a few minutes to about 10 min with significant dependence on the amount of PEGDE
applied, signifying that the gelatinization of the composite solutions was accelerated by
PEGDE-involved crosslinking and the gelation rate of the gels can also be tuned by the
amount of PEGDE applied.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 6. Frequency-dependent functions (a) of G′ and G′′, average values (b) of G′ and G′′ at 1 Hz,
variations (c) in G′ and G′′ versus strain, average yielding strain (d) and shear rate dependency (e) of
viscosity (C, 25 ◦C) for gels illustrated in Table 3 (*, p < 0.05; **, p < 0.01; N.S., not significant).
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Table 3. Parameters for dual-crosslinked hydrogels.

Sample
Name

GCH
(w/v%)

ABG-3
(w/v%)

GN
(w/v%)

PEGDE
(w/v%)

Gelation Time at
37 ◦C (s) (a)

Degree of
Crosslinking

(×10−5 mol/cm3) (b)
φ

GEL-1 2.5 2.0 0.2 0.01 630 ± 24.4 0.902 (±0.063) 0.0128
GEL-2 2.5 2.0 0.2 0.02 285 ± 17.3 1.122 (±0.051) * 0.0147
GEL-3 2.5 2.0 0.2 0.03 207.5 ± 20.6 1.23 (±0.047) # 0.0161

(a) The gelation time was determined by inverting the vials every 30 s. (b) *, p < 0.05 compared to GEL-1; #, p < 0.05
compared to GEL-2.

Figure 6a,b explicate the frequency sweep spectra of G′ and G′′ for GEL-1, GEL-2
and GEL-3 gels, and their average values of G′ and G′′ at 1 Hz, respectively. These gels
showed their G′ of around 5.3, 6.9 and 7.8 kPa, respectively; much greater than that of their
counterpart, GE-6 gel. In particular, the G′ value of GEL-2 and GEL-3 gels was more than
twice that of GE-6 gel. In addition, the G′/G′′ ratios of GEL-2 and GEL-3 gels reached
about 33.7 and 37.1, respectively, which were considerably larger than that for GE-6 gel.
These results demonstrate that GEL-2 and GEL-3 gels behave as strong gels given their
large G′ and high G′/G′′ ratios. Figure 6c shows the functions of G′ and G′′ versus strain
for GEL-1, GEL-2 and GEL-3 gels, and the measured average yielding strains for them are
plotted in Figure 6d. The curves and bar graphs symbolize that GEL-1, GEL-2 and GEL-3
gels had similar yielding strains without significant difference, and their yielding strain
was notably higher than that of their counterpart, GE-6 gel, providing the evidence that
these gels have been further improved in elasticity when compared to GE-6 gel.

It is known that GN is a kind of amino-specific crosslinker [19]. In the single-
crosslinked ABG/GCH composite gels, GN can react with amino groups that only belong
to GCH chains to build a GCH alone constructed network, and at the same time, it is also
able to crosslink amino groups that respectively belong to GCH and ABG NPs to build
another network consisting of ABG NPs and GCH. Such built networks would thus enable
ABG/GCH composite gels to have certain strength and elasticity with significant depen-
dence on the spacer length of the ABG NPs employed (Figures 4 and 5). Unlike GN, a small
molecule crosslinker, PEGDE is a kind of chain-like oligomer with a molecular weight larger
than 2 kDa (Mn for the PEG segment in PEGDE: 2kDa), and its epoxy groups are capable
of reacting with amino or hydroxyl groups. Accordingly, in the case of dual-crosslinked
ABG/GCH composite gels, in addition to the presence of the mentioned networks built
by the GN-involved linkages, PEGDE would also contribute to the construction of some
other networks. The diepoxy groups situated at the two ends of PEGDE molecules can
not only react with amino groups belonging to either GCH molecules or ABG NPs, but
also react with the hydroxyl groups located at the side chains in GCH molecules. As a
consequence, PEGDE-correlated linkages would additionally result in the formation of
at least two networks in the ABG/GCH composite gels. Moreover, the PEGDE-bridged
linkages in these networks would have certain extensibility since the applied PEGDE
molecules have a linear structure and the PEG segment in the PEGDE molecules will exist
inside dual-crosslinked ABG/GCH composite gels in the form of random curls, and these
PEG curls will unbend during the gel strain. It can also be inferred that the established
multiple networks inside dual-crosslinked ABG/GCH composite gels would be randomly
interpenetrated and entangled together. All these mentioned factors will synergistically im-
part the dual-crosslinked ABG/GCH composite gels with significantly enhanced strength
and elasticity in comparison to the single-crosslinked composite gels, as evidenced by the
results shown in Figure 6.

The degree of crosslinking is known to impose important effects on the structures
and properties of hydrogel [26], and, in particular, it is closely correlated to the mechanical
performance and swelling behavior of the gels [26,35,36]. The equilibrium swelling mea-
surement and uniaxial compression test are commonly used approaches for estimating the
degree of crosslinking of hydrogels [35,36], and the solid state nuclear magnetic resonance
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spectroscopy has also been shown to be effective for determining the degree of crosslinking
of certain hydrogels [37,38]. Based on the Flory theory while assuming a Poisson ratio of
0.5 for the rubber-like hydrogel, the shear modulus (G) of an ideal rubber-like hydrogel can
be expressed as follows with a good approximation [39]

G = νRTφ1/3 r2
0

r2
f

(1)

where ν is the degree of crosslinking, R is the gas constant, T is the absolute temperature,
r2

0/r2
f is the front factor and φ is the volume fraction of the polymer in the swollen hydrogel.

By assigning a value of unity to the front factor, Equation (1) can be simplified into the
following formula [40]

|G∗| = νRTφ1/3 (2)

The degree of crosslinking for the gels illustrated in Table 3 was calculated using
Equation (2) and such approximately obtained results are also provided in Table 3. It can be
observed that there were significant differences in the degree of crosslinking among GEL-1,
GEL-2 and GEL-3 gels, and the degree of crosslinking increased with the amount of PEGDE
applied. By comparing the data in Table 3 with those shown in Figure 6b, it can be seen that
the crosslinking degree of the gels changed in a manner similar to the variation trend of their
G′, signifying that the gels can be strengthened by raising their degree of crosslinking. This
is understandable because PEGDE-bridged linkages will increase as the amount of PEGDE
applied rises, which would thus lead to augmented network entanglement in the resulting
gel, thereby enhancing its strength. Despite the differences in the degree of crosslinking
among GEL-1, GEL-2 and GEL-3 gels, they had similar average yielding strains (Figure 6d),
implying that the degree of crosslinking has an insignificant effect on their elasticity. One
possible reason for the insignificant effect of the crosslinking degree may be ascribed to the
following tentative interactions. In general, an increase in the gel strength will result in a
corresponding rise in its deformation stress. In the present instance, for the gel having a
higher degree of crosslinking, its enhanced resistant force against the deformation could be
counteracted by its increased deformation stresses, resulting in a similar yield strain when
compared to the gel having a relatively lower degree of crosslinking.

Taking into account the injection applicability of gels, GEL-1, GEL-2 and GEL-3 so-
lutions were tested for their viscosity versus shear rate, and the results are elucidated
in Figure 6e. In the lower shear rate range with an upper limit of around 10 s−1, these
composite solutions were viscous with similarity in their viscosity, and their viscosity
became notably low once the applied shear rate was higher than 10 s−1, indicating that
they have shear-thinning features. Considering that the injection of composite solutions
is usually conducted at ambient temperature, the results in Figure 6e account for their
well-defined injectability.

3.4. Cell Growth and Analysis

The GEL-3 gel had its G′ significantly higher than GEL-1 and GEL-2 gels, and it was
similar to GL-6 gel with a difference in the applied crosslinkers. GL-6 and GEL-3 gels
were thus selected for the in vitro evaluation. Figure 7 presents representative fluorescence
images for the stained MC3T3-E1 cells that were seeded in GL-6 and GEL-3 gels and
cultured for various periods up to 7 days. Images in both columns display that very few
dead cells were detected from these gels after the culture of cell–gel constructs for 3 (left
column) or 7 (right column) days, and the cell density in the images matching with 7-day
culture was markedly higher than that corresponding to 3-day culture. These images
confirm that the seeded MC3T3-E1 cells had high viability, and GL-6 and GEL-3 gels had
similar capabilities to support the growth of seeded cells.
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Figure 7. Confocal images for stained MC3T3-E1cells that were seeded GL-6 and GEL-3 gels (green:
viable cells; red: dead cells; scale bar: 100 μm; culture time: 3 days (left column) and 7 days
(right column)).

Figure 8a delineates the results for the cell proliferation in different gel matrices. It
can be observed that the growth of seeded cells can be roughly divided into two phases:
they grew slowly from days 1 to 3 and then grew faster from days 3 to 7. The slow cell
growth in the first phase is due to the cell attachment as well as subsequent population
recovery, and the fast cell growth in the second phase can be ascribed to the occurrence
of cell proliferation. There were no significant differences in the detected DNA amounts
among these groups during one-week culture, revealing that they have similar abilities to
support the proliferation of seeded MC3T3-E1 cells. Considering that the GL-6 and GEL-3
gels are different in terms of the crosslinkers applied, the results shown in Figures 7 and 8a
suggest that the applied amount of GN and the combined amount of GN and PEGDE are
all within the safe dose range.

ALP activity is a commonly used indicator for evaluating the osteogenic development
of cells in the early stage [41,42]. The cell–gel constructs were thus detected to assess the
ALP activity of seeded cells, and relevant results are graphed in Figure 8b. The bar graphs
exhibit that there was no significant difference in the ALP activity for the cells seeded in
the GL-6 or GEL-3 gels after 7-day culture. After being extensively cultured for a period
of up to 14 days, the ALP activity detected from these gels remarkably increased without
significant difference. As shown in Tables 2 and 3, the GL-6 and GEL-3 gels differed from
each other in the crosslinkers applied and, in turn, in their strength and elasticity. The
results depicted in Figure 8b indicate that the mentioned differences between the GL-6
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and GEL-3 gels impose an insignificant impact on the ALP activity of the cells seeded in
these gels.

  
(a) (b) 

 
(c) 

Figure 8. Proliferation (a), ALP activity (b) and type-I collagen deposition (c) of MC3T3-E1 cells
growing inside gels (**, p < 0.01; N.S., not significant).

The BG NPs composed of CaO and SiO2 are known to be able to release Si and Ca ions
during their dissolution, and these two kinds of ions are demonstrated to have osteogenic
activity [17,18]. In the present study, ABG-3 NPs were made from BG NPs by surface
chemical modification; hence, they would also be able to release Si and Ca ions during
the dissolution and, accordingly, endue the resulting GL-6 and GEL-3 gels with certain
osteogenic activity, denoted by the increasing ALP levels. The insignificant difference in
the ALP activity detected from the GL-6 and GEL-3 gels can be ascribed to the fact that the
GL-6 and GEL-3 gels are incorporated with the same amount of ABG-3 NPs.

Type-I collagen synthesized by the osteoblast-like cells is another important indication
correlated to the osteogenic development of the cells [43]. The amount of type-I collagen
in the cell–gel constructs was thus measured to figure out the effect of the gels on the
type-I collagen deposition, and the obtained data are plotted in Figure 8c. It is shown that
the type-I collagen amounts deposited in the GL-6 and GEL-3 gels were similar without
significant difference after 7-day culture. After being seeded in these gels, MC3T3-E1
cells need to go through the process of adhesion, restorative growth and the subsequent
proliferation, and a 7-day growth period could be too short for them to secrete a large
amount of type-I collagen, leading to the insignificant difference in their type-I collagen
deposition. Type-I collagen deposition was noticed to increase at varied rates for GL-6 and
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GEL-3 gels as the culture time advanced from day 7 to day 14, and the deposited amount
of type-I collagen for GEL-3 gel was remarkably higher than that for GL-6 gel on day 14.
Data presented in Table 1 and Figures 4–6 exhibit that GEL-3 gel differed from GL-6 gel in
the ingredient of PEGDE as well as in the strength and elasticity. Hence, the significantly
higher type-I collagen deposition in GEL-3 gel should be majorly attributed to its higher
strength and elasticity when compared to GL-6 gel.

Both CH and BG NPs have been widely used in bone tissue engineering since the
former can act as bone affinitive material to well support cell growth and ECM synthesis,
and the latter has a demonstrated osteogenic activity [11,44–46]. Nevertheless, A CH-
based hydrogel intended for use in bone repair still needs improvement to increase its
strength and make it elastic enough because a strong and elastic microenvironment is
required for the cells implanted or migrated from the host tissue to repair the injured bone
tissue. In the present study, GCH, a water-soluble derivative of CH, and ABG NPs, a
modified product of BG NPs, were employed as two major components for the preparation
of composite hydrogels, and the optimally achieved dual-crosslinked ABG/GCH gels were
demonstrated to be strong and elastic with the abilities to support the growth of seeded
MC3T3-E1 cells and the synthesis of matrix components. These results suggest that these
composite hydrogels have the potential for applications in bone tissue engineering.

4. Conclusions

Three kinds of mesoporous ABG NPs with similar amounts of surface amino groups
but varied spacer lengths were successfully synthesized via newly devised synthetic routes.
By combining ABG NPs with GCH while using GN as a single crosslinker, the constructed
ABG/GCH gels had their strength and elasticity with certain dependence on the spacer
length of ABG NPs. The ABG NPs with a longer spacer length would endow the resulting
ABG/GCH gels with higher strength or larger elasticity when compared to those ABG
NPs having a shorter spacer length. By employing GN and PEGDE as dual crosslinkers,
the dual-crosslinked ABG/GCH gels would be remarkably improved in their strength
and elasticity while showing tunable gelation time. Some optimally dual-crosslinked
ABG/GCH gels were capable of supporting the growth of the seeded osteoblast-like cells
as well as the matrix deposition. The higher strength and larger elasticity of the gels were
found to be conducive to the synthesis of type-I collagen. Results demonstrate that this
new type of dual-crosslinked hydrogel has potential for applications in bone repair.

Author Contributions: Q.M., Y.W. and J.W. conceived and designed the experiments; C.W., Y.Z. and
D.T. performed the experiments; Q.M., Y.W. and J.W. wrote the paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(Grant No. 81972065).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1. Sharma, S.; Tiwari, S. A review on biomacromolecular hydrogel classification and its applications. Int. J. Biol. Macromol. 2020,
163, 737–747. [CrossRef]

2. Tan, H.; Marra, K.G. Injectable, biodegradable hydrogels for tissue engineering applications. Materials 2010, 3, 1746–1767.
[CrossRef]

3. Couto, D.S.; Hong, Z.; Mano, J.F. Development of bioactive and biodegradable chitosan-based injectable systems containing
bioactive glass nanoparticles. Acta Biomater. 2009, 5, 115–123. [CrossRef] [PubMed]

258



Nanomaterials 2022, 12, 1874

4. Kretlow, J.D.; Klouda, L.; Mikos, A.G. Injectable matrices and scaffolds for drug delivery in tissue engineering. Adv. Drug Deliv.
Rev. 2007, 59, 263–273. [CrossRef] [PubMed]

5. Hunt, J.A.; Chen, R.; Veen, T.; Bryan, N. Hydrogels for tissue engineering and regenerative medicine. J. Mater. Chem. B 2014,
2, 5319–5338. [CrossRef]

6. Wu, J.; Liu, J.; Shi, Y.; Wan, Y. Rheological, mechanical and degradable properties of injectable chitosan/silk fibroin/hydroxyapatite/
glycerophosphate hydrogels. J. Mech. Behav. Biomed. Mater. 2016, 64, 161–172. [CrossRef]

7. Lee, E.J.; Kang, E.; Kang, S.W.; Huh, K.M. Thermo-irreversible glycol chitosan/hyaluronic acid blend hydrogel for injectable
tissue engineering. Carbohydr. Polym. 2020, 244, 116432. [CrossRef]

8. Muzzarelli, R.A. Genipin-crosslinked chitosan hydrogels as biomedical and pharmaceutical aids. Carbohydr. Polym. 2009, 77, 1–9.
[CrossRef]

9. Bhattarai, N.; Gunn, J.; Zhang, M. Chitosan-based hydrogels for controlled, localized drug delivery. Adv. Drug Deliv. Rev. 2010,
62, 83–99. [CrossRef]

10. Majeti, N.V.; Kumar, R. A review of chitin and chitosan applications. React. Funct. Polym. 2000, 46, 1–27.
11. Muzzarelli, R.A. Chitins and chitosans for the repair of wounded skin, nerve, cartilage and bone. Carbohydr. Polym. 2009,

77, 167–182. [CrossRef]
12. Engler, A.J.; Sen, S.; Sweeney, H.L.; Discher, D.E. Matrix elasticity directs stem cell lineage specification. Cell 2006, 126, 677–689.

[CrossRef]
13. Discher, D.E.; Janmey, P.; Wang, Y.L. Tissue cells feel and respond to the stiffness of their substrate. Science 2005, 310, 1139–1143.

[CrossRef]
14. Chen, Q.; Chen, H.; Zhu, L.; Zheng, J. Fundamentals of double network hydrogels. J. Mater. Chem. B 2015, 3, 3654–3676. [CrossRef]
15. Xu, C.; Dai, G.; Hong, Y. Recent advances in high-strength and elastic hydrogels for 3D printing in biomedical applications. Acta

Biomater. 2019, 95, 50–59. [CrossRef]
16. Li, J.; Suo, Z.; Vlassak, J.J. Stiff, strong, and tough hydrogels with good chemical stability. J. Mater. Chem. B 2014, 2, 6708–6713.

[CrossRef]
17. El-Rashidy, A.A.; Roether, J.A.; Harhaus, L.; Kneser, U.; Boccaccini, A.R. Regenerating bone with bioactive glass scaffolds:

A review of in vivo studies in bone defect models. Acta Biomater. 2017, 62, 1–28. [CrossRef]
18. Hoppe, A.; Guldal, N.S.; Boccaccini, A.R. A review of the biological response to ionic dissolution products from bioactive glasses

and glass-ceramics. Biomaterials 2011, 32, 2757–2774. [CrossRef]
19. Park, J.E.; Lee, J.Y.; Kim, H.G.; Hahn, T.R.; Paik, Y.S. Isolation and characterization of water-soluble intermediates of blue pigments

transformed from geniposide of Gardenia jasminoides. J. Agric. Food Chem. 2002, 50, 6511–6514. [CrossRef]
20. Sung, H.W.; Huang, R.N.; Huang, L.; Tsai, C.C. In vitro evaluation of cytotoxicity of a naturally occurring crosslinking reagent for

biological tissue fixation. J. Biomater. Sci. Polym. Ed. 1999, 10, 63–68. [CrossRef]
21. Du, X.; He, J. Hierarchically mesoporous silica nanoparticles: Extraction, amino-functionalization, and their multipurpose

potentials. Langmuir 2011, 27, 2972–2979. [CrossRef]
22. Walcarius, A.; Etienne, M.; Lebeau, B. Rate of access to the binding sites in organically modified silicates. 2. ordered mesoporous

silicas grafted with amine or thiol groups. Chem. Mater. 2003, 15, 2161–2173. [CrossRef]
23. Mori, T.; Kubo, T.; Kaya, K.; Hosoya, K. Quantitative evaluations of surface-concentrated amino groups on monolithic-type solid

supports prepared by copolymerization method. Colloid Polym. Sci. 2009, 287, 513–523. [CrossRef]
24. Lu, H.; Ko, Y.G.; Kawazoe, N.; Chen, G. Cartilage tissue engineering using funnel-like collagen sponges prepared with embossing

ice particulate templates. Biomaterials 2010, 31, 5825–5835. [CrossRef]
25. Mahapatra, C.; Singh, R.K.; Kim, J.J.; Patel, K.D.; Perez, R.A.; Jang, J.H.; Kim, H.W. Osteopromoting reservoir of stem cells:

Bioactive mesoporous nanocarrier/collagen gel through slow-releasing FGF18 and the activated BMP signaling. ACS Appl. Mater.
Interfaces 2016, 8, 27573–27584. [CrossRef]

26. Clark, A.H.; Ross-Murphy, S.B. Structural and mechanical properties of biopolymer gels. Adv. Polym. Sci. 1987, 83, 57–192.
27. Lejardi, A.; Hernandez, R.; Criado, M.; Santos, J.I.; Etxeberria, A.; Sarasua, J.R.; Mijangos, C. Novel hydrogels of chitosan

and poly(vinyl alcohol)-g-glycolic acid copolymer with enhanced rheological properties. Carbohydr. Polym. 2014, 103, 267–273.
[CrossRef]

28. Kavanagh, G.M.; Ross-Murphy, S.B. Rheological characterization of polymer gels. Prog. Polym. Sci. 1998, 23, 533–562. [CrossRef]
29. Martinez-Ruvalcaba, A.; Chornet, E.; Rodrigue, D. Viscoelastic properties of dispersed chitosan/xanthan hydrogels. Carbohydr.

Polym. 2007, 67, 586–595. [CrossRef]
30. Yang, J.A.; Yeom, J.; Hwang, B.W.; Hoffman, A.S.; Hahn, S.K. In situ-forming injectable hydrogels for regenerative medicine. Prog.

Polym. Sci. 2014, 39, 1973–1986. [CrossRef]
31. Delmar, K.; Bianco-Peled, H. The dramatic effect of small pH changes on the properties of chitosan hydrogels crosslinked with

genipin. Carbohydr. Polym. 2015, 127, 28–37. [CrossRef] [PubMed]
32. Bhattarai, N.; Ramay, H.R.; Gunn, J.; Matsen, F.A.; Zhang, M. PEG-grafted chitosan as an injectable thermosensitive hydrogel for

sustained protein release. J. Control. Release 2005, 103, 609–624. [CrossRef] [PubMed]
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Abstract: CXC chemokine receptor 4 (CXCR4) is a promising therapeutic target. Previous studies
have shown that intracellular delivery of siRNA to knockdown CXCR4 expression in cancer cells
is an effective therapeutic strategy. To prepare efficient magnetic nucleic acid carriers, it is now
necessary to improve the endocytosis efficiency of PEGylated magnetic nanoparticles. In our work,
Heptafluorobutyryl-polyethylene glycol-polyethyleneimine (FPP) was first prepared and then used
to coat magnetic nanoparticles (MNPs) to obtain magnetic nanocarriers FPP@MNPs. The materials
were characterized by 19 F-Nuclear Magnetic Resonance (NMR), transmission electron microscope
(TEM), energy dispersive spectroscopy (EDS), and dynamic light scattering (DLS). The biosecu-
rity of FPP@MNPs was confirmed by cell viability and apoptosis experiments. Cellular uptake of
FPP@MNPs and siRNA transfection enhanced by external magnetic fields were detected by fluores-
cence microscopy, confocal laser microscopy, and flow cytometry. The results show that the cellular
uptake efficiency of FPP@MNPs was significantly improved, and transfection efficiency reached
more than 90%. The knockdown of CXCR4 on the 4 T1 cell membrane was confirmed by real-time
polymerase chain reaction (RT-PCR) and flow cytometry. In conclusion, the fluorinated cationic
polymer-coated magnetic nanoparticles FPP@MNPs can be loaded with siRNA to reduce CXCR4
expression as well as be expected to be efficient universal siRNA carriers.

Keywords: magnetic nanoparticles; fluorination; polyethyleneimine; polyethylene glycol;
RNA interference; CXC chemokine receptor 4

1. Introduction

The CXC chemokine receptor 4 (CXCR4) has become a very promising target for tumor
therapies. The expression of chemokine receptors varies among cancer cells of different
origins, but CXCR4 is widely expressed in human cancers [1–5].

The interaction between CXC chemokine ligand 12/chemokine stromal cell-derived
factor-1 (CXCL12/SDF-1) and the corresponding receptor CXCR4 promotes tumor metas-
tasis [6]. Furthermore, CXCR4 overexpression is associated with poor prognosis in many
cancer subtypes. As is reported, CXCR4 is highly expressed in breast cancers, with the lig-
and CXCL12 showing the highest levels of expression in the organ where cancer metastases
first occur [7]. Moreover, CXCL12 activating CXCR4 promotes the transfer of proto-cancer
mitochondria between cells [8]. Activation of CXCR4 promotes trafficking and homing of
acute myeloid leukemia cells to the bone marrow and spleen [9]. The CXCL12-CXCR4 axis
is one of the most important factors in tumor metastasis, angiogenesis, and drug resistance.
Therefore, it is of great significance to develop efficient methods to block CXCR4 in tumors.

Currently, studies of medicine against CXCR4 focus on inhibitors or antagonists, such
as Plerixafor (AMD3100) [10], T140 peptide [11], and E5 peptide [12]. RNA interference
(RNAi) refers to the highly conserved phenomenon of efficient and specific degradation of
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homologous mRNA induced by double-stranded RNA (dsRNA). The applications of RNAi
are generally mediated by small interfering RNA (siRNA) or micro-RNA (miRNA) [13]. The
main difference between siRNA and miRNA is that siRNA specifically degrades the target
mRNA, while miRNA can regulate the degradation of various mRNA sequences [14–16].
Since RNAi can specifically reduce the expression of target genes, it has been widely used
to explore the fields of gene function and disease treatment. RNAi mediated by siRNA
would be an effective strategy for reducing or even silencing CXCR4 expression [17].

In general, the delivery of siRNA requires carriers, so the development of efficient
siRNA carriers is an important part of RNAi technology. In many studies, cationic polymer-
modified magnetic nanoparticles were used for nucleic acid delivery. As is reported,
polymers such as Polyethyleneimine (PEI) [18], Poly-L-lysine (PLL) [19], and chitosan [20]
coated magnetic nanoparticles were used as magnetic carriers. In particular, external
magnetic fields have been widely demonstrated to increase the transfection capacity of
magnetic nanoparticles loaded with drugs [21]. Therefore, in our work, we focus on the
development of magnetic nanocarriers that can efficiently deliver siRNA into cells based
on PEI-modified magnetic nanoparticles (PEI@MNP) and verify the transfection effect.

Polyethylene glycol (PEG) has the advantages of good aqueous solubility and high
biocompatibility, which makes it suitable for biomedical applications [22]. Currently,
PEG is widely used to prepare biomedical materials such as liposomes [23,24], nanopar-
ticles [25–27], and hydrogels [28,29]. To improve the stability and safety of PEI@MNP in
a physiological environment, polyethylene glycol (PEG) modification is necessary. As is
reported, PEGylation of cationic polymeric coated nucleic acid carriers can improve stability
and reduce toxicity [30]. Compared with PEI@MNP, PEG-PEI@MNP has a lower positive
surface charge, significantly improved biocompatibility, and reduced levels of oxidative
stress and cell membrane damage [31]. PEGylation of nucleic acid carriers can effectively
prevent protein adsorption and can help these carriers escape the reticuloendothelial system
(RES) while maintaining prolonged blood circulation [32].

However, PEGylation of the nanoparticles would inhibit cellular uptake, and the
subsequent endosomal escape efficiency would be significantly reduced [33,34]. This phe-
nomenon is known as the “PEG dilemma”. Several approaches have been reported to over-
come the “PEG dilemma”. Using cleavable chemical bonds, such as hydrazide-hydrazone
bonds [35], Schiff base bonds [36], thioketal bonds [37], and matrix metalloproteinase
substrates [38] to connect PEG and carriers would be effective strategies to overcome this
dilemma. In addition, the nanoparticles can also be modified with peptides (e.g., RGD
peptide [39,40], TAT peptide [41]) to improve the efficiency of cellular uptake.

Fluoroalkyl chains are both hydrophobic and lipophobic [42]. Many studies show that flu-
orination is an effective strategy to improve the transfection efficiency of nucleic acid delivery
vectors. As is reported, fluorinated nucleic acid carriers combine the features of liposomes and
cationic polymers [43]. Fluorination enhances cellular uptake of dendrimer/DNA complexes
and facilitates endosomal escape [44]. Furthermore, compared with bioreducible poly(amido
amine)s (bPAA) fluorinated with trifluoroacetic anhydride or pentafluoropropionic anhydride,
heptafluorobutyric anhydride-modified bPAA achieved better gene silencing effect [45]. As
fluorination to overcome the “PEG dilemma” has not been reported in previous studies, we
propose that fluorination may be an effective strategy to overcome this dilemma and improve
the cellular uptake efficiency of PEGylated nanomaterials.

Herein, we developed a fluorinated PEG-PEI modified MNP for in vitro siRNA de-
livery. This fluorinated magnetic nanocarrier has low cytotoxicity and can effectively
overcome the “PEG dilemma”. At the same time, high transfection efficiency can be ob-
tained under the action of external magnetic fields, and the siRNA delivery efficiency was
validated in a variety of cell lines. Furthermore, fluorinated PEG-PEI@MNP were used
to deliver CXCR4 siRNA(siCXCR4) into 4 T1 cells, which could effectively reduce the
expression of CXCR4 on the cell membrane.
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2. Materials and Methods

2.1. Materials

Ferric acetylacetonate (AR, Sinopharm Chemical Reagent Co., Ltd., SCRC, Shanghai,
China), oleic acid (85%, Aladdin, Shanghai, China), benzyl ether (98%, Sigma-Aldrich,
St. Louis, MS, USA), ethanol (AR, SCRC), n-hexane (97%, SCRC), dimercaptosuccinic acid
(98%, TCI, Shanghai, China), acetone (AR, SCRC), triethylamine (AR, Aladdin, Shanghai,
China), methanol (AR, SCRC), polyethyleneimine (Mw 25000, Sigma-Aldrich, St. Louis, MS,
USA), heptafluorobutyric anhydride (97%, Macklin, Shanghai, China), amino-polyethylene
glycol-carboxyl (Mw 2000, Xi’an Ruixi, Xi’an, China), methoxy-polyethylene
glycol-polyethyleneimine (mPEG-PEI, Mw 2000-25000, Xi’an Ruixi Co., Ltd., Xi’an, China)
FITC (Beyotime, Shanghai, China), CCK8 kit (KeyGen, Nanjing, China), Hoechst33342
(KeyGen, Nanjing, China), rhodamine-phalloidin (KeyGen, Nanjing, China), LysoTracker
(KeyGen, Nanjing, China), Annexin V-FITC/PI kit (KeyGen, Nanjing, China), Anti-CXCR4
antibody (Abcam of Thermo Fisher Scientific Inc., Waltham, MA, USA), DMEM high
glucose medium (KeyGen, Nanjing, China), fetal bovine serum (Gibco of Thermo Fisher Sci-
entific Inc., Waltham, MA, USA), trypsin (Gibco of Thermo Fisher Scientific Inc., Waltham,
MA, USA), siRNA(GenePharma Co., Ltd., Shanghai, China), 4 T1, A549, HeLa cell line was
provided by Southeast University School of Medicine (Nanjing, China).

2.2. Methods
2.2.1. Synthesis of Fluorinated Polyethylene Glycol-Polyethyleneimine (F7-PEG-PEI)

The synthesis steps of F7-PEG-PEI (FPP) are shown in Figure 1.

Figure 1. Synthetic process of F7-PEG-PEI. TEA means triethylamine, MeOH means methanol, RT
means room temperature.
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Step (i):

(1) 200 μmol of heptafluorobutyric anhydride (F7) and 100 μmol of amino-polyethylene
glycol-carboxyl (NH2-PEG-COOH) were dissolved in 10 mL methanol, catalyzed by
50 μL triethylamine, magnetic stirred at 240 rpm, and reacted at room temperature
for 48 h.;

(2) Then, dialysis membrane (1200 MWCO) was used, and the product was dialyzed
against ultrapure water for 3 days. After dialysis, a rotary evaporator was used
to evaporate most of the water. Vacuum drying was performed for 48 h to obtain
F7-PEG-COOH.

Step (ii):

(3) 100 mg of F7-PEG-COOH was dissolved in 50 mL pure water. Then 20 mg of
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and 10 mg
of N-hydroxysuccinimide (NHS) were added, and the reaction was stirred at room
temperature for 2 h.

Step (iii):

(4) Then, 1200 mg of polyethyleneimine was added, and the reaction was stirred at room
temperature for 48 h;

(5) Dialysis membrane (8000 MWCO) was used, and the product was dialyzed against
pure water for 3 days;

(6) After dialysis, a rotary evaporator was used to evaporate most of the water. Vacuum
drying was performed for 48 h to obtain F7-PEG-PEI.

2.2.2. Synthesis of Fe3O4 Magnetic Nanoparticles

Firstly, 0.7 g (2 mmol) iron acetylacetonate (Fe(acac)3), 20 mL of benzyl ether, and
30 mL of oleic acid were mixed. Then, nitrogen gas was introduced below the liquid level,
and the mixture was condensed and refluxed without stirring while constantly bubbling
nitrogen through the reaction mixture. Solution was heated from room temperature to
220 ◦C at a rate of 3.3 ◦C/min and kept at 220 ◦C for 60 min. Then, the temperature
was raised to 290 ◦C at a rate of 3.3 ◦C/min and kept for 30 min. After the solution was
naturally cooled to room temperature, absolute ethanol was added to the system to wash
the products, followed by magnetic separation for 5 min to discard the supernatant, and
repeat 3 times. The oleic acid-modified Fe3O4 magnetic nanoparticles (OA@MNPs) were
prepared and were dissolved in 100 mL of n-hexane. The Fe concentration of OA@MNPs
determined by UV-Vis spectrophotometry (Method S2) was 8.22 mg/mL suspension, and
the yield was 74%.

The suspension of OA@MNPs (containing 800 mg of Fe) in 100 mL of hexane as
described above was added to a solution of dimercaptoscuccinic acid (DMSA, 400 mg) in
acetone (200 mL). The mixture was condensed and refluxed for 4 h in water bath at 60 ◦C
under electric stirring at 500 rpm. After that, 200 mL of ultrapure water was added to
extract the product. The product was magnetically separated and the supernatant was
discarded. Then, 200 mL of pure water was added to wash the product. The product
was magnetically separated and the supernatant was discarded, repeated 3 times. The
products were additionally subjected to dialysis (48 h, MWCO 10000) and kept in aque-
ous suspension (100 mL of water) to obtain DMSA@MNPs. The Fe concentration was
5.11 mg/mL suspension, measured by UV-Vis spectrophotometry (Shimadzu Inc., Kyoto,
Japan) (Method S2), with a yield of 64% based on Fe content.

2.2.3. Preparation of F7-PEG-PEI Coated MNPs (FPP@MNPs)

The suspension of DMSA@MNPs (containing 5 mg Fe) and 20 mg of FPP were mixed
in 40 mL of pure water, and the mixture was reacted under electric stirring at 500 rpm with
100 W ultrasonic vibration for 1 h. The solution was then purified by ultrafiltration (100 kDa
NMWL) 6 times and kept in aqueous suspension (3 mL of water). The Fe concentration of
FPP@MNPs was 1.17 mg/mL, measured by UV-Vis spectrophotometry, with a yield of 70%
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based on Fe content. FPP@MNPs were characterized by magnetization, TEM, EDS, DLS,
and zeta potential. mPEG-PEI coated MNPs were prepared by Method S1. Size distribution
of mPEG-PEI@MNPs was shown in Figure S5.

2.2.4. Cell Viability and Apoptosis

(1) Cell viability was detected by CCK8 kit. HeLa cells were cultured in a 96-well plate,
104 cells per well.100 μL of culture medium (DMEM and 10% FBS) was added per
well, and cells were cultured at 37 ◦C, 5% CO2 for 16 h. After that, the culture medium
was replaced, and FPP@MNPs were added at the final concentrations of 2, 4, 6, 8, 10,
and 12 μg/mL. Cells were incubated for 24 or 48 h. Then 10 μL of CCK-8 solution was
added to each well, and the OD value was detected at λ = 450 nm after incubation for
1 h.
The cell viability was calculated according to the following formula:
Cell viability (%) = [(As − Ab)/(Ac − Ab)] × 100;
As = experimental well absorbance (cells, medium, CCK-8 and FPP@MNPs);
Ab = absorbance of blank wells (medium and CCK-8);
Ac = control well absorbance (cells, medium and CCK-8).

(2) Cell apoptosis was detected by Annexin V-FITC/PI apoptosis kit. HeLa cells were
cultured in a 6-well plate, 5 × 105 cells per well. In total, 2 mL of culture medium
(DMEM and 10% FBS) was added per well, and cells were cultured at 37◦C, 5% CO2
for 16 h. Then FPP@MNPs were added at the final concentrations of 2.5 or 5 μg/mL.
Cells were incubated for 24 or 48 h. After the cells were digested with 0.25% trypsin
solution, Annexin V-FITC and PI were added and measured by flow cytometry Attune
NxT (Invitrogen Inc., Carlsbad, CA, USA).

2.2.5. Observation of Cellular Uptake and Transfection by Laser Confocal Microscopy

(3) Cells were cultured in glass-bottom dishes with a diameter of 35 mm and a thickness
of 0.17 mm, with 5 × 105 cells per dish, and the volume of the culture medium was
2 mL.

(4) Preparation of FITC-labeled(green) nanoparticles:
1 mg of F7-PEG-PEI@MNPs (FPP@MNPs) or mPEG-PEI@MNPs (mPP@MNPs) and
50 μg FITC were mixed at room temperature and placed in the dark for 24 h. After
that, the ultrafiltration purification (100 kDa NMWL) was repeated three times.

(5) Observation of cellular uptake:
FITC-labeled FPP@MNP or mPP@MNP (containing 10 μg Fe) was mixed with 2 mL
DMEM medium containing LysoTracker (red) and Hoechst33342 (blue). Then the
mixture was added to the cells, placed under a confocal microscope for observation.

(6) Observation of cell transfection:
The transfected cells were added to a 2.5% glutaraldehyde solution, fixed at 4 ◦C for
30 min, and then washed three times with PBS. F-actin was stained with rhodamine-
phalloidin (red), and nuclei were stained with Hoechst33342. siRNA labeled with
FAM (green).

(7) The excitation wavelength:
405 nm for blue fluorescence, 488 nm for green fluorescence, and 562 nm for red
fluorescence.

2.2.6. Cell Transfection

Cells were cultured in 24-well plates, 1 × 105 cells per well, with 500 μL DMEM
medium (10% FBS), incubated at 37 ◦C, 5% CO2 until the cell density reaches 60%.

External magnetic field-enhanced transfection (MagTrans) used the following steps:

(1) The medium in each well was replaced with fresh 500 μL of DMEM medium (10% FBS);
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(2) For each well, 40 pmol of siRNA was dissolved in 10 μL of DEPC water, and then
mixed with 0.25, 0.5, 0.75, or 1.0 μg of FPP@MNP (calculated as Fe content). Incubated
at room temperature for 10–15 min to obtain FPP@MNP/siRNA complexes;

(3) The above complexes were added to the medium in the well;
(4) The 24-well plate was placed on the magnetic plate (400 mT) and incubated at 37 ◦C

for 10–20 min;
(5) The magnetic plate was removed, and the cells were cultured at 37 ◦C, 5% CO2.

2.2.7. RT-PCR

RNA was extracted from the transfected cells using Trizol (Invitrogen). RNA con-
centration was detected by Nanodrop spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Both reverse transcription and SYBR green fluorescence quantitative
PCR were performed on LightCycler96 (Roche Inc., Basel, Switzerland) using TB Green
Premix Ex Taq II kit (Takara Bio Inc., Kusatsu, Japan). The primer sequences are shown in
the table below. The relative expression of CXCR4 was calculated with Actin as reference.
The sequences of primer are shown in Table 1.

Table 1. Sequences of primer.

Target (Mouse) Primer

Actin
F CTCCTGAGCGCAAGTACTCT
R TACTCCTGCTTGCTGATCCAC

CXCR4
F TTCATCTTTGCCGACGTCAG
R CGAGACCCACCATTATATGCT

2.2.8. Transfection Efficiency and CXCR4 Expression Measured by Flow Cytometry

Cells were digested with 0.25% trypsin solution, centrifuged at 1000 rpm, and washed
three times with PBS. Cells were transfected with FAM-labeled RNA with excitation light
of 488 nm wavelength and detection channel of 530 nm wavelength.

Cells transfected with siCXCR4 were fixed with 4% paraformaldehyde solution at 4 ◦C
for 30 min. Then cells were centrifuged at 1000 rpm and washed for 3 times with PBS. In
total, 5 × 105 cells were mixed with 0.5 μg Cy5-labeled Anti-CXCR4 antibody and then
incubated at room temperature for 30 min. Then the cells were centrifuged at 1000 rpm and
washed for 3 times with PBS. An excitation light of 637 nm wavelength and a detection
channel of 695 nm wavelength were used.

2.2.9. Characterization

Elements’ content measured by energy dispersive spectroscopy (EDS): 50 μL of F7-
PEG-COOH solution was dropped on a single-crystal silicon wafer (0.5 cm × 0.5 cm). After
drying at room temperature, the silicon wafers were placed in scanning electron microscope
(Ultra Plus, Zeiss Inc., Oberkochen, Germany) for characterization.

Nanoparticles observed by transmission electron microscope (TEM): 20 μL of OA@
MNPs, DMSA@MNPs, or FPP@MNPs were dropped on a 200-mesh copper grid. The
copper grid was dried at room temperature and then placed in a TEM for observation.
HRTEM imaging and SAED were performed on JEM-2100 (JEOL Ltd., Akishima, Japan) at
an operating voltage of 200 kV. EDS mapping was performed on FEI Tecnai G2 F30(FEI
Inc., Hillsboro, OR, USA) at an operating voltage of 300 kV.

Magnetization curves: The OA@MNPs (containing 20 mg Fe) were dried and put into
vibrating sample magnetometer (Lakeshore 7407, Lakeshore Inc., Columbus, OH, USA) for
measurement. Set the magnetic field range from −7500 G to 7500 G.

19 F-Nuclear Magnetic Resonance (NMR): 20 mg of F7-PEG-PEI was dissolved in 0.5 mL
of CD3 OD and using Bruker 600M (Bruker Inc., Karlsruhe, Germany) for characterization,
the operating frequency was 600 MHz.

Characterization of size and zeta potential: the size distribution and zeta potential
of DMSA@MNPs or FPP@MNPs were measured by Zetasizer ZS90 (Malvern Panalytical
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Ltd., Malvern, UK). The sample was diluted with pure water to a final concentration of
0.1 mg/mL Fe, and then 1 mL of the sample was added to the sample pool before testing.
DLS distribution of mPEG-PEI@MNPs is shown in Figure S5.

50 particles in Figure 2b were randomly selected for TEM size measurement by ImageJ.
Figure S1 shows the TEM size distribution. Figure S2 shows the filtered HRTEM image for
measuring lattice spacing of OA@MNPs. Figure S3 shows the absorbance standard curve
for measuring Fe concentration.

Figure 2. (a) 19 F-NMR spectrum of F7-PEG-PEI (FPP). (b) TEM micrograph of oleic acid-modified
MNPs. (c) TEM micrograph of DMSA@MNP. (d) TEM micrograph of FPP@MNP. (e) HAADF
micrograph of FPP@MNP. (f) Distribution of F element of FPP@MNP. (g) Distribution of Fe element
of FPP@MNP. (h) Magnetization curve of MNPs. (i) Hydrodynamic size distribution (intensity) of
DMSA@MNP and FPP@MNP. (j) Zeta potential of DMSA@MNP and FPP@MNP. (k) HRTEM image
of oleic acid-modified MNPs. (l) SAED image of oleic acid-modified MNPs.
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2.3. Statistical Analysis

The data were expressed as the mean ± standard deviation (SD). Graphs were drawn
by Origin Software (version 2022, OriginLab Co., Northampton, MA, USA), and the signifi-
cances were calculated by Student’s t-test.

The * represents p < 0.05, ** represents p < 0.01. (n ≥ 3).

3. Results

3.1. Characterization of Fluorinated PEG-PEI Coated MNPs

The elemental composition of F7-PEG-COOH was analyzed by SEM-EDS. The results
are shown in Table S1. The atomic ratio of F, O, and C in F7-PEG-COOH is
F:O:C = 1:7.288:15.25, which is basically consistent with the theoretical calculation of
F:O:C =1:6.92:13.70. The FPP was dissolved in CD3 OD and characterized by 19 F-NMR,
and the results are shown in Figure 2a. Compared with the published study [42], peak
δ1 = −118.66 ppm is assigned to the fluorine atoms attached to the α carbon atom (1) of the
heptafluorobutyryl. δ2 = −128.13 ppm is assigned to the fluorine atoms attached to the β

carbon atom (2). δ3 = −82.29 ppm is assigned to the fluorine atom attached to the γ carbon
atom (3). Hereby, it can be proved that the prepared product contains heptafluorobutyryl.

Magnetic nanoparticles (MNPs) were synthesized by pyrolysis of Fe(acac)3 at high
temperatures and stored as a suspension in hexane. The TEM image of oleic acid-modified
Fe3O4 magnetic nanoparticles (OA@MNPs) prepared by high-temperature pyrolysis is
shown in Figure 2b. The size of MNPs is 11.92 ± 0.94 nm; the distribution of size is
shown in Figure S1. After drying the OA@MNPs, the magnetization measured by the
vibrating sample magnetometer (VSM) is shown in Figure 2h. The magnetization curves
approximately pass through the (0,0) point, indicating that when the external magnetic field
is 0, the magnetization of the MNPs is about 0. In addition, the maximum value indicates
that the saturation magnetization of the OA@MNPs is 89.9 emu/g Fe (the Fe content of
OA@MNPs was 70.2%). Figure 2k shows the high-resolution TEM (HRTEM) image of
OA@MNPs. The lattice spacing (d) of MNPs is 0.295 nm, which is matched with the (220)
plane of the cubic structure of Fe3O4. Figure 2l shows the selected area electron diffraction
(SAED) of OA@MNPs. The electron diffraction rings are assigned to (111) (220) (311) (400)
(422) (511) planes of the cubic structure of Fe3O4, respectively. The measurement of lattice
spacing by HRTEM images is presented in Figure S2. The lattice spacings measured by
HRTEM and SAED are shown in Table S2.

Then, using dimercaptosuccinic acid (DMSA), OA@MNPs were converted into water-
soluble DMSA@MNPs and stored as a suspension in water. The TEM image of
DMSA@MNPs is shown in Figure 2c, indicating that the morphology of MNPs remained
after DMSA modification. F7-PEG-PEI coated MNPs (FPP@MNPs) were prepared by elec-
trostatic adsorption. Figure 2d shows the TEM image of FPP@MNPs. It can be seen that
the FPP-coated MNPs are dispersed instead of forming aggregates. The HAADF image of
FPP@MNPs is shown in Figure 2e, and the distribution of F and Fe elements of FPP@MNPs
is shown in Figure 2f,g. As can be seen, the distribution of F and Fe is highly correlated,
indicating that FPP was combined with MNPs.

The hydrodynamic size and zeta potential of DMSA@MNPs and FPP@MNPs are
shown in Figure 2i,j, which indicates that after F7-PEG-PEI modification, the size increased
from 17.27 ± 0.32 nm to 93.29 ± 7.31 nm, and the zeta potential increased from −45.57 mV
to 56.77 mV. A previous study reported that PEI-coated magnetic nanoparticles exhibited
increased particle size and positive zeta potential [46]. The increase in size and the change
of zeta potential from negative to positive illustrate that FPP is adsorbed on the surface
of MNPs. Compared with the TEM images of FPP@MNPs and the hydrodynamic size of
DMSA@MNPs, the hydrodynamic size of FPP@MNPs is significantly increased, suggest-
ing that FPP@MNPs may aggregate in water. This phenomenon may be caused by the
fluorophilic character between the fluorine chains.
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3.2. Cell Viability and Apoptosis Assays

Figure 3i shows the effect of FPP@MNPs on cell viability, which was characterized
by the CCK8 kit. Respectively, 2, 4, 6, 8, 10, and 12 μg/mL of FPP@MNP (calculated by
the mass of Fe) were added to HeLa cells and then cultured for 24 h or 48 h. Compared
with the cells incubating for 24 h, the viability of HeLa cells after 48 h of incubation was
slightly reduced. When the concentration was lower than 4 μg/mL, FPP@MNPs showed
low cytotoxicity (viability ≥ 80%). When the concentration reached 6 μg/mL, the cell
viability decreased significantly. Furthermore, FPP@MNPs were toxic to HeLa cells when
the concentration was ≥ 8 μg/mL. Meanwhile, the results of FPP@MNPs-induced HeLa cell
apoptosis are shown in Figure 3a–e, and the analysis of cell viability is shown in Figure 3ii.
In Figure 3a–e, the FITC-/PI- represents cells with normal viability. Figure 3ii shows that
the inhibition of cell viability by FPP@MNPs with a concentration lower than 5 μg/mL was
relatively slight, while the incubation time was not longer than 48 h.

Figure 3. (a–e) Scatter diagram of HeLa cells apoptosis stained by Annexin V-FITC/PI measured
by flow cytometry. (i) Relative cell viability measured by CCK8 kit. (ii) Analysis of cell viability
measured by flow cytometry (a–e). The concentration is calculated by mass of Fe.

Combining the results of CCK8 and apoptosis assays, it can be shown that when the
concentration of FPP@MNPs is less than 4 μg/mL, the toxicity to cells is acceptable, which
is much higher than that in our subsequent studies.

3.3. Validation of Cellular Uptake and Transfection Efficacy

Figure 4 shows the uptake of FITC-labeled F7-PEG-PEI@MNPs (FPP@MNPs) and
mPEG-PEI@MNPs (mPP@MNPs) by HeLa cells. As shown in Figure 4a, 15 min after
adding FPP@MNPs to HeLa cells, it was observed that particles (green fluorescence) were
distributed around the cells and FPP@MNPs co-localized with lysosomes (red fluorescence).
Moreover, from the beginning to 40 min, more co-localization can be observed. Prussian
blue staining confirmed intracellular iron distribution (Figure S4).
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Figure 4. Uptake of (a) F7-PEG-PEI@MNP; (b) mPEG-PEI@MNP by HeLa cells. Figures were
captured by confocal laser microscopy. Blue is Hoechst 33342 stained nuclei, Red is LysoTracker
stained lysosomes, and Green is FITC-labeled nanoparticles. The result of co-localization of red and
green fluorescence is yellow. (Scale = 20 μm).

As is shown in Figure 4b, from 15 min to 40 min after adding mPP@MNPs to HeLa
cells, the nanoparticles around the cells could be observed. The intensity of green flu-
orescence gradually increased, indicating mPP@MNPs were gradually adsorbed on the
cell membrane. In contrast, there is no observable co-localization of mPP@MNPs (green
fluorescence) with lysosomes (red fluorescence) from the beginning until 40 min. Com-
paring Figure 4a,b, it is obvious that the cellular uptake efficiency of FPP-coated MNPs is
significantly higher than mPP-coated MNPs.

Afterward, we used FPP@MNPs to load FAM-labeled siRNA (green fluorescence) and
verified the transfection efficiency on human HeLa, A549 cell line, and mouse 4 T1 cell
line. Cells were transfected at different FPP@MNPs/siRNA ratios and with or without
external magnetic field enhancement. Specifically, the dosage of siRNA was 40 pmol, and
the FPP@MNPs were 0.25, 0.5, 0.75, or 1.0 μg (mass of Fe). The method of external magnetic
field enhancement is to place the cell culture plate on the magnetic plate for 15 min.

Figure 5 shows the images taken by fluorescence microscopy. After 12 h, the results of
each group show that the efficiency of siRNA delivery by FPP@MNPs can be significantly
enhanced by an external magnetic field (mag+) compared to the transfections without
magnetic field enhancement (mag−). For HeLa cells and A549 cells, 0.5 μg or 0.75 μg of
FPP@MNPs combined with 40 pmol of siRNA-NC can achieve high transfection efficiency
by the magnetic field enhancement. For 4 T1 cells, 0.75 μg of FPP@MNPs combined with
40 pmol of siRNA NCs can achieve high-efficiency transfection under the enhancement of
the magnetic field. Overall, 0.75 μg FPP@MNPs with 40 pmol of siRNA are preferred.

As is shown in Figure 6, in order to further explore the distribution of siRNA(FAM-
labeled, green fluorescence) in cells, the cells were scanned layer by layer and three-
dimensionally reconstructed by laser confocal microscopy. HeLa, A549, and 4 T1 cells were
transfected with FPP@MNPs under external magnetic field enhancement (MagTrans). The
commercial nucleic acid vector Invitrogen Lipofectamine 3000 Reagent (Lipo3000) was
used as the control. For each group of cells, it is evident that the amount of siRNA inside
MagTrans treated cells is significantly higher than Lipo3000 transfected cells. For Lipo3000
transfected cells, the distribution of siRNA can be observed in almost every cell, but the
amount of siRNA contained in a single cell is far less than that of cells treated by MagTrans.
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Figure 5. Fluorescence microscopic images of (a,b) HeLa, (c,d) A549, (e,f) 4 T1 cells transfected with
FAM-siRNA. In total, 40 pmol FAM-siRNA mixed with 0.25 μg, 0.5 μg, 0.75 μg, or 1.0 μg (mass of Fe)
F7-PEG-PEI@MNP, and then added to cells in 24-well plate. The effect of cell transfection enhanced
by magnetic fields (mag+) or not (mag−). Excitation λ = 488 nm. (Scale = 200 μm).
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Figure 6. Results of FAM-siRNA transfection captured by confocal microscopy. Blue is Hoechst33342
stained nuclei, Green is FAM-labeled siRNA NC, and Red is Rhodamine-Phalloidin stained F-actin
(a–d) HeLa, (e–h) A549, (i–l) 4 T1. Transfection method used were magnetic field-enhanced F7-PEG-
PEI@MNP transfection (MagTrans) or Lipo3000 transfection (Lipo 3000). Images are reconstructed in
3 D, and the images with the highest fluorescence intensity (Intensity Max) are given by NIS-Elements
software (Nikon Co., Tokyo, Japan).

The transfection efficiency of HeLa cells was analyzed by flow cytometry, and the
results are shown in Figure 7. The dots inside the rectangular gate indicate transfected cells.
Figure 7A shows untreated HeLa cells as a negative control, and Figure 7B shows HeLa cells
transfected with Lipo3000 as the positive control. The results of magnetic field enhanced
FPP@MNPs transfection (mag+) are shown in Figure 7a–d, and the results of FPP@MNPs
transfection without magnetic-field enhancement (mag−) are shown in Figure 7e–h. The
statistical analysis of transfection efficiency and mean fluorescence intensity of each group
is shown in Figure 7i,ii.
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Figure 7. Transfection efficiency of HeLa cells measured by flow cytometry. (A) Control. (B) Lipo
3000 transfection. (a–d) 40 pmol FAM-siRNA mixed with 0.25 μg, 0.5 μg, 0.75 μg, or 1.0 μg F7-PEG-
PEI@MNP, transfection enhanced by magnetic fields (mag+). (e–h) 40 pmol FAM-siRNA mixed
with F7-PEG-PEI@MNP (mag-). (i) Transfection efficiency of Lipo3000, mag+ and mag-. (ii) Mean
fluorescence intensity of Lipo3000, mag+ and mag− transfected cells (gated). ** p < 0.01.

In Figure 7i, comparing the Mag+ group with the Mag- group, the external magnetic
field could effectively improve the transfection efficiency. In particular, the improvement
was more pronounced between the groups that used fewer FPP@MNPs (0.25 μg or 0.5 μg,
mass of Fe, the same below). Furthermore, the difference in transfection efficiency between
the mag+ group and Lipo3000 is significant. The transfection efficiency of Lipo3000 was
73.51%, and the transfection efficiency of 0.25 μg FPP@MNP was 79.44%, which was
slightly improved. For the transfection results of 0.5 μg, 0.75 μg, and 1.0 μg FPP@MNP, the
efficiency was higher than 90%, which was greatly improved compared with Lipo3000.

Figure 7ii shows the statistical analysis of the Mean Fluorescence Intensity (MFI) of
transfected cells (within the rectangular gate). Compared with the mag+ group and the mag
- group, the magnetic field-enhanced transfection could not only improve the transfection
efficiency but also increase the content of siRNA transfected into cells. Comparing the
mag+ group with the Lipo3000 group, it can be seen that the MFI of the 0.25 μg mag+ was
slightly higher than that of the Lipo3000. The MFI of 0.5 μg, 0.75 μg, and 1.0 μg FPP@MNP
transfection was much higher than that of the Lipo3000, and the difference was significant.

273



Nanomaterials 2022, 12, 1692

3.4. Knockdown of CXCR4 Expression in 4 T1 Cells

Then, siRNA sequences (R1-R3) for silencing CXCR4 (siCXCR4) were designed and
synthesized. The sequences of negative control (NC) and siCXCR4 are given in Table 2.
For 4 T1 cells in the 24-well cell culture plate, 0.75 μg of FPP@MNP and 40 pmol of siRNA
were mixed for transfection, which was enhanced with an external magnetic field. Cells
were cultured for 12 h after transfection, and CXCR4 mRNA was detected by RT-PCR. The
results are shown in Figure 8i. With the CXCR4 mRNA in the NC group as a reference, the
relative expression levels of the R1, R2, and R3 groups were calculated after normalization.
As can be seen in Figure 8i, the knockdown rate of R1 is not ideal and may even lead to
increased CXCR4 expression. R2 and R3 can effectively reduce CXCR4 mRNA, and R2
achieves the best effect. The above differences are all significant.

Table 2. siRNA Sequences.

siRNA Sequence

NC (5′-3′) UUCUCCGAACGUGUCACGUTT
(3′-5′) TTAAGAGGCUUGCACAGUGCA

R1 (5′-3′) CGAUCAGUGUGAGUAUAUATT
(3′-5′) TTGCUAGUCACACUCAUAUAU

R2 (5′-3′) GUCCAUUUCAAUAGGAUCUTT
(3′-5′) TTCGGAGUUCUAGGAAAGGUU

R3 (5′-3′) GCCUCAAGAUCCUUUCCAATT
(3′-5′) TTCGGAGUUCUAGGAAAGGUU

The CXCR4 expression on the membrane of 4 T1 cells after transfection for 24 h or
48 h was detected by flow cytometry. The fluorescence intensity distribution of Cy5 labeled
anti-CXCR4 antibody is shown in Figure 8a–f, and the analysis is shown in Figure 8ii. After
24 h, the expression of CXCR4 in the R2 and R3 groups decreased, while the expression
of CXCR4 in the R1 group increased compared with the negative control. The difference
between R1 and R2, R1 and R3 was extremely significant, but the difference between R2 and
R3 was not significant. After 48 h, the expression of CXCR4 in the R1, R2, and R3 groups
was decreased compared with the cells transfected for 24 h. However, the knockdown
efficiency of R1 was still lower than that of R2 or R3, and the difference was significant.
Besides, the difference between R2 and R3 is still not significant.

To sum up, the CXCR4 knockdown rate increased as the culture time of the transfected
cells increased from 24 h to 48 h. Compared to the efficiencies of the three sequences (R1,
R2, and R3), the effect of R1 was poor. Even R1 may cause an increase in CXCR4 expression
for a short period of time and should therefore be excluded. At the protein level, the effect
of R2 and R3 was not significantly different. However, at the mRNA level, the knockdown
effect of R2 was extremely significant compared to R3.
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Figure 8. Results of CXCR4 expression and knockdown on 4 T1 cells. (a–c) 24 h after transfection,
fluorescence intensity of Cy5. (d–f) 48 h after transfection, fluorescence intensity of Cy5. CXCR4 were
detected by Cy5 labelled antibody, peaks with black lines represent negative control. (i) Analysis of
CXCR4 mRNA measured by RT-PCR. (ii) Analysis of the relative intensity of CXCR4 expression on
cell membranes measured by flow cytometry (a–f). * p < 0.05, ** p < 0.01.
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4. Discussion

The preparation process of F7-PEG-PEI (FPP) includes the preparation of F7-PEG-
COOH and the reaction of F7-PEG-COOH with polyethyleneimine (PEI). The measurement
of the three elements (C, O, and F) of F7-PEG-COOH shows that the proportion of the F
element is 4.23%. Theoretically, when a heptafluorobutyryl group is attached to a PEG2000
molecule, the proportion of the F element is 4.63%. The ratio of the actual value to the theo-
retical value was 4.23/4.63 = 91.36%, which indicated that most of the PEG molecules were
modified with heptafluorobutyryl. The EDC/NHS system is widely used for activating
carboxyl groups. The carboxyl group of F7-PEG-COOH was activated by EDC/NHS and
then reacted with PEI to synthesize FPP. The 19 F-NMR results of FPP proved the existence
of heptafluorobutyryl.

Nowadays, MNPs are widely used in biomedical fields such as MRI, drug delivery, and
hyperthermia [47]. Compared with the magnetic nanoparticles prepared by co-precipitation,
the size distribution of the MNPs prepared by high-temperature pyrolysis is more uniform,
and the saturation magnetization is higher [48]. Magnetite nanoparticles smaller than
25 nm in size are considered to be superparamagnetic, which is defined as the magnetic
material that has no magnetization in the absence of an external magnetic field [21]. The
TEM size of prepared Fe3O4 nanoparticles is 11.92 ± 0.94 nm, and the magnetization curve
in Figure 2h proves that our prepared Fe3O4 nanoparticles are superparamagnetic. The
increase in hydrodynamic size and the change of zeta potential demonstrated that FPP
was coated on the surface of DMSA@MNPs, and the EDS mapping confirmed that the
nanoparticles were fluorinated. In our work, the results of SAED are in good agreement
with previous studies [49,50], which is consistent with the inverse spinel structure of Fe3O4.
Besides, the lattice spacing of the (220) plane measured by HRTEM is 0.295 nm, which
corroborates with the 0.298 nm referred to in a previous study [50].

As shown in the introduction part [42–45], it is shown in many studies that fluorination
can improve the transfection efficiency of polymer nanoparticles. Different from previous
studies, we modified PEG with heptafluorobutyric anhydride and then connected it with
PEI. Using fluorinated PEG-PEI to coat MNPs can not only enhance cellular uptake by
fluorination but also enhance transfection efficiency by a magnetic field. Compared with
the commercial vector Lipo3000, our prepared FPP@MNPs can transfect more siRNA into
cells. As can be seen from Figure 6, Lipo3000 has high transfection efficiency, but the
amount of siRNA delivered into cells is not as high as that of FPP@MNPs (enhanced by
magnetic field). These claims can also be confirmed by the results of flow cytometry in
Figure 7.

Previous studies have established that CXCR4 is required for breast cancer cell pro-
liferation or survival, and CXCR4 inhibitors will improve the treatment of primary and
metastatic breast cancer [51,52]. The high expression of CXCR4 in 4 T1 breast cancer cells
was widely demonstrated in much research [53–55]. From the previous studies, this mouse
cell line is suitable for breast cancer research, including in vitro studies or the construction
of mouse models for in vivo studies. We used the FPP@MNPs prepared in this study as
siRNA carriers to transfect 4 T1 cells and knock down the expression of CXCR4 in vitro.
The effect of FPP@MNPs as siRNA carriers has been confirmed, and our research on HeLa
cells and A549 cells shows that FPP@MNPs can be extended to more applications.

5. Conclusions

Based on magnetic nanoparticles, fluorinated siRNA carriers F7-PEG-PEI@MNPs were
developed in this study. The carriers were less toxic to cells at conventional doses and
allowed for efficient cellular uptake. Our findings suggest that fluorination is an effective
strategy to overcome the “PEG dilemma”. The results of transfection showed that our
prepared FPP@MNPs could achieve an efficiency of more than 90%. In particular, the
transfection efficiency can be further improved by an external magnetic field, even with a
smaller amount of FPP@MNPs. In vitro experiments confirmed that FPP@MNPs could be
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used to knockdown CXCR4 expression in breast cancer cells. Furthermore, this vector was
verified to be universal on different cells.

6. Patents

Heptafluorobutyryl-polyethylene glycol-polyethyleneimine (F7-PEG-PEI) and nanopar-
ticles prepared with F7-PEG-PEI and the above technical solutions and applications have
been submitted for patent examination in the People’s Republic of China. All rights are
hereby declared. Application Number [202210144467.8].
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//www.mdpi.com/article/10.3390/nano12101692/s1, Table S1: Relative Content of C, O, F Elements
in F7-PEG-COOH measured by EDS; Table S2: Lattice spacing measured by HRTEM and SAED;
Figure S1: TEM size distribution of MNPs; Figure S2: Filtered HRTEM image for measuring lattice
spacing of Fe3O4 NPs; Figure S3: Standard curve for measuring Fe concentration; Figure S4. Fe3+

distribution in Hela cells measured by Prussian blue Staining; Figure S5. DLS distribution of mPEG-
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of Fe concentration by UV-Vis Spectrophotometry; Method S3. Prussian blue staining.
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Abstract: More than 2 years have passed since the SARS-CoV-2 outbreak began, and many challenges
that existed at the beginning of this pandemic have been solved. Some countries have been able to
overcome this global challenge by relying on vaccines against the virus, and vaccination has begun
in many countries. Many of the proposed vaccines have nanoparticles as carriers, and there are
different nano-based diagnostic approaches for rapid detection of the virus. In this review article,
we briefly examine the biology of SARS-CoV-2, including the structure of the virus and what makes
it pathogenic, as well as describe biotechnological methods of vaccine production, and types of the
available and published nano-based ideas for overcoming the virus pandemic. Among these issues,
various physical and chemical properties of nanoparticles are discussed to evaluate the optimal
conditions for the production of the nano-mediated vaccines. At the end, challenges facing the
international community and biotechnological answers for future viral attacks are reviewed.

Keywords: coronaviruses; vaccines; nanoparticles; diagnostic nanoparticles

1. Introduction

Human life has always been in danger of various sources of harm. Millennia ago,
our ancestors thought that all of their problems were limited to finding enough food and
staying safe from predators. Later, with the advancement of science, more civilized humans
were able to partially overcome these long-standing challenges but were unaware that
new problems would arise [1]. During the entire history of humankind, we have used
our knowledge to raise the quality of life. However, the mortality rates caused by numer-
ous maladies, such as neurodegeneration, contagions (including various viral infections),
cardiovascular disorders, diabetes, and different forms of cancer remain high. Although
some of the current health issues, such as cancer, diabetes, cardiovascular diseases, and
neurodegeneration, are associated with the modern lifestyle and can potentially be reduced
by changing habits, exposure to dangerous microorganisms and viruses clearly cannot be
easily ignored. Furthermore, with its ever-increasing connectivity among countries and
continents, the modern world is clearly facing global risks of fast spread of dangerous
infections. These days, many countries in the world are struggling with the second and
third waves of the coronavirus (CoV) disease 2019 (COVID-19) caused by severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) infection. Every day, thousands of
people around the world fall victim to this virus. Due to COVID-19, the economies of
countries are worsening daily, many businesses and industries have gone bankrupt, and
millions of people have lost their jobs [2–5]. In this sense, the global SARS-CoV-2 pandemic
filled the 21st century with serious challenges.
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In the last two decades, the human race has been repeatedly attacked by human
coronaviruses (HCoVs). In 2002, the severe acute respiratory syndrome CoV (SARS-
CoV) claimed 8096 lives, whereas 2494 people succumbed to the Middle East respiratory
syndrome CoV (MERS-CoV) in 2012, and finally the uninvited guest of 2019–2022, SARS-
CoV-2, is still collecting its toll. In comparison with the rather moderate incidences of
SARS-CoV and MERS-CoV, the occurrence of the SARS-CoV-2 is significantly higher [6–9].
As of June 2021, 176,482,998 people were reported to be infected with SARS-CoV-2, of
which 3,812,194 died [8]. According to the Worldometer (https://www.worldometers.info/
coronavirus/), as of 23 April 2022, the number of SARS-CoV-2 infected individuals climbed
to 509,048,132, and 6,241,704 COVID-19 patients passed away.

HCoVs, which were discovered in 1960, belong to the orthocoronavirinae subfamily
belonging to the coronaviridae family. There are seven HCoVs, which, in addition to the
aforementioned SARS-CoV, SARS-CoV-2, and MERS-CoV, include HCoV-229E, HCoV-
NL63, HCoV-OC43, and HCoV-HKU1 types that usually cause mild-to-moderate upper-
respiratory tract illnesses, with symptoms similar to the common cold. HCoV-229E and
HCoV-NL63 are alpha CoVs, whereas SARS-CoV, SARS-CoV-2, MERS-CoV, and the lesser-
known types of HCoV-OC43 and HCoV- HKU1 all belong to the beta CoV genus [10]. This
genus in particular has a high potential for infecting humans. All CoVs are capsid-coated
viruses, usually spherical, and contain a single-stranded RNA genome with a length of
32–37 kb [11–13].

With a deeper look at health problems and by studying modern ways to deal with
them, we can boldly say that the obvious human hope to combat most of these diseases
is the use of proteins and vaccines [14–16]. In the last three decades, with the advent of
biotechnology and nanotechnology for the recombinant production of human proteins in
different hosts, diverse medicinal proteins have found their way into the field of treatment
for the management of many diseases. To date, nearly 400 types of these biologics have been
introduced [17,18]. These proteins could potentially reach the market faster than chemically
synthesized drugs due to better predictability of their behavior in the living environment,
as well as their lower toxicity [19,20]. In this study, with the help of recent data, we first
describe the structure of SARS-CoV-2. In the next section, we look at how the virus causes
pathogenesis and the body’s immune response to this infection. Useful information on the
use of nanoparticles in the production of the coronavirus vaccines such as DNA vaccine,
RNA vaccine, viral vector vaccine, and adenovirus-vector vaccine will also be provided.
The use of monoclonal antibodies in passive immunization/adaptive immunity and the
2022 status of the virus vaccines will be summarized. Finally, the challenges in the field of
vaccination, problems related to vaccines, and solutions to overcome them will be presented
in the form of a list of suggestions. Also this paper will describe the utilization of various
types of polymer nanoparticles, metal nanoparticles, and peptide nanoparticles for the
detection and suppression of coronavirus infection. Properties of these nanoparticles, such
as particle size, surface charge, particle shape, and hydrophobicity and hydrophilicity will
also be examined in the types of immunological responses nanoparticles may generate. The
use of nanoparticles in SARS-CoV-2 diagnostic methods and the strategies used will also
be reviewed.

2. SARS-CoV-2 Structure and Infection Mechanism

Knowing the structural features and life cycle peculiarities of the virus will enable
researchers to suggest solutions to deal with the virus outbreak. With their genomes
approaching 30 kb in length, CoVs are among the largest known RNA viruses. SARS-CoV-2
is an enveloped positive-strand single-strand RNA virus (+ssRNA virus), whose genomic
ssRNA is condensed by the nucleocapsid (N) proteins at the center of the viral particle. The
size of the viral particle of SARS-CoV-2 can be up to 100 nm [21]. The outermost layer of
the viral particle is made of a phospholipid membrane similar to mammalian cells, which
contains three types of viral proteins. These proteins include membrane (M) protein in high
abundance, coating proteins (envelop protein, E protein) in relatively low abundance, and
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most importantly, spike protein (S protein) [22,23]. S protein is a trimeric glycoprotein, a
monomer that has a total length of 1273 amino acids. There is a 76% sequence similarity
between the S proteins of SARS-CoV and SARS-CoV-2, and they are glycosylated at 21 to
35 sites, respectively.

The S protein consists of two main parts called S1 and S2 subunits. The S1 subunit
has a segment that detects mammalian cellular receptors (receptor-binding domain, RBD)
and is responsible for binding the viral particle to the host cell, while the S2 subunit has
trans-membrane domains that hold the protein like a rod into the viral membrane [21,24].
Thanks to the structural studies of this protein, it was observed that as soon as S protein
binds to receptors on the surface of the host cell, the open structure of this protein becomes
closed. This structural switch ensures a strong attachment between the virus and the
host cell.

M and E proteins play structural roles for viral particles [25–27]. Figure 1 illustrates
the overall view of a CoV particle. Attachment to the surface of the host cell followed by
cell entry is among the most important aspects of the life cycle [28]. A correct and in-depth
understanding of this stage of viral infection can help in designing drugs to prevent the
virus entrance into the host cell. Although this stage of the virus’ life cycle has not yet been
completely uncovered, significant progress has been made in this field. In this article, a
detailed description of the stages of viral infection will be presented, and the mechanisms
that have been proposed to fight the virus at each step will be discussed.

Figure 1. The overall structure of CoV and the spike protein. The left side illustrates a single
particle of CoV. Three membrane proteins and RNA viral genome in a complex with nucleocapsid
proteins were shown in the scheme. The right side shows the detailed structure of a spike protein.
This protein, which is the most important functional protein during the attachment of the viral
particle to the host cell, has two subunits named S1 and S2. The receptor-binding domain is located
at the top of S1. For more information see the text. The structure of the spike protein was extracted
from PDB 6ZGI [29]. RBD is receptor-binding domain.

To design a safe drug, one has to understand the effects of the target virus on the body.
Figure 2 presents details of how the body responds to the virus and shows that the virus
first enters the lungs through the respiratory system, and then the immune system in the
alveoli would be used as the first level of defense against the virus.

To that end, immune cells that have entered through blood vessels into the alveoli,
secrete a variety of cytokines in contact with the invading virus [30]. This response, by
itself, triggers more immune cells that would generate more cytokines, resulting in a
cytokine storm [31]. Among the most important cytokines secreted at this stage are the
interleukins 6 and 1 (IL-6 and IL-1), as well as α-interferon (INF-α). The total secretion
of cytokines causes the overproduction and exudation of fibrin in the alveoli, which, by
disruption of cell junction, can eventually increase the flow of blood fluid through the
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capillaries to the lung chamber, resulting in pulmonary edema, focal hemorrhage, and
pulmonary consolidation [32–35]. All of this occurs due to the body’s intense inflammatory
responses against the invading virus [36].

Figure 2. Immune responses and overall intracellular events triggered in the face of CoV-2. In
normal conditions, immune cells enter the alveoli of the lungs through the blood. When CoV arrives
in the alveolar compartment, these immune cells oppose them and eventually produce cytokines.
Positively regulating, cytokines trigger more immune cells, eventually producing more cytokines.
During these events, the fibrin of the alveoli increases, resulting in partial destruction and increased
permeability of the alveoli. Consequently, fluid goes on the battlefield (alveoli) through the capillaries,
causing destruction and edema of the infected lung. However, when a virus can compete with these
challenges, it will be able to enter the host cell. In the host cell, the viral genome is generally released
and the host equipment is used to replicate the viral particles. The following sections of the article
provide more details in this regard.

Upon closer inspection of the infected cell, the first step in the virus entering the host
cell is the interaction between the S protein (RBD of the S1 subunit) and the angiotensin-
converting enzyme 2 (ACE2) receptor at the surface of the host cell [37–39]. The analog
for this receptor in the MERS-CoV infection mechanism is dipeptidyl peptidase-4 (DPP4)
receptor [40,41]. The angiotensin converting-enzyme is an important membrane protein
that is abundantly expressed on the surface of cells of various human and animal tissues.
The tissues with the highest expression levels of ACE2 are the lungs, gastrointestinal tract,
blood vessels, kidneys, liver, and heart. The history of recognizing the importance of this
protein dates back to three decades ago [42].

During these years, scientists speculated on many functions for this protein, including
its crucial role in the renin–angiotensin–aldosterone system (RAAS) pathway regulating
blood pressure, wound healing, and inflammation. Here, ACE2 modulates activities of
angiotensin II (ANG II), a protein that increases blood pressure, body water and sodium
content, and inflammation, as well as increases damage to blood vessel linings and various
types of tissue injury, by converting ANG II to other molecules that counteract the effects
of ANG II. Concerning the molecular mechanisms of CoV-2 infection, ACE2 serves as a
major receptor controlling the main route of SARS-CoV-2 entry to the host cells [43].

The importance of this receptor is further emphasized by finding a close relationship
between COVID-19 vulnerability and gastrointestinal symptoms due to high expression
levels of the ACE2 receptor at the gastrointestinal epithelial cells [44,45]. However, some
researchers have suggested that SARS-CoV-2 may also enter the host cell through interaction
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with another receptor, the CD147 protein [46], although this claim has been questioned in
more recent studies [47]. This receptor is also expressed on the surface of many tissues and
is responsible for changing the shape of the matrix in some phenomena, such as cancer,
inflammation, and wound healing [48]. It is believed that the reason for the different
responses of different patients to viral infection is a difference in the expression level of
these receptors at the surface of their cells. With all this, as soon as the interaction between
ACE2 and S protein has taken place, the viral particle enters the host cell by endocytosis,
and the virus genome is released [49]. However, one should take a closer look at the
roles of another protein in this process. The binding of S protein to ACE2 is not sufficient
for cell entry, and the internalization of the virus particle to the host cell is activated by
the specific cleavage of the ACE2-bound S protein by a transmembrane serine protease
protein-2 (TMPSS2) [50,51]. As another serendipity of the human body, this protein has
been closely linked to many health problems. For example, the crucial roles of TMPSS2 in
the metastasis and progression of prostate cancer are well-known [52].

After entering the cell, due to the suitable conditions for viral protein translation, the
host translational machinery starts producing viral RNA-dependent RNA polymerase,
and this event marks the beginning of a cascade of intracellular processes in favor of the
invading virus. After the viral polymerase is translated, a variety of viral RNA genes
is produced, resulting in the expression of structural and functional proteins needed to
form a complete viral particle inside the host cell [53,54]. Consequently, at the last stage
of viral infection, whole viral particles are expelled by the explosion of the host cell or
exocytosis, infecting the surrounding healthy cells. All of these pathways have been used
to design strategies to combat the SARS-CoV-2 infection [55–57]. Although no promising
and definitive approaches to combat CoVs infection and COVID-9 progression have been
reported so far, in this article, we intend to introduce all the proposed strategies based on
using the biological materials, or the combination of these materials with non-biological
materials, to limit virus progression.

3. Our New Comrades-in-Arms: Nanomaterials and the Development of CoV-2 Vaccines

Nanomaterials have been used in various fields for decades. This group of materials in
general, with their very large surface-to-volume ratios, the ability to place molecules with
different properties on their surface (functionalization), and simplicity in their production
process have played a major role in advancing human knowledge and increasing quality
of life [58–60]. Nonetheless, although some scientists have discovered new usages for the
substances, others pointed to their side effects. Thereby, this type of material should be
considered a double-edged sword. In this section, different applications of nanomaterials
in the inhibition of the virus life cycle are presented.

3.1. Different Classes of Nanomaterials against Coronavirus Disease

This ongoing pandemic, with all its bitterness, proved that the harmony between the
sciences could be a great help in achieving human goals. For example, it was observed
that the use of various nanoparticles along with molecular biology eventually introduced
vaccines into the consumer markets, which turned the dark days of the epidemic into a
beacon of hope. Scientists in the nanotechnology field have followed various strategies,
each with a vision to generate means to fight the virus. Some nanoparticles have been
used to directly fight the virus [61], while others have been used for the rapid detection
of viruses in laboratory samples [62]. Additionally, some nanocarriers are used to deliver
anti-SARS-Cov-2 drugs/vaccines [63]. In the subsequent sections of this study, the types
of these nanoparticles will be discussed. In general, these nanoparticles are classified into
groups based on their chemical nature, such as polymer nanoparticles, metal nanoparticles,
and peptide nanoparticles. Each of these groups can be subdivided into more detailed
subgroups on their own, which will be explained further.

To deal with global epidemics, careful review and utilization of all available tools/means
are important. In this regard, the use of nanotechnology as a new field in medical sciences
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and its multifunctional structures can be a solution. Nanotechnology can be used for a
variety of medical purposes, such as clinical diagnosis, pharmaceutical research, immune
system activation, and the extraction of the biological materials. To defeat COVID-19, better
understanding of the virus, better diagnosis of infection, its treatment and prevention are
steps in which nanotechnology is expected to help [64].

Polymer nanoparticles have found their place in many industrial and medical fields.
These substances, especially in regenerative medicine, have been able to give much hope to
the patient community to recover from tissue degeneration diseases [65]. Having a high
level of safety, biodegradability, simplicity of synthesis, and the ability to control their
properties through different functionalizations initiated strong attention to nanoparticles
in the field of anti-SARS-CoV-2 research [61]. Another positive point for this group of
nanoparticles is that some of them have been approved by the Food and Drug Administra-
tion (FDA) and have been studied in great detail in other fields [66]. By selecting this group
of nanoparticles, the distance to reach the final goal may not be as long as the one needed
for the development of novel and completely unknown nanoparticles.

Certainly, the synthesis methods of these nanoparticles, which directly affect their
properties, will also indirectly determine the effectiveness of nanoparticles in combating
the new coronavirus. The sizes of nanoparticles, which are generally between 1 and 100
nanometers, guarantee a very high surface to volume ratio, as well as the ability to load
significant amounts of drugs in small amounts of nanoparticles, which can help a lot in
combating pathogens, including SARS-CoV-2 virus [67].

3.2. Antiviral Mechanism of Nanoparticles

The antiviral mechanisms of nanoparticles include inhibiting the binding of the virus
to the target cell, preventing the virus from entering into the host cell, and attacking the
growth and proliferation stage of the virus. Possible mechanisms of nanoparticles include
direct and indirect inactivation of viruses. These mechanisms vary depending on the
three-dimensional shape and type of nanoparticles [68,69]. Another mechanism proposed
for the antiviral action of nanoparticles is the local field action of nanoparticles. In this way,
the designed nanoparticles change the membrane potential at the surface of the host cell as
soon as they are adsorbed on the cell surface. Following this, membrane potential change
and the penetration of the virus into the host cell are affected and reduced [70].

Other studies have suggested that metal nanoparticles, such as those containing silver
ions with oxidizing properties in infected host cells, can prevent the virus from spreading
to the healthy cells [71]. According to an in silico study, iron nanoparticles have also been
shown to form a stable complex with the CoV spike protein and prevent the virus from
attaching to the host cell [72].

Table 1 lists some of the studies that used nanoparticles in fighting respiratory vi-
ral diseases [73].

Table 1. Previously used different classes of nanoparticles in respiratory viral diseases.

Compound Virus Antigen Adjuvant
NP Size

(Diameter, nm)
Outcome

Polyanhydride RSV G and F
glycoproteins - 200–800 The replication of virus was

suppressed in infected mice

HPMA/NIPAM RSV F protein TLR-7/8 agonist 12–25

By having significant
antigenicity, TH1 isotype

anti-RSV F antibodies was
produce in the blood.

Chitosan IF(H1N1) IF(H1N1) Heat shock
proteins 200–250

After administration, the
nanosystem produced
antibody and induced

T cell immunity.
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Table 1. Cont.

Compound Virus Antigen Adjuvant
NP Size

(Diameter, nm)
Outcome

PLGA BPI3V BPI3V proteins - 225.4
The infected pigs had low

virus penetration (loading) in
their lungs.

Gold IF Antigen M2e CpG 12

Full protection of vaccinated
mice against the virus by the
increasing M2e-specific IgG

in serum.

Q11 peptide IF(H1N1) Antigen M2e - 15–100

Protection against
homologous challenge of IF
PR8 H1N1 and heterologous
challenge of avian IF H7N9.

Viral-like particle RSV M1 protein of IF
and RSV-F or -G

MPL and trehalose
6,6 dimycolate 10–1000 Induction the memory of T

cell responses.

Abbreviations: RSV, respiratory syncytial virus; TLR, toll-like receptor; TH1, T helper type 1; PLGA, Poly(D,L-
lactide-co-glycolide).

3.3. Properties of Nanoparticles for Efficient Vaccine Production

Vaccines have shown great potential for use in the prevention and treatment of in-
fectious diseases. With the rapid development of biotechnology and materials science,
nanomaterials have found an essential place in the formulation of new vaccines, as they
can enhance the effect of antigens by acting as a release system and/or as an immune-
boosting aid [74]. The analysis of the effects of nanoparticles on vaccine properties shows
the improvement of the antigen stability and immunogenicity as well as a capability of
targeted and controlled release of active substances [74]. However, there are still obstacles
in this field due to the lack of fundamental knowledge on how nanoparticles act at the
molecular scale, and what the biological effects of nanoparticles in living organisms are [75].
Nanoparticle-based vaccines are classified based on the function of the nanoparticles in
them as a release system and immune response enhancer. Therefore, a fundamental under-
standing of the distribution of nanoparticles in the body and their fate will accelerate the
logical design of new nanoparticles that will change the future of vaccines. Nanotechnology
has provided the opportunity to design different nanoparticles in terms of composition,
size, shape, and surface properties for various pharmaceutical applications [76].

Nanoparticles with the same size as cellular components can show biophysical func-
tion and biotherapy similar to their biological counterparts. There are several systematic
studies which showed that the nanoparticles designed with polyethylene glycol (PEG) are
able to delay the clearance of the drug from the body and thus make the systematic circula-
tion of the drug in the body longer than in the free drug state [77]. This can eventually be
useful for the accumulation of more drug at the site of treatment. In addition, nanoparticle
delivery systems can have several salient features, including high drug loading capacity,
controlled release rate, and reduced drug toxicity in the body [78]. As a result, nanoparticle-
based approaches as release systems provide new opportunities to enhance innate immune
activation and induce a strong immune response to the slightest toxicity [75]. The most
important components of an effective vaccine include an antigen to activate the immune
system, an enhancer of the immune response to stimulate the innate immune system, and a
release system to ensure proper antigen delivery and targeting [79]. To achieve these goals,
the design of nanoparticles focuses on the chemical composition, size, surface charge, and
surface properties of the nanoparticles, as these are used to control the distribution of these
particles in the environment, the release of antigen, the efficiency of immune stimulation,
and the final immune response [80]. Emulsions, liposomes, and synthetic polymers are
nanoparticles that serve as helpers for the proper release of immune response enhancers.
Antigen-carrying nanoparticles are able to affect the immune response and significantly
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enhance the T-cell cytotoxic response against the antigen fused to the nanoparticles [81].
This is due to the specialized ability of some antigen-presenting cells (APCs), which can
effectively absorb foreign particles, such as microparticles and bacteria [82]. This process
is performed by detecting antigenic material to analyze and express foreign antigens to
other cells in the immune system. However, there are limitations to the utilization of
these approaches, such as the existence of the nonspecific uptake and immunosuppression
activities of these compounds.

As mentioned, controlling the size, shape, and chemical properties of nanoparticles
enables these tiny particles to have a controllable cell uptake coefficient. In order to provide
organized information for efficient vaccine production, Figure 3 and the discussion below
indicate the properties that nanoparticles must have to be considered [80].

Figure 3. Various chemical and physical properties that can determine how nanoparticles will act

as vaccine carriers. The size, hydrophobicity, charge, shape, and ligand density of the nanoparticles
that carry the therapeutic factor will have a significant effect on their cellular uptake, distribution in
the body, accumulation in the cell (especially phagocytic cells) and the rate of tissue penetration.

As shown in Figure 3, there are many criteria to consider when designing a nanoparticle-
based vaccine. Nanoparticles with the size of less than ten nanometers are usually reported
to be excreted by the kidneys, while larger particles are excreted by the liver [83]. Particles
larger than 200 nm have also been shown to be able to be repelled by the spleen as long as
they have good flexibility [84]. Therefore, in addition to the items listed in Figure 3, the
flexibility of the nanomaterials is another important factor [85]. It has been seen that the
shape of nanoparticles can also affect their cellular uptake and ultimately affect immune
response they trigger [86]. Traditionally, the nanoparticles for formulations were considered
spherical, but currently, different types of nanoparticles, such as disks, rods, prisms, and
stars are being designed and studied [87]. It was reported that even the symmetry of
nanomaterials is important for effective tissue distribution and cellular uptake, which can
be due to the amount of reactions that occur at different levels [88].

It is also possible to generate positive and negative charges with different densities
through chemical modifications applied to the surface of the nanoparticles. By applying
this feature, the interaction of materials with targets is driven by electrostatic forces [80]. In
many studies, the effects of different charges on immune responses were investigated. For
example, positively charged hydrogel nanoparticles (modified with antigens) have been
shown to stimulate antibody production, T-cell activation, and class II MHC expression [89].
The same effect was observed with hydrophobicity in mesoporous silica nanoparticles
that affect the expression of CD3, 4 and 8 [90]. In terms of tissue penetration, it has also
been observed that positively charged nanoparticles are capable of penetrating the skin
2–4 times more efficiently than their negatively charged counterparts [91].
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In addition to the features reviewed in previous sections, the ligand density at the
surface of nanoparticles also has a significant effect on the immunological response they
generate. These differences in response may be due to the differences in cellular uptake.
For example, it has been shown that the amino content of silica mesoporous particles
significantly reduces the cytotoxicity of these particles, while PEGylation is effective in
increasing the hydrophilicity degree and ultimately leads to an increase in the renal filtration
rate [92,93].

3.4. Different Nanoparticle-Based Vaccines for CoVs

We focus here on the classification of nanoparticles that have been designed to fight
CoVs. From a structural viewpoint, four types of nanoparticles have been introduced for
this purpose (Figure 4). The first group of these nanoparticles originates from proteins that
can self-assemble; e.g., viral proteins that can aggregate into virus-like particles or form
protein micelles [94–96]. Similar to a virus particle, there is another group of nanoparti-
cles that are liposomes along with the capsid proteins. Liposomes themselves can also
be considered as nanoparticles capable of carrying therapeutic agents inside their body
against CoV. Finally, exosomes are another group of nanoparticles that are very similar to
viruses, except that these particles are usually produced by exocytosis from virus-infected
cells [97,98].

Figure 4. Different classes of nanoparticles are used as virus vaccines. (A) Self-assembling capsid
protein nanoparticle. This type of nanoparticle is made up entirely of proteins that are able to
self-aggregate. Sometimes two or three types of proteins are used to make this nanoparticle. (B) Virus-
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like particle. Particle engineering has created the ability to design and synthesize a virus-like particle
that is an assembly of a phospholipid and a set of viral proteins. (C) Liposome. Liposomes are
free of any viral proteins on their surface. Sometimes they may have receptors for the correct
targeting of the particle, but it should be noted that viral proteins are trapped inside the liposome
structure and enter the immunological pathways into the host cell after the endocytosis of the particle.
(D) Exosome particle. Once the host cell is infected with the virus, an exosome will emerge from
the damaged cell that contain the newly synthesized viruses. These particles, after extraction and
purification, can be suitable treatment options. (E) Corresponds many available nano-based polymeric
materials that functionalized with different therapeutic agents such as DNA, RNA, antigens, peptides,
and antibodies.

Today, perhaps the most important application of nanoparticles due to the global
CoV-2 challenge is the use of these materials to load and transport viral antigens and viral
DNA or RNA genomes [99,100]. In the meantime, physical and chemical interactions,
such as adsorption, entrapment, and attachment have been used to load viral materials
into the nanoparticles. For this important purpose, a variety of nanoparticles, such as
nanopolymers [101], liposomes [102,103], and quantum dots [104,105] have been used [100].
Between the years 2014–2018, scientists used protein micelles consisting of the S protein
of SARS-CoV-1 and MERS-CoV to fight these viruses [106,107]. Of these, some remain
in the early clinical stages, but recently, this method has also been used to deal with the
SARS-CoV-2 infection.

The vaccine-related virus-mimicking nanoparticles (NPs) such as self-assembled viral
proteins and virus-like particles are in phase I clinical trials [97]. The advantages of using
this group of nanoparticles include simplicity of their production, safety, high resistance
in vitro, and virus-like body distribution. However, this type of nanoparticle also has
some disadvantages, such as high production cost, the difficulty of industrialization, low
stability in vivo, and occurrence of unwanted immune reactions [97]. Studies to suppress
the progression of MERS-CoV [108,109] and SARS-CoV-2 [97] have been performed using
virus-like particles of S proteins and RBD domains, respectively. Both of these approaches
are in the early clinical phase.

Virus-like particles have very high immunogenicity and have recently been consid-
ered for their various applications in vaccination, targeted drug delivery, gene therapy,
and immunotherapy. All four recombinant vaccines—Engerix, Cervarix, Recombivax HB,
and Gardasil—on the market are based on highly pure virus-like particles (VLPs) [110].
However, there are several potential barriers in the development of virus-based vaccines
from the research phase to the clinical phase. One of these problems is the lack of infor-
mation on the folding and proper structure of these particles as compared with the parent
infectious virus. Another problem with these particles is that the binding pattern of these
particles is not the same as that of the parent infectious virus. Although these particles
contain capsid proteins and can stimulate the body’s immune system, they lack other viral
components. Another problem is the complexity of the related clinical studies. However,
human health has historically been more valuable than the problems and shortcomings that
are considered for these vaccines [111]. Virus-like particles can be divided into two main
categories based on the structure of parental viruses [112]: non-enveloped viral particles
and enveloped viral particles. Non-enveloped virus-like particles typically consist of one
or more pathogenic components that are self-assembled into the particles. These particles
also do not contain any of the host components. This kind of VLP has been used to develop
vaccines against pathogens such as HPV and RV [112]. Enveloped VLPs are relatively
complex structures consisting of host cell membranes (as envelop) with target antigens
on the outer surface. These types of particles provide a higher degree of flexibility for
integrating most antigens from the same or different pathogens. The most prominent
examples of enveloped viral-like particles are those engineered to express vaccine target
antigens from influenza viruses, retroviruses, and hepatitis C virus (HCV) [113].
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In the case of the liposomes, the most important challenge is the limited cargo capacity
and the fast release of the cargo to the environment. However, these types of nanoparticles
have several advantages, such as relative easiness of production, long-term physical sta-
bility, and high control over surface properties. These nanoparticles, in conjunction with
S and R protein-encoding RNAs, have also been used to control the progression of CoVs
such as SARS-CoV [114] and SARS-CoV-2 [115].

Two types of methods (mechanical and non-mechanical) are used to make liposomes
and nanoliposomes. The mechanical methods include sonication, homogenization, extru-
sion, and microfluidization. The non-mechanical methods are reverse-phase evaporation,
discharge of lipid–detergent micelle combination, freeze drying, solvent injection, thin
layer dehydration, and the thermal method. The sonication method, the most common
method in the production of liposomes, uses sound energy to create cavities and disperse
particles [116]. The cavities created by the sound effect cause the gas bubbles in the liquid
to expand and contract. As the waves increase, the bubbles begin to oscillate and eventually
burst. As a result, small vesicles form. This method is used in the preparation of monolayer
nanoliposomes. This method is also divided into three types of sonication with a probe,
sonication in a water bath, and ultrasonication [117].

As far as exosomes are concerned, they have been used to combat the SARS-CoV
virus [118]. In the study, 293 T cells were infected using plasmids containing the gene
encoding the S protein. The exosomes obtained from these cells were then used as nanopar-
ticle vaccines against the virus. The clinical research on the efficiency of this approach is
in its early stages. The advantages of this method include high biocompatibility, but the
high cost of production and the complex and long stages of nanoparticle development are
disadvantageous. Scientists in the field have previously used this technology to design
vaccines against infectious diseases, such as toxoplasmosis, HIV, influenza, etc. [109,119].
Given this evidence, it may make sense to consider using the same technique against the
present virus (SARS-CoV-2).

In a recent study, a polyethylenimine nanopolymer was used to transport SARS-CoV-2
S protein antigens to stimulate immune responses. The use of these antigen-carrying
nanoparticles induced immune and humoral responses in mice (production of IgG, IgA,
g-interferon, and interleukin-2) [120]. Other researchers have used chitosan polymers to
transport plasmids carrying the N protein gene. When these nano-carriers were delivered
through the intranasal route, the production of IgG and IgA in mice increased [119]. In an
interesting study by Kato et al., a nano-virus particle containing the N, S, and E proteins
of MERS-CoV virus was artificially produced. Although no in vivo studies have been
performed [109], the study was very important, since it demonstrated that one can fabricate
artificial viral particles with the help of nanoparticles.

The most important challenge in using nanoparticle-based vaccines is their cytotoxicity
and the need for adjuvants to increase the effectiveness of these vaccines [121]. In another
study, using the RBD of MERS-CoV virus and ferritin nanoparticle aggregates, a 28–30
nm nano-scaffold was developed that could immunize mice against the SARS-CoV-2
for a limited time [122]. By and large, ref. [97] is useful for studying different types of
nanoparticles in other aspects of dealing with viruses, such as use in hygiene and the
prevention of virus pandemics.

3.5. Delivery Role of Nanoparticles: Focusing on the CoVs

Relying on human knowledge, which came from the use of DNA and RNA vaccines,
the idea of using nanoparticles for vaccination was introduced in the field of COVID-19
treatment. The use of this strategy to deliver small interfering RNA (siRNA) vaccines has
helped control the symptoms of several diseases, such as autoimmune and neurological
diseases [123]. The fundamentals of the preparation of mRNA-1273 vaccine have been
based on this idea. The vaccine comprises an RNA genome covered with a lipid-based
nanoparticle envelop [124]. Nanoparticles can also be useful in the delivery of therapeutic
antigens. Thanks to the development of science in this field, nanoparticles can be classified
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into two major types by considering whether the antigen is located inside (encapsulated
antigen) or on the surface (surface-presented antigen) of the nanocarrier particle (Figure 5).

Figure 5. The role of different nanoparticles containing therapeutic agents. Different nanoparticles
have been used to carry different components of viral particles such as genetic material and/or its
antigens. The viral genetic materials are usually encapsulated or trapped inside the nanoparticles
while the viral antigens are functionalized on the surface of the nanoparticles. Depending on
which type of T-cell or antigen-presenting cells these engineered nanoparticles attach to, different
immunological pathways are created in the body, which ultimately lead to the activation of B cells
that produce monoclonal antibodies against the virus particle.

Different nanoparticles with different sources can be made depending on whether the
therapeutic agent is to be placed on its surface or loaded into it. Nanoparticles containing
the DNA genome can penetrate the host cell membrane and enter the cell and eventually
arrive at the nucleus. The exogenous gene can enter transcriptional and eventually transla-
tional cycles to produce protein products that aid in the healing process. On the other hand,
nanoparticles that carry antigens inside them can also enter antigen-presenting cells. After
antigen processing by the cell, the antigen eventually would be present on the surface of
these cells. These efficient antigens are ultimately able to invoke immune cells and activate
immune responses. Alternatively, nanoparticles containing the RNA genome can enter
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antigen-presenting cells, enter directly into translocation cycles of the cell, and synthesize
corresponded antigens. The disadvantage of such nanoparticles is their short half-life, but
at the same time, they can produce relatively faster responses compared to DNA-containing
nanoparticles. Another group of therapeutic nanomaterials is nanoparticles that carry
antigens directly on their surface. These systems interact directly with immune cells. All of
these nanoparticles will finally trigger the production of antibodies by immune cells.

RNA- and DNA-containing nanoparticles are generally placed inside nanoparticles
due to the degradability of the nucleotides, but antigens can also be placed inside the
nanoparticles or on the surface of these carriers [125,126]. The hope for the success of the
genome-containing nanoparticles is very high. Among the group of nanoparticles that
are being studied to oppose the CoV-2 are Moderna [127], Arcturus Therap [128], and
CanSino [14]. There are also many cases of nanoparticles presenting a viral antigen on
their surface [125]. The basis of the antigen placement at the nanoparticle surface is to
mimic a viral particle. For example, by placing important antigens, such as the S protein,
on the surface of a nanoparticle and injecting it into the body, an immune response can
be activated against this particle without worrying about the generation of the new viral
particles in the body.

3.6. Attacking the CoV-2 Life-Cycle with the Help of Nanoparticles

Luckily for us, various steps must be taken to finally create a new virus particle inside
a host cell. As illustrated in Figure 6, which shows all the steps of the CoV-2 life cycle,
scientists have been able to design various strategies to combat the virus by specifically
attacking it at different stages (up to stage 5). To that end, according to the results obtained
so far, it is clear that most success in the struggle between the therapeutic agents and the
virus can be achieved before the extremely important viral enzyme, RNA-dependent RNA
polymerase, starts to function. If the virus cycle cannot be controlled up to this stage, due
to the speed of enzyme action and its specific activity and high turnover number of an
enzyme, a significant number of viral RNAs will be formed in a short time, and the next
steps will proceed at a worrying rate. After this stage, there is almost no hope for blocking
the virus life cycle.

It makes sense that all efforts should be made to prevent the virus from entering
human cells, but sometimes this is not the only recommended way. Up to now, two drugs
have been suggested to inhibit this stage: Umifenovir and Camostat mesylate. The first
drug, which is publicly licensed in China (People’s Republic of China) and Russia, can
prevent the virus from entering the body by binding to S proteins on the surface of the
influenza viruses. In this regard, the drug has also been used as a candidate to prevent
the entry of CoV-2 [129]. Camostat mesylate, with a similar mechanism, can prevent the
entry of CoV-2 into the host cell [130]. Similarly, in 1994, a direct relationship between
inhibition of the furin enzyme and attenuating penetration of influenza viruses to the host
cell was proposed [131]. Several furin cleavage sites have been found in the S protein of
SARS-CoV-2, which supports the theory of furin-dependent viral entry in the virus [132].

Given the above information, placing this protein on the surface of nanoparticles could
serve as a good model for the viral binding inhibition studies. Of the parts of the virus life
cycle, the entry of the viral genome into the host cell, led by S2 subunit, is an important
stage [133]. As the virus nears the host cell membrane, two heptad repeat regions in S2
(HR1 and HR2) undergo structural changes to facilitate the integration of the virus and
host cell membranes [134,135]. So far, many peptides have been made from these two
protein regions that can mimic the behavior of these peptides and ultimately prevent the
binding of the viruses to the host cells [136–138]. As an example, the synthetic peptide HR2
was injected into mice 5 h before the animals were infected with MERS-CoV, and it was
observed that the viral infection in the lungs was significantly reduced as a result of such
treatment [139].

However, the physical and chemical stabilities of a peptide (especially exogenous
peptides) inside a cell are low [140]. Therefore, putting such therapeutic peptides in/on the
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nanocarrier is expected to provide more promising results. Alternatively, viral proteases can
be considered good targets for attenuating the progression of viruses. It has been indicated
that the nsp3 and nsp5 genes of CoVs encode papain-like cysteine protease (PLpro) and
3C-like serine protease (3CLpro), respectively [141]. In general, the function of these
proteases plays a very important role in the process of viral genome transcription and virus
duplication [142,143]. Therefore, targeting these proteases could be a key strategy to inhibit
CoV-2 infection.

Figure 6. Different stages of a CoV-2 life cycle along with target points for fighting the virus. The
CoVs can be fought almost from the beginning of the virus to the function of the RNA-dependent
RNA polymerase. However, after the function of the enzyme, no specific strategy has been proposed
to deal with the virus. As soon as the virus enters the body, a range of events will occur, though up to
stage, 5 the virus can still be defeated. Nanoparticles that have monoclonal antibodies or antigens on
their surface usually act before the virus enters the cell. The ACE2 receptor, which is among the most
important cell surface receptors for the SARS-CoV-2, was a target of many studies for blocking virus
cell entry. As soon as the virus binds to this receptor, the process of virus penetration into the host
cell begins. Consequently, masking this agent on the surface of host cells can prevent the virus from
entering the cell. Nanoparticles that encapsulated therapeutic agents will be able to fight the virus as
it enters the host cell. See the text for more details.

A similar strategy has been used to combat HIV-1. Lopinavir (LPV) and ritonavir
(RTV) are two important drugs that can target HIV-1 proteases. Fortunately, these drugs
have been shown to target 3CLpro in both SARS-CoV-1 and MERS-CoV viruses and reduce
the activity of these proteases [144,145]. The effect of these two important drugs in patients
infected with SARS-CoV virus reduced viral load and viral-mediated mortality rate [146].
Also, the combined use of these two drugs in marmoset animal models has been shown
to diminish viral loading and improve the general state of the body after infection [147].
However, due to the limited age of the tested animals and the different effects that the
SARS-CoV virus had at various ages, the effects of these drugs could not be considered to
be the same for all patients [148]. By looking at nanocarriers, their remarkable ability to
cross membranes and high-performance delivery of such protease inhibitor drugs could be
a promising strategy to overcome viral progression inside a host cell.
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Unfortunately, not many mechanisms have been proposed to explain the inhibitory
functions of nanoparticles at the cellular level, which indicates a general lack of knowledge
and awareness in this area. In general, when talking about the virus outside the cell, it is
possible to explore novel mechanisms by utilizing various approaches and designing new
experiments. However, research opportunities are rather limited after the nanoparticles
enter the cell space, and as a result, a rather restricted set of mechanisms have been
explored in the many previously published studies. In the first step of the defense against
SARS-CoV-2 virus, nanoparticles can create a protective “barrier” by blocking the entry
of viruses utilizing designed functional groups and antibodies against viral antigens to
interact with viruses outside the cell space; i.e., before their attachment to the host cell.
Such nanoparticles, that are mostly nontoxic toward the host cells, disrupt the SARS-
CoV-2 attachment of its receptor and thereby block the process of cell [149]. Another
way to achieve this goal is by reducing the expression levels of coronavirus receptors
(ACE2 and TMPRSS2) at the cell surface. Unfortunately, no cases were reported, where
nanoparticles would be used to down-regulate these receptors to reduce the risk of host
cell infection. Also, according to another study, nanoparticles themselves may have a
destructive effect on the integrity of the viral structure, preventing the virus from entering
the host cell, a result that was seen in the case of silver nanoparticles with a diameter of 2
to 15 nm [150]. However, among the metal nanoparticles studied so far, silver and copper
nanoparticles are most frequently used in surface coatings to inhibit the spread of the virus
in the environment, whereas gold nanoparticles have been used to combat the virus at the
intracellular level [151].

One should keep in mind that since the patients usually receive high doses of the
virus, the strategy based on using nanoparticles to prevent the virus from the entry to
the host cells may not be able to create a very strong barrier for successful fight against
viral infection. Once the virus enters the host cell, the first stage of its intracellular life is
to extract the necessary information from the viral genome to synthesize the set of viral
proteins. This stage could serve as another station, where nanoparticles should be able to
control the function of viruses. At this level, nanoparticles coated with the antisense RNAs
can be of great help [152]. Another option includes the utilization of lipid nanoparticles
(LNP) as a delivery system for various highly effective small interfering RNA (siRNA)
capable of targeting highly conserved regions of the SARS-CoV-2 virus [153]. One of the
important considerations for this group of nanoparticles is their capability for rapid and
efficient entrance into the host cells. It should also be borne in mind that the toxicity of these
particles should be carefully checked to ensure that they do not cause problems entering
the cell and coexisting with it for a certain period of time.

One of the attractive targets to attack the SARS-CoV-2 replication by many drugs
and nanoparticles is the RNA-dependent RNA polymerase, which plays a central role
in the viral infection cycle. At first glance, the fact that this target is an enzyme is very
important. The enzyme with high catalytic activity is able to convert a large number of
substrates into a product in a very short time (μs range, which is not precisely achieved
for SARS-CoV-2 virus). In the case of SARS-CoV-2, RNA-dependent RNA polymerase
catalyzes the synthesis of the viral genome from the triphosphate substrates of the host
cell. Therefore, nanoparticle can be used to deliver drugs specifically affecting enzymatic
activity of this important protein. One should also keep in mind that if viral polymerase
cannot be e, the virus will be very difficult to control due to the high rate of synthesis of
viral components [154].

The next step that can be affected and potentially controlled by nanoparticles is the
efficiency of the viral protein expression. This step is usually conducted by the shared
translation machineries of the host and the virus. Therefore, it can be modulated with less
efficiency, and corresponding drugs could have more side effects. The final step at which
nanoparticles can be expected to help is to prevent viral components from coming together
and forming a new virus (packing and budding levels). However, modulation of this stage
is not expected to be successful due to the involvement of cellular organelles, such as the

294



Nanomaterials 2022, 12, 1602

Golgi and the smooth endoplasmic reticulum. This could be the reason of why no articles
have been published on this subject yet.

It is clear that various side effects of nanoparticles should be considered and carefully
analyzed. For example, gold nanorods have been shown to inhibit the mitochondrial
degradation of host cells by inhibiting caspase as soon as they enter a host cell infected with
SARS-CoV-2 virus, and this intervention ultimately preserves the longevity of the infected
cell [71]. A recent study showed that using siRNA/VIPER polyplexes it is possible to slow
down the virus replication rate. The study showed promising results at the in vitro (air–
liquid–interface) and ex vivo (human lung explant model) levels, and, most importantly,
in vivo (lung epithelial cells). It was established that these siRNA/VIPER polyplexes not
only were mostly non-toxic to the host cells, but were able to noticeably reduce viral
replication [155]. Also, some studies, have found a close link between the pathogenicity
induced by different viruses and the rate of autophagy in the host cells of infected people.
Therefore, another way to fight the coronavirus is to use nanoparticles functionalized with
autophagy inhibitors. Among these drugs, chloroquine and hydroxychloroquine have
been able to inhibit autophagy by interfering with the connection of autophagosome to
lysosome. The use of these drugs against viruses such as HIV, SARS-CoV, and Zika is also
recommended [156].

4. Nano-Based Diagnostic Tests for COVID-19

Although a large fraction of the applications of nanoparticles has been in the field
of drug delivery and development of SARS-CoV-2 vaccines, some researchers have also
focused on the use of nanoparticles for diagnostic and treatment purposes. In the line of
the diagnostic applications, the goals can be divided into two major categories: the use
of biomolecular corona and colorimetric methods for corona detection. In the first case,
research and efforts are hypothetical. Here, with the entry of nanoparticles into the complex
and crowded living system (cell), a series of biomolecules such as proteins, polysaccha-
rides/carbohydrates, and lipids will be in contact with the surface of nanoparticles and
will form different patterns of bonding at different health conditions. Nanoparticles facing
different proteins and biomolecular contents, such as those seen in patients infected with
SARS-CoV-2, can form diverse microarrays of biomolecules (mainly proteins and peptides)
in different states of health, and based on the analysis of the corresponding results, people
with high risk to virus infection can be found [157]. Although numerous articles have
already been published in the field of application of this approach in various diseases, no
such research has been conducted yet for the SARS-CoV-2-related cases.

The second category of diagnostic research involves colorimetric (visible and/or non-
visible) experiments with nanoparticles for the rapid and accurate detection of coronavirus
in laboratory samples. In line with these considerations, gold nanoparticles are repeatedly
used in the SARS-CoV-2 diagnosis, both in solution and in the form of nanochips. In a
study using gold nanoparticles containing SARS-CoV-2 RNA antisense strands, a colori-
metric system was developed for SARS-CoV-2 diagnostics without the need for complex
instruments [158]. In this study, based on the interaction between suspended gold nanopar-
ticles solution and viral RNA, after a period of incubation, the nano-system turns into
larger aggregates, and finally, with the change in resonance of the surface of aggregated
gold nanoparticles, diagnosis would be achievable [158]. In general, the physicochemi-
cal properties of nanoparticles enable them to be a tool that can produce a measurable
signal once they interact with the virus (the interaction between the surface nanoparti-
cles and part of the coronavirus such as surface proteins, viral DNA, and/or RNA). In
another study that also used gold nanoparticles, the nanoparticle surface was functional-
ized using α, N-acetyl neuraminic acid, a specific sugar for binding to the SARS-CoV-2
S protein [159]. In this study, although virus-like particles containing surface S protein
were used instead of the whole virus, and the results were promising. In detail, after the
nanoparticle and virus complex is formed, it flows in the lateral flow immunoassay strip
containing α,N-acetylneuraminic acid sugars. Followed by the formation of clots due to S
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protein re-interaction with the immobilized sugar on the immunoassay pathway, a signal
to detect virus moiety will be produced. From the statistical viewpoint, it is stated that the
detection sensitivity of this technique is high, and as little as 5 micrograms of S protein per
milliliter can be detected [159].

Although more attention has been paid to the gold nanoparticles for the detection
of SARS-CoV-2, some studies have looked at other groups of nanosystems as well. In
one such study [160], poly (lactic-co-glycolic) (PLGA) nanoparticles conjugated to viral S
protein were used. This system, which is very similar to the immunoassay sandwich, begins
with the immobilization of antibodies against S protein in microplates. Then, S protein
conjugated nanoparticles are incubated with the antibody, and finally, with the help of the
peroxidation-like activity of copper nanoparticles and the external presence of hydrogen
peroxide, 3.3%, 5,5′-tetramethylbenzidine immobilized in PLGA oxidases to change the
color of the solution. This system is said to detect the S protein at the concentration of a
femtogram per milliliter [160].

As aforementioned, the RNA content of SARS-CoV-2 has also been used for diagnostic
purposes. In one of the related studies, europium-chelate nanoparticles (FNPs) conjugated
to S9.6 antibodies (S9.6-FNPs) were used to detect the presence of SARS-CoV-2 using its
RNA. S9.6 antibody is a protein that can bind to DNA and RNA hybrids. In this study, first,
a DNA probe that could bind specifically to the viral RNA was used, and then S9.6-FNPs
nanoparticles were used to bind to this hybrid. Based on the results of the analysis of
samples taken from 734 patients, it was concluded that this test with its 99% specificity
and 100% sensitivity could be a good option for the virus diagnosis [161]. Not only viral
components but also host molecules released due to the viral entry into the body have been
used to diagnose SARS-CoV-2 infection. In fact, diagnosis of immunoglobulin M (IgM) and
immunoglobulin G (IgG) has been utilized as another diagnostic option using conjugated
nanoparticles with anti-immunoglobulins [162,163].

Looking at the articles published so far, the strategies used in the diagnosis of SARS-
CoV-2 by nanoparticles and/or fluorescently labeled nanoparticles can be summarized as
shown in Figure 7 [164].

Figure 7. Different strategies used for the detection of SARS-CoV-2 by nanoparticles (A,B) and/or
fluorescently labeled nanoparticles (C).

Although nanoparticles were successfully used for the rapid and accurate detection
of SARS-CoV-2 in many studies, one of the challenges of these studies has been the high
cost of the consumables required for conducting them. Most studies have used gold
nanoparticles or nanoparticles labeled with fluorophores, which ultimately increases the
cost of each test for people in the community. There is currently no method that is accurate,
fast and cheap, but in this challenging era, the existing options are considered as the only
available solutions.

Compared to the conventional SARS-CoV-2 detection methods, such as RT-PCR,
nanoparticles can be more appropriate options in several respects. For example, by amino
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functionalizing (via 3-aminopropyl) the surfaces of magnetic nanoparticles, the RNA
contents of SARS-CoV-2 can be co-precipitated in a rapid and efficient manner [165].
Likewise, quantum dots have proven their usefulness in many medical applications [166].
These particles are respectable options for studying the binding dynamics of the S protein
to the cell surface receptor (ACE2). These particles can be easily detected as soon as they
enter the host cell due to their very small size (between 1 to 10 nanometer) and photo-
stability [167]. Quantum dots can also be used as probes in the study of inhibitors of
binding between the S protein and its receptor [168]. Graphene, which has also been used
in many diagnostic aspects [169], was studied in the field of SARS-CoV-2 diagnosis as well.
In a corresponding study, S protein antibodies were attached to the surface of graphene
using 1-pyrenebutyric acid N-hydroxysuccinimide ester linkers. The system was then used
as a sensor to detect a protein with an accuracy of 1 femtogram of the S protein per milliliter.
The diagnostic method was based on the field effect transistor (FET) [170].

Furthermore, different nanoparticles were also used in other platforms to fight the
SARS-CoV-2. Some nanoparticles have been used as drug carriers against the virus, such as
polymeric lipid nanoparticles and silica nanoparticles [171–173]. Silver nanoparticles [150]
and nanoparticles capable of generating free radicals [174] have also been used in those
studies for the killing the virus directly. In other experiments, specific nanoparticles, such
as nano-exosomes having the viral contents, were used to neutralize the virus infection in
the body [175].

5. Conclusions and Future Outlook

It would be very frightening to imagine the epidemic of another virus with SARS-
CoV-2-like infectivity and Ebola-like mortality (around 90%) [176]. After taking this alarm
seriously, many researchers put more focus on the investigation of various SARS-CoV-2
outbreak issues. In general, to combat any dangerous threats, the most important factors
must first be carefully identified and then characterized. By the same token, to deal with
the CoVs, exact structural knowledge of viral components and the molecular mechanisms
of virus infection and stages of the life cycle must be understood. Some treatment strategies
are purely preventative (prophylactic strategies), while others fight infection at different
stages of the virus life cycle. Antigens and the viral genome can be used as functional
vaccines [15,177–179]. While experimental observations from the use of vaccines have been
promising, these therapeutic agents also have some challenges, such as short half-lives and
unwanted immunological symptoms [124,148]. Recent studies indicate that the utilization
of nanoparticles would be also able to help humans. The use of these new materials will
enable researchers to meet the challenges of vaccines and raise hopes for the fight against
the CoVs. Despite all the positive results and observations that have been made about the
use of nanoparticles in the production of vaccines, due to the rush to make the SARS-CoV-2
vaccines, the toxicity of nanoparticle-based vaccines, their targeting accuracy, distribution
in the body, and localization within the cell has not been properly assessed. Considering
the need for a global vaccination and the fact that only some countries are able to produce
vaccines, one of the problems that is expected to be solved in the future is the transfer of
vaccine production technology to other countries or the investment of current companies
in other companies to upgrade them to produce vaccines. In the process of controlling
patients, such as COVID-19, vaccination will be effective when all sections of the population
are vaccinated quickly for the sake of reducing the rates of the virus spread and mutation.
On the other hand, looking at the origin of this virus, which is still in a state of ambiguity,
the guess that it was transmitted from animal to human is not far from doubt. Therefore,
the points of view on the lifestyle in the modern world should be re-examined to better
control interactions between humans and animals so that in the future, we do not see
the transmission of another disease from animals. More detailed studies on human food
patterns should also be conducted. Last but not least, the training necessary to improve the
scientific level of people in the community to accept vaccines should be increased, so that
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the doubts about vaccines are reduced, and those who are afraid of vaccination know the
danger of this way of thinking for themselves and others.
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68. Synowiec, A.; Szczepański, A.; Barreto-Duran, E.; Lie, L.K.; Pyrc, K. Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2): A systemic infection. Clin. Microbiol. Rev. 2021, 34, e00133-20. [CrossRef]

69. Lara, Y.; Nguyen, T.; Marilena, L.; Alexander, M. Toxicological considerations of clinically applicable nanoparticles. Nano Today
2011, 6, 585–607.

70. Lysenko, V.; Lozovski, V.; Lokshyn, M.; Gomeniuk, Y.V.; Dorovskih, A.; Rusinchuk, N.; Pankivska, Y.; Povnitsa, O.; Zagorodnya, S.;
Tertykh, V. Nanoparticles as antiviral agents against adenoviruses. Adv. Nat. Sci. Nanosci. Nanotechnol. 2018, 9, 025021. [CrossRef]

71. Du, T.; Zhang, J.; Li, C.; Song, T.; Li, P.; Liu, J.; Du, X.; Wang, S.J.B.C. Gold/silver hybrid nanoparticles with enduring inhibition of
coronavirus multiplication through multisite mechanisms. Bioconjugate Chem. 2020, 31, 2553–2563. [CrossRef] [PubMed]

72. Abo-Zeid, Y.; Ismail, N.S.; McLean, G.R.; Hamdy, N.M. A molecular docking study repurposes FDA approved iron oxide
nanoparticles to treat and control COVID-19 infection. Eur. J. Pharm. Sci. 2020, 153, 105465. [CrossRef] [PubMed]

73. Rashidzadeh, H.; Danafar, H.; Rahimi, H.; Mozafari, F.; Salehiabar, M.; Rahmati, M.A.; Rahamooz-Haghighi, S.; Mousazadeh, N.;
Mohammadi, A.; Ertas, Y.N. Nanotechnology against the novel coronavirus (severe acute respiratory syndrome coronavirus 2):
Diagnosis, treatment, therapy and future perspectives. Nanomedicine 2021, 16, 497–516. [CrossRef]

74. Smith, J.D.; Morton, L.D.; Ulery, B.D. Nanoparticles as synthetic vaccines. Curr. Opin. Biotechnol. 2015, 34, 217–224. [CrossRef]
75. Irvine, D.J.; Hanson, M.C.; Rakhra, K.; Tokatlian, T. Synthetic nanoparticles for vaccines and immunotherapy. Chem. Rev. 2015,

115, 11109–11146. [CrossRef]
76. Dhand, C.; Dwivedi, N.; Loh, X.J.; Ying, A.N.J.; Verma, N.K.; Beuerman, R.W.; Lakshminarayanan, R.; Ramakrishna, S.J.R.A.

Methods and strategies for the synthesis of diverse nanoparticles and their applications: A comprehensive overview. Rsc Adv.
2015, 5, 105003–105037. [CrossRef]

77. Prencipe, G.; Tabakman, S.M.; Welsher, K.; Liu, Z.; Goodwin, A.P.; Zhang, L.; Henry, J.; Dai, H. PEG branched polymer for
functionalization of nanomaterials with ultralong blood circulation. J. Am. Chem. Soc. 2009, 131, 4783–4787. [CrossRef]

300



Nanomaterials 2022, 12, 1602

78. Wilczewska, A.Z.; Niemirowicz, K.; Markiewicz, K.H.; Car, H. Nanoparticles as drug delivery systems. Pharmacol. Rep. 2012, 64,
1020–1037. [CrossRef]

79. Morens, D.M.; Taubenberger, J.K.; Fauci, A.S. Universal coronavirus vaccines—An urgent need. N. Engl. J. Med. 2022, 386,
297–299. [CrossRef]

80. Toy, R.; Roy, K.J.B. Engineering nanoparticles to overcome barriers to immunotherapy. Bioeng. Transl. Med. 2016, 1, 47–62.
[CrossRef] [PubMed]

81. Nembrini, C.; Stano, A.; Dane, K.Y.; Ballester, M.; Van Der Vlies, A.J.; Marsland, B.J.; Swartz, M.A.; Hubbell, J.A. Nanoparticle
conjugation of antigen enhances cytotoxic T-cell responses in pulmonary vaccination. Proc. Natl. Acad. Sci. USA 2011, 108,
E989–E997. [CrossRef] [PubMed]

82. Yao, H.; Shen, N.; Ji, G.; Huang, J.; Sun, J.; Wang, G.; Tang, Z.; Chen, X. Cisplatin Nanoparticles Promote Intratumoral CD8+ T
Cell Priming via Antigen Presentation and T Cell Receptor Crosstalk. Nano Lett. 2022, 8, 3328–3339. [CrossRef] [PubMed]

83. Parmar, K.; Patel, J.; Pathak, Y. Factors Affecting the Clearance and Biodistribution of Polymeric Nanoparticles. In Pharmacokinetics
and Pharmacodynamics of Nanoparticulate Drug Delivery Systems; Springer: Berlin/Heidelberg, Germany, 2022; pp. 261–272.

84. Petros, R.A.; DeSimone, J.M. Strategies in the design of nanoparticles for therapeutic applications. Nat. Rev. Drug Discov. 2010, 9,
615–627. [CrossRef] [PubMed]

85. Anselmo, A.C.; Zhang, M.; Kumar, S.; Vogus, D.R.; Menegatti, S.; Helgeson, M.E.; Mitragotri, S. Elasticity of nanoparticles
influences their blood circulation, phagocytosis, endocytosis, and targeting. ACS Nano 2015, 9, 3169–3177. [CrossRef]

86. Kumar, S.; Anselmo, A.C.; Banerjee, A.; Zakrewsky, M.; Mitragotri, S.J.J.o.C.R. Shape and size-dependent immune response to
antigen-carrying nanoparticles. J. Control. Release 2015, 220, 141–148. [CrossRef]

87. Toy, R.; Peiris, P.M.; Ghaghada, K.B.; Karathanasis, E.J.N. Shaping cancer nanomedicine: The effect of particle shape on the in vivo
journey of nanoparticles. Nanomedicine 2014, 9, 121–134. [CrossRef]

88. Agarwal, R.; Jurney, P.; Raythatha, M.; Singh, V.; Sreenivasan, S.V.; Shi, L.; Roy, K. Effect of shape, size, and aspect ratio on
nanoparticle penetration and distribution inside solid tissues using 3D spheroid models. Adv. Healthc. Mater. 2015, 4, 2269–2280.
[CrossRef]

89. Fromen, C.A.; Robbins, G.R.; Shen, T.W.; Kai, M.P.; Ting, J.P.; DeSimone, J.M. Controlled analysis of nanoparticle charge on
mucosal and systemic antibody responses following pulmonary immunization. Proc. Natl. Acad. Sci. USA 2015, 112, 488–493.
[CrossRef]

90. Shahbazi, M.-A.; Fernández, T.D.; Mäkilä, E.M.; Le Guével, X.; Mayorga, C.; Kaasalainen, M.H.; Salonen, J.J.; Hirvonen, J.T.;
Santos, H.A. Surface chemistry dependent immunostimulative potential of porous silicon nanoplatforms. Biomaterials 2014, 35,
9224–9235. [CrossRef]

91. Fernandes, R.; Smyth, N.R.; Muskens, O.L.; Nitti, S.; Heuer-Jungemann, A.; Ardern-Jones, M.R.; Kanaras, A.G. Interactions of
skin with gold nanoparticles of different surface charge, shape, and functionality. Small 2015, 11, 713–721. [CrossRef] [PubMed]

92. Yu, T.; Greish, K.; McGill, L.D.; Ray, A.; Ghandehari, H. Influence of geometry, porosity, and surface characteristics of silica
nanoparticles on acute toxicity: Their vasculature effect and tolerance threshold. ACS Nano 2012, 6, 2289–2301. [CrossRef]
[PubMed]

93. Liu, Y.; Hu, Y.; Huang, L. Influence of polyethylene glycol density and surface lipid on pharmacokinetics and biodistribution of
lipid-calcium-phosphate nanoparticles. Biomaterials 2014, 35, 3027–3034. [CrossRef] [PubMed]

94. Scheerlinck, J.-P.Y.; Greenwood, D.L. Virus-sized vaccine delivery systems. Drug Discov. Today 2008, 13, 882–887. [CrossRef]
95. Liu, X.; Song, H.; Jiang, J.; Gao, X.; Yi, Y.; Shang, Y.; Li, J.; Li, D.; Zeng, Z.; Li, Y. Self-assembling SARS-CoV-2 nanoparticle vaccines

targeting the S protein induces protective immunity in mice. biorXiv 2021. [CrossRef]
96. Tang, Z.; Zhang, X.; Shu, Y.; Guo, M.; Zhang, H.; Tao, W. Insights from nanotechnology in COVID-19 treatment. Nano Today 2021,

36, 101019. [CrossRef]
97. Heinrich, M.A.; Martina, B.; Prakash, J. Nanomedicine strategies to target coronavirus. Nano Today 2020, 35, 100961. [CrossRef]
98. Machhi, J.; Shahjin, F.; Das, S.; Patel, M.; Abdelmoaty, M.M.; Cohen, J.D.; Singh, P.A.; Baldi, A.; Bajwa, N.; Kumar, R. A Role for

Extracellular Vesicles in SARS-CoV-2 Therapeutics and Prevention. J. Neuroimmune Pharmacol. 2021, 16, 1–19. [CrossRef]
99. Neuman, B.W.; Adair, B.D.; Yoshioka, C.; Quispe, J.D.; Orca, G.; Kuhn, P.; Milligan, R.A.; Yeager, M.; Buchmeier, M.J. Supramolec-

ular architecture of severe acute respiratory syndrome coronavirus revealed by electron cryomicroscopy. J. Virol. 2006, 80,
7918–7928. [CrossRef]

100. Zuercher, A.W.; Coffin, S.E.; Thurnheer, M.C.; Fundova, P.; Cebra, J.J. Nasal-associated lymphoid tissue is a mucosal inductive
site for virus-specific humoral and cellular immune responses. J. Immunol. 2002, 168, 1796–1803. [CrossRef]

101. Charelli, L.E.; de Mattos, G.C.; de Jesus Sousa-Batista, A.; Pinto, J.C.; Balbino, T.A. Polymeric nanoparticles as therapeutic agents
against coronavirus disease. J. Nanopart. Res. 2022, 24, 1–15. [CrossRef] [PubMed]

102. Satta, S.; Meng, Z.; Hernandez, R.; Cavallero, S.; Zhou, T.; Hsiai, T.K.; Zhou, C. An engineered nano-liposome-human ACE2
decoy neutralizes SARS-CoV-2 Spike protein-induced inflammation in both murine and human macrophages. Theranostics 2022,
12, 2639. [CrossRef] [PubMed]

103. Wang, J.; Yin, X.-G.; Wen, Y.; Lu, J.; Zhang, R.-Y.; Zhou, S.-H.; Liao, C.-M.; Wei, H.-W.; Guo, J. MPLA-Adjuvanted Liposomes
Encapsulating s-Trimer or RBD or S1, But Not s-ECD, Elicit Robust Neutralization against SARS-CoV-2 and Variants of Concern.
J. Med. Chem. 2022, 65, 3563–3574. [CrossRef] [PubMed]

301



Nanomaterials 2022, 12, 1602

104. Hatamluyi, B.; Rezayi, M.; Jamehdar, S.A.; Rizi, K.S.; Mojarrad, M.; Meshkat, Z.; Choobin, H.; Soleimanpour, S.;
Boroushaki, M.T.J.B.; Bioelectronics, M.T. Sensitive and specific clinically diagnosis of SARS-CoV-2 employing a novel
biosensor based on boron nitride quantum dots/flower-like gold nanostructures signal amplification. Biosens. Bioelectron. 2022,
207, 114209. [CrossRef] [PubMed]

105. Li, Y.; Ma, P.; Tao, Q.; Krause, H.-J.; Yang, S.; Ding, G.; Dong, H.; Xie, X.J.S.; Chemical, A.B. Magnetic graphene quantum dots
facilitate closed-tube one-step detection of SARS-CoV-2 with ultra-low field NMR relaxometry. Sens. Actuators B Chem. 2021, 337,
129786. [CrossRef] [PubMed]

106. Jung, S.-Y.; Kang, K.W.; Lee, E.-Y.; Seo, D.-W.; Kim, H.-L.; Kim, H.; Kwon, T.; Park, H.-L.; Kim, H.; Lee, S.-M. Heterologous
prime–boost vaccination with adenoviral vector and protein nanoparticles induces both Th1 and Th2 responses against Middle
East Respiratory syndrome coronavirus. Vaccine 2018, 36, 3468–3476. [CrossRef]

107. Coleman, C.M.; Liu, Y.V.; Mu, H.; Taylor, J.K.; Massare, M.; Flyer, D.C.; Glenn, G.M.; Smith, G.E.; Frieman, M.B. Purified
coronavirus spike protein nanoparticles induce coronavirus neutralizing antibodies in mice. Vaccine 2014, 32, 3169–3174.
[CrossRef]

108. Wang, C.; Zheng, X.; Gai, W.; Wong, G.; Wang, H.; Jin, H.; Feng, N.; Zhao, Y.; Zhang, W.; Li, N. Novel chimeric virus-like particles
vaccine displaying MERS-CoV receptor-binding domain induce specific humoral and cellular immune response in mice. Antivir.
Res. 2017, 140, 55–61. [CrossRef]

109. Kato, T.; Takami, Y.; Deo, V.K.; Park, E.Y. Preparation of virus-like particle mimetic nanovesicles displaying the S protein of
Middle East respiratory syndrome coronavirus using insect cells. J. Biotechnol. 2019, 306, 177–184. [CrossRef]

110. Hills, R.A.; Howarth, M. Virus-like particles against infectious disease and cancer: Guidance for the nano-architect. Curr. Opin.
Biotechnol. 2022, 73, 346–354. [CrossRef]

111. Dai, S.; Wang, H.; Deng, F.J.J.o.I.S. Advances and challenges in enveloped virus-like particle (VLP)-based vaccines. J. Immunol. Sci.
2018, 2, 36–41.

112. Roy, P.; Noad, R.J.H.v. Virus-like particles as a vaccine delivery system: Myths and facts. Hum. Vaccines 2008, 4, 5–12. [CrossRef]
[PubMed]

113. Mohsen, M.O.; Speiser, D.E.; Knuth, A.; Bachmann, M.F. Nanobiotechnology Virus-like particles for vaccination against cancer.
Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2020, 12, e1579. [CrossRef] [PubMed]

114. Ohno, S.; Kohyama, S.; Taneichi, M.; Moriya, O.; Hayashi, H.; Oda, H.; Mori, M.; Kobayashi, A.; Akatsuka, T.; Uchida, T. Synthetic
peptides coupled to the surface of liposomes effectively induce SARS coronavirus-specific cytotoxic T lymphocytes and viral
clearance in HLA-A* 0201 transgenic mice. Vaccine 2009, 27, 3912–3920. [CrossRef] [PubMed]

115. Erasmus, J.H.; Khandhar, A.P.; O’Connor, M.A.; Walls, A.C.; Hemann, E.A.; Murapa, P.; Archer, J.; Leventhal, S.; Fuller, J.T.;
Lewis, T.B. An alphavirus-derived replicon RNA vaccine induces SARS-CoV-2 neutralizing antibody and T cell responses in mice
and nonhuman primates. Sci. Transl. Med. 2020, 12, eabc9396. [CrossRef] [PubMed]

116. Yousefi, M.; Ehsani, A.; Jafari, S.M. Lipid-based nano delivery of antimicrobials to control food-borne bacteria. Adv. Colloid
Interface Sci. 2019, 270, 263–277. [CrossRef]

117. Mozafari, M.R. Nanoliposomes: Preparation and analysis. In Liposomes; Springer: Berlin/Heidelberg, Germany, 2010; pp. 29–50.
118. Kuate, S.; Cinatl, J.; Doerr, H.W.; Überla, K. Exosomal vaccines containing the S protein of the SARS coronavirus induce high

levels of neutralizing antibodies. Virology 2007, 362, 26–37. [CrossRef]
119. Raghuwanshi, D.; Mishra, V.; Das, D.; Kaur, K.; Suresh, M.R. Dendritic cell targeted chitosan nanoparticles for nasal DNA

immunization against SARS CoV nucleocapsid protein. Mol. Pharm. 2012, 9, 946–956. [CrossRef]
120. Shim, B.-S.; Park, S.-M.; Quan, J.-S.; Jere, D.; Chu, H.; Song, M.K.; Kim, D.W.; Jang, Y.-S.; Yang, M.-S.; Han, S.H. Intranasal

immunization with plasmid DNA encoding spike protein of SARS-coronavirus/polyethylenimine nanoparticles elicits antigen-
specific humoral and cellular immune responses. BMC Immunol. 2010, 11, 1–9. [CrossRef]

121. Badgujar, K.C.; Badgujar, V.C.; Badgujar, S.B. Vaccine development against coronavirus (2003 to present): An overview, recent
advances, current scenario, opportunities and challenges. Diabetes Metab. Syndr. Clin. Res. Rev. 2020, 14, 1361–1376. [CrossRef]

122. Lainscek, D.; Fink, T.; Forstneric, V.; Hafner-Bratkovic, I.; Orehek, S.; Strmsek, Z.; Keber, M.M.; Pecan, P.; Esih, H.; Malensek, S.
Immune response to vaccine candidates based on different types of nanoscaffolded RBD domain of the SARS-CoV-2 spike protein.
bioRxiv 2020. [CrossRef]

123. Yi Xue, H.; Guo, P.; Wen, W.-C.; Lun Wong, H. Lipid-based nanocarriers for RNA delivery. Curr. Pharm. Des. 2015, 21, 3140–3147.
[CrossRef] [PubMed]

124. Corbett, K.S.; Flynn, B.; Foulds, K.E.; Francica, J.R.; Boyoglu-Barnum, S.; Werner, A.P.; Flach, B.; O’Connell, S.; Bock, K.W.; Minai,
M. Evaluation of the mRNA-1273 vaccine against SARS-CoV-2 in nonhuman primates. N. Engl. J. Med. 2020, 383, 1544–1555.
[CrossRef] [PubMed]

125. Al-Halifa, S.; Gauthier, L.; Arpin, D.; Bourgault, S.; Archambault, D. Nanoparticle-based vaccines against respiratory viruses.
Front. Immunol. 2019, 10, 22. [CrossRef]

126. Chattopadhyay, S.; Chen, J.-Y.; Chen, H.-W.; Hu, C.-M.J. Nanoparticle vaccines adopting virus-like features for enhanced immune
potentiation. Nanotheranostics 2017, 1, 244. [CrossRef]

127. Jackson, L.A.; Anderson, E.J.; Rouphael, N.G.; Roberts, P.C.; Makhene, M.; Coler, R.N.; McCullough, M.P.; Chappell, J.D.; Denison,
M.R.; Stevens, L.J. An mRNA vaccine against SARS-CoV-2—Preliminary report. N. Engl. J. Med. 2020. [CrossRef]

302



Nanomaterials 2022, 12, 1602

128. de Alwis, R.M.; Gan, E.S.; Chen, S.; Leong, Y.S.; Tan, H.C.; Zhang, S.L.; Yau, C.; Matsuda, D.; Allen, E.; Hartman, P. A Single Dose of
Self-Transcribing and Replicating RNA Based SARS-CoV-2 Vaccine Produces Protective Adaptive Immunity in Mice. bioRxiv 2020.
[CrossRef]

129. Blaising, J.; Polyak, S.J.; Pécheur, E.-I. Arbidol as a broad-spectrum antiviral: An update. Antivir. Res. 2014, 107, 84–94. [CrossRef]
130. Uno, Y. Camostat mesilate therapy for COVID-19. Intern. Emerg. Med. 2020, 15, 1–2. [CrossRef]
131. Horimoto, T.; Nakayama, K.; Smeekens, S.P.; Kawaoka, Y. Proprotein-processing endoproteases PC6 and furin both activate

hemagglutinin of virulent avian influenza viruses. J. Virol. 1994, 68, 6074–6078. [CrossRef]
132. Couture, F.; Kwiatkowska, A.; Dory, Y.L.; Day, R. Therapeutic uses of furin and its inhibitors: A patent review. Expert Opin. Ther.

Pat. 2015, 25, 379–396. [PubMed]
133. Millet, J.K.; Whittaker, G.R. Physiological and molecular triggers for SARS-CoV membrane fusion and entry into host cells.

Virology 2018, 517, 3–8. [PubMed]
134. Yuan, S.; Chu, H.; Chan, J.F.-W.; Ye, Z.-W.; Wen, L.; Yan, B.; Lai, P.-M.; Tee, K.-M.; Huang, J.; Chen, D. SREBP-dependent lipidomic

reprogramming as a broad-spectrum antiviral target. Nat. Commun. 2019, 10, 1–15.
135. Walls, A.C.; Xiong, X.; Park, Y.-J.; Tortorici, M.A.; Snijder, J.; Quispe, J.; Cameroni, E.; Gopal, R.; Dai, M.; Lanzavecchia, A.

Unexpected receptor functional mimicry elucidates activation of coronavirus fusion. Cell 2019, 176, 1026–1039.e15. [CrossRef]
136. Gao, J.; Lu, G.; Qi, J.; Li, Y.; Wu, Y.; Deng, Y.; Geng, H.; Li, H.; Wang, Q.; Xiao, H. Structure of the fusion core and inhibition of

fusion by a heptad repeat peptide derived from the S protein of Middle East respiratory syndrome coronavirus. J. Virol. 2013, 87,
13134–13140.

137. Lu, L.; Liu, Q.; Zhu, Y.; Chan, K.-H.; Qin, L.; Li, Y.; Wang, Q.; Chan, J.F.-W.; Du, L.; Yu, F. Structure-based discovery of Middle East
respiratory syndrome coronavirus fusion inhibitor. Nat. Commun. 2014, 5, 1–12.

138. Xia, S.; Yan, L.; Xu, W.; Agrawal, A.S.; Algaissi, A.; Tseng, C.-T.K.; Wang, Q.; Du, L.; Tan, W.; Wilson, I.A. A pan-coronavirus
fusion inhibitor targeting the HR1 domain of human coronavirus spike. Sci. Adv. 2019, 5, eaav4580. [CrossRef]

139. Channappanavar, R.; Fehr, A.R.; Vijay, R.; Mack, M.; Zhao, J.; Meyerholz, D.K.; Perlman, S. Dysregulated type I interferon and
inflammatory monocyte-macrophage responses cause lethal pneumonia in SARS-CoV-infected mice. Cell Host Microbe 2016, 19,
181–193. [CrossRef]

140. Akbarian, M.; Yousefi, R.; Farjadian, F.; Uversky, V.N. Insulin Fibrillation: Toward the Strategies for Attenuating the Process.
Chem. Commun. 2020, 56, 11354–11373. [CrossRef]

141. Perlman, S.; Netland, J. Coronaviruses post-SARS: Update on replication and pathogenesis. Nat. Rev. Microbiol. 2009, 7, 439–450.
142. Ziebuhr, J.; Snijder, E.J.; Gorbalenya, A.E. Virus-encoded proteinases and proteolytic processing in the Nidovirales. J. Gen. Virol.

2000, 81, 853–879. [CrossRef] [PubMed]
143. Harcourt, B.H.; Jukneliene, D.; Kanjanahaluethai, A.; Bechill, J.; Severson, K.M.; Smith, C.M.; Rota, P.A.; Baker, S.C. Identification

of severe acute respiratory syndrome coronavirus replicase products and characterization of papain-like protease activity. J. Virol.
2004, 78, 13600–13612. [CrossRef] [PubMed]

144. Wu, C.-Y.; Jan, J.-T.; Ma, S.-H.; Kuo, C.-J.; Juan, H.-F.; Cheng, Y.-S.E.; Hsu, H.-H.; Huang, H.-C.; Wu, D.; Brik, A. Small molecules
targeting severe acute respiratory syndrome human coronavirus. Proc. Natl. Acad. Sci. USA 2004, 101, 10012–10017. [CrossRef]
[PubMed]

145. De Wilde, A.H.; Jochmans, D.; Posthuma, C.C.; Zevenhoven-Dobbe, J.C.; Van Nieuwkoop, S.; Bestebroer, T.M.; Van Den Hoogen, B.G.;
Neyts, J.; Snijder, E.J. Screening of an FDA-approved compound library identifies four small-molecule inhibitors of Middle East
respiratory syndrome coronavirus replication in cell culture. Antimicrob. Agents Chemother. 2014, 58, 4875–4884. [CrossRef]
[PubMed]

146. Chu, C.; Cheng, V.; Hung, I.; Wong, M.; Chan, K.; Chan, K.; Kao, R.; Poon, L.; Wong, C.; Guan, Y. Role of lopinavir/ritonavir in
the treatment of SARS: Initial virological and clinical findings. Thorax 2004, 59, 252–256. [CrossRef]

147. Chan, J.F.-W.; Yao, Y.; Yeung, M.-L.; Deng, W.; Bao, L.; Jia, L.; Li, F.; Xiao, C.; Gao, H.; Yu, P. Treatment with lopinavir/ritonavir or
interferon-β1b improves outcome of MERS-CoV infection in a nonhuman primate model of common marmoset. J. Infect. Dis.
2015, 212, 1904–1913. [CrossRef]

148. Tse, L.V.; Meganck, R.M.; Graham, R.L.; Baric, R.S. The current and future state of vaccines, antivirals and gene therapies against
emerging coronaviruses. Front. Microbiol. 2020, 11, 658. [CrossRef]

149. Medhi, R.; Srinoi, P.; Ngo, N.; Tran, H.-V.; Lee, T.R. Nanoparticle-based strategies to combat COVID-19. ACS Appl. Nano Materials
2020, 3, 8557–8580. [CrossRef]

150. Jeremiah, S.S.; Miyakawa, K.; Morita, T.; Yamaoka, Y.; Ryo, A. Potent antiviral effect of silver nanoparticles on SARS-CoV-2.
Biochem. Biophys. Res. Commun. 2020, 533, 195–200. [CrossRef]

151. Merkl, P.; Long, S.; McInerney, G.M.; Sotiriou, G.A. Antiviral activity of silver, copper oxide and zinc oxide nanoparticle coatings
against SARS-CoV-2. Nanomaterials 2021, 11, 1312. [CrossRef]

152. Huber, H.F.; Jaberi-Douraki, M.; DeVader, S.; Aparicio-Lopez, C.; Nava-Chavez, J.; Xu, X.; Millagaha Gedara, N.I.; Gau-
dreault, N.N.; Delong, R.K. Targeting SARS-CoV-2 Variants with Nucleic Acid Therapeutic Nanoparticle Conjugates. Pharmaceuti-
cals 2021, 14, 1012. [CrossRef] [PubMed]

153. Idris, A.; Davis, A.; Supramaniam, A.; Acharya, D.; Kelly, G.; Tayyar, Y.; West, N.; Zhang, P.; McMillan, C.L.D.; Soemardy, C.; et al.
A SARS-CoV-2 targeted siRNA-nanoparticle therapy for COVID-19. Mol. Ther. 2021, 29, 2219–2226. [CrossRef] [PubMed]

303



Nanomaterials 2022, 12, 1602

154. Lu, G.; Zhang, X.; Zheng, W.; Sun, J.; Hua, L.; Xu, L.; Chu, X.-j.; Ding, S.; Xiong, W. Development of a simple in vitro assay to
identify and evaluate nucleotide analogs against SARS-CoV-2 RNA-dependent RNA polymerase. Antimicrob. Agents Chemother.
2020, 65, e01508-20. [CrossRef] [PubMed]

155. Baldassi, D.; Ambike, S.; Feuerherd, M.; Cheng, C.-C.; Peeler, D.J.; Feldmann, D.P.; Porras-Gonzalez, D.L.; Wei, X.; Keller, L.-A.;
Kneidinger, N.; et al. Inhibition of SARS-CoV-2 replication in the lung with siRNA/VIPER polyplexes. J. Control. Release 2022,
345, 661–674. [CrossRef]

156. García-Pérez, B.E.; González-Rojas, J.A.; Salazar, M.I.; Torres-Torres, C.; Castrejón-Jiménez, N.S. Taming the Autophagy as a
Strategy for Treating COVID-19. Cells 2020, 9, 2679. [CrossRef]

157. Mahmoudi, M. Emerging biomolecular testing to assess the risk of mortality from COVID-19 infection. Mol. Pharm. 2020, 18,
476–482. [CrossRef]

158. Moitra, P.; Alafeef, M.; Dighe, K.; Frieman, M.B.; Pan, D. Selective naked-eye detection of SARS-CoV-2 mediated by N gene
targeted antisense oligonucleotide capped plasmonic nanoparticles. ACS Nano 2020, 14, 7617–7627. [CrossRef]

159. Baker, A.N.; Richards, S.-J.; Guy, C.S.; Congdon, T.R.; Hasan, M.; Zwetsloot, A.J.; Gallo, A.; Lewandowski, J.R.; Stansfeld, P.J.;
Straube, A.; et al. The SARS-COV-2 spike protein binds sialic acids and enables rapid detection in a lateral flow point of care
diagnostic device. ACS Cent. Sci. 2020, 6, 2046–2052. [CrossRef]

160. Khoris, I.M.; Ganganboina, A.B.; Suzuki, T.; Park, E.Y.J.N. Self-assembled chromogen-loaded polymeric cocoon for respiratory
virus detection. Nanoscale 2021, 13, 388–396. [CrossRef]

161. Wang, D.; He, S.; Wang, X.; Yan, Y.; Liu, J.; Wu, S.; Liu, S.; Lei, Y.; Chen, M.; Li, L.; et al. Rapid lateral flow immunoassay for the
fluorescence detection of SARS-CoV-2 RNA. Nat. Biomed. Eng. 2020, 4, 1150–1158. [CrossRef]

162. Li, Z.; Yi, Y.; Luo, X.; Xiong, N.; Liu, Y.; Li, S.; Sun, R.; Wang, Y.; Hu, B.; Chen, W.; et al. Development and clinical application
of a rapid IgM-IgG combined antibody test for SARS-CoV-2 infection diagnosis. J. Med. Virol. 2020, 92, 1518–1524. [CrossRef]
[PubMed]

163. Huang, C.; Wen, T.; Shi, F.-J.; Zeng, X.-Y.; Jiao, Y.-J. Rapid detection of IgM antibodies against the SARS-CoV-2 virus via colloidal
gold nanoparticle-based lateral-flow assay. ACS Omega 2020, 5, 12550–12556. [CrossRef] [PubMed]

164. Kevadiya, B.D.; Machhi, J.; Herskovitz, J.; Oleynikov, M.D.; Blomberg, W.R.; Bajwa, N.; Soni, D.; Das, S.; Hasan, M.; Patel, M.; et al.
Diagnostics for SARS-CoV-2 infections. Nat. Mater. 2021, 20, 593–605. [CrossRef] [PubMed]

165. Chacón-Torres, J.C.; Reinoso, C.; Navas-León, D.G.; Briceño, S.; González, G. Optimized and scalable synthesis of magnetic
nanoparticles for RNA extraction in response to developing countries’ needs in the detection and control of SARS-CoV-2. Sci. Rep.
2020, 10, 1–10. [CrossRef] [PubMed]

166. Akbarian, M.; Gholinejad, M.; Mohammadi-Samani, S.; Farjadian, F.J. Theranostic mesoporous silica nanoparticles made of
multi-nuclear gold or carbon quantum dots particles serving as pH responsive drug delivery system. Microporous Mesoporous
Mater. 2022, 329, 111512. [CrossRef]

167. Hildebrandt, N.; Spillmann, C.M.; Algar, W.R.; Pons, T.; Stewart, M.H.; Oh, E.; Susumu, K.; Diaz, S.A.; Delehanty, J.B.; Medintz, I.L.
Energy transfer with semiconductor quantum dot bioconjugates: A versatile platform for biosensing, energy harvesting, and
other developing applications. Chem. Rev. 2017, 117, 536–711. [CrossRef]

168. Gorshkov, K.; Susumu, K.; Chen, J.; Xu, M.; Pradhan, M.; Zhu, W.; Hu, X.; Breger, J.C.; Wolak, M.; Oh, E. Quantum dot-conjugated
SARS-CoV-2 spike pseudo-virions enable tracking of angiotensin converting enzyme 2 binding and endocytosis. ACS Nano 2020,
14, 12234–12247. [CrossRef]

169. Hoseini-Ghahfarokhi, M.; Mirkiani, S.; Mozaffari, N.; Sadatlu, M.A.A.; Ghasemi, A.; Abbaspour, S.; Akbarian, M.; Farjadain, F.;
Karimi, M. Applications of graphene and graphene oxide in smart drug/gene delivery: Is the world still flat? Int. J. Nanomed.
2020, 15, 9469. [CrossRef]

170. Seo, G.; Lee, G.; Kim, M.J.; Baek, S.-H.; Choi, M.; Ku, K.B.; Lee, C.-S.; Jun, S.; Park, D.; Kim, H. Rapid detection of COVID-19
causative virus (SARS-CoV-2) in human nasopharyngeal swab specimens using field-effect transistor-based biosensor. ACS Nano
2020, 14, 5135–5142. [CrossRef]

171. Surnar, B.; Kamran, M.Z.; Shah, A.S.; Dhar, S. Clinically approved antiviral drug in an orally administrable nanoparticle for
COVID-19. ACS Pharmacol. Transl. Sci. 2020, 3, 1371–1380. [CrossRef]

172. Kim, J.; Mukherjee, A.; Nelson, D.; Jozic, A.; Sahay, G. Rapid generation of circulating and mucosal decoy ACE2 using mRNA
nanotherapeutics for the potential treatment of SARS-CoV-2. bioRxiv 2020. [CrossRef]

173. Neufurth, M.; Wang, X.; Tolba, E.; Lieberwirth, I.; Wang, S.; Schröder, H.C.; Müller, W.E.G. The inorganic polymer, polyphosphate,
blocks binding of SARS-CoV-2 spike protein to ACE2 receptor at physiological concentrations. Biochem. Pharmacol. 2020, 182,
114215. [CrossRef] [PubMed]

174. Khaiboullina, S.; Uppal, T.; Dhabarde, N.; Subramanian, V.R.; Verma, S.C. Inactivation of human coronavirus by titania
nanoparticle coatings and UVC radiation: Throwing light on SARS-CoV-2. Viruses 2020, 13, 19. [CrossRef] [PubMed]

175. Lin, S.; Zhang, Q.; Li, S.; Zhang, T.; Wang, L.; Qin, X.; Zhang, M.; Shi, S.; Cai, X. Antioxidative and angiogenesis-promoting effects
of tetrahedral framework nucleic acids in diabetic wound healing with activation of the Akt/Nrf2/HO-1 pathway. ACS Appl.
Mater. Interfaces 2020, 12, 11397–11408. [CrossRef] [PubMed]

176. Kiley, M.P. Filoviridae: Marburg and ebola viruses. In Laboratory Diagnosis of Infectious Diseases Principles and Practice; Springer:
Berlin/Heidelberg, Germany, 1988; pp. 595–601.

304



Nanomaterials 2022, 12, 1602

177. Kobinger, G.P.; Figueredo, J.M.; Rowe, T.; Zhi, Y.; Gao, G.; Sanmiguel, J.C.; Bell, P.; Wivel, N.A.; Zitzow, L.A.; Flieder, D.B.
Adenovirus-based vaccine prevents pneumonia in ferrets challenged with the SARS coronavirus and stimulates robust immune
responses in macaques. Vaccine 2007, 25, 5220–5231. [CrossRef] [PubMed]

178. Ura, T.; Okuda, K.; Shimada, M. Developments in viral vector-based vaccines. Vaccines 2014, 2, 624–641. [CrossRef] [PubMed]
179. Saif, L.J. Vaccines for COVID-19: Perspectives, prospects, and challenges based on candidate SARS, MERS, and animal coronavirus

vaccines. Euro. Med. J. 2020. [CrossRef]

305



Citation: Peserico, A.; Di Berardino,

C.; Russo, V.; Capacchietti, G.; Di

Giacinto, O.; Canciello, A.; Camerano

Spelta Rapini, C.; Barboni, B.

Nanotechnology-Assisted Cell

Tracking. Nanomaterials 2022, 12, 1414.

https://doi.org/10.3390/

nano12091414

Academic Editors: Goran
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Abstract: The usefulness of nanoparticles (NPs) in the diagnostic and/or therapeutic sector is
derived from their aptitude for navigating intra- and extracellular barriers successfully and to be
spatiotemporally targeted. In this context, the optimization of NP delivery platforms is technologically
related to the exploitation of the mechanisms involved in the NP–cell interaction. This review
provides a detailed overview of the available technologies focusing on cell–NP interaction/detection
by describing their applications in the fields of cancer and regenerative medicine. Specifically, a
literature survey has been performed to analyze the key nanocarrier-impacting elements, such as NP
typology and functionalization, the ability to tune cell interaction mechanisms under in vitro and
in vivo conditions by framing, and at the same time, the imaging devices supporting NP delivery
assessment, and consideration of their specificity and sensitivity. Although the large amount of
literature information on the designs and applications of cell membrane-coated NPs has reached
the extent at which it could be considered a mature branch of nanomedicine ready to be translated
to the clinic, the technology applied to the biomimetic functionalization strategy of the design of
NPs for directing cell labelling and intracellular retention appears less advanced. These approaches,
if properly scaled up, will present diverse biomedical applications and make a positive impact on
human health.

Keywords: nanoparticles; cell tracking; cell labelling; cell uptake; stem cell homing

1. Introduction

Cell tracking refers to the investigation of living cells over a period allowing the visual
depiction, characterization, and quantification of biological processes at the cellular and
subcellular levels within intact living organisms. A fundamental property of any real-world
object is that it extends in both space and time. This is particularly true and applicable for
living organisms in which the study of subjects in three dimensions and the possibility to
track it over time (denoted as 3D or 4D) assumes great significance.

Research community interest has grown exponentially in the last decades concerning
the possibility of tracking objects (Figure 1A) [1–6] to automatically follow hundreds to
thousands of cells. Imaging has provided the elective approach to enable cell tracking and
it assumes the labeling of the target cell with objects, otherwise defined as contrast agents,
with the aim of achieving contrast between the cells of interest and the other cells of the
organism. Interestingly, nanoparticle (NP) systems have received great attention as the
contrast agents to be used for cell labeling and followed by means of imaging techniques.
Although the first attempts to automate the tracking of cells using NPs date back at least
20 years, the development of more advanced tracking methods really took off in the past
decade (Figure 1B).
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Figure 1. Scientific community interest in tracking related research. Percentage of publications in Web
of Science (WoS) database as function of publication year for the indicated combinations of keywords
with the field tag «Topic». “OR” was used as Boolean operator to combine the keywords “object”
and “particle tracking” and to lunch the search in WoS database. The plot shows the exponentially
increasing interest in cell, particle, or object tracking (A) as well as tracking with nano systems (B) in
the biomedical and related literature. The impact of the intrinsic growth of the number of publications
was weighed and corrected by plotting percentages.

Two main components have a big impact in defining the approaches for cell tracking:
the NP systems and the imaging technologies adopted to assist in cell tracking. NP systems
are characterized by particles or constituents with unique features making them attractive
for tracking purposes: (1) a small size (range diameter between 1 and 100 nm) and (2) a
surface to mass ratio, functional to adsorb and efficiently carry compounds including
peptides, fluorescent probes, and drugs that can be used as tracers, therapeutic tools or cell
uptake enhancers [7].

Due to their nanoscale dimensions, NPs can be easily transported across cell mem-
branes and reach the crucial subcellular organelles [8]. Furthermore, a high surface area-
over-volume ratio enhances their interaction with cellular components [9]. In addition, NPs
offer attractive features since their structure and chemical properties can be modified to
facilitate cellular incorporation and because they can carry a high payload of the relevant
labels into cells, thus generating high contrast signals to be followed by imaging.

Aside from NPs, the selection of appropriate imaging modalities assumes a crucial
role in tuning the effective cell tracking approaches. Many advances have been achieved
by developing new optical imaging probes, which have been useful for setting up multi-
modal imaging systems, and by adopting sophisticated optics and optical systems able to
overcome the resolution limitations imposed by the scattering and absorption properties of
tissue [10].

Overall, NP systems and imaging techniques can be considered as two closely related
components of any cell tracking approach, which, if well managed, have an important
impact in the improvement of current imaging resolution and sensitivity. The cell-tracking
imaging platform choice relies on the type of contrast agent used for cell labeling and
vice versa. Currently, the most suitable platform categories for NP-based imaging are
magnetic resonance imaging (MRI), X-ray (also known as X-ray computed tomography
and abbreviated as CT), optical imaging (endoscopy and fluorescence near-infrared or
bioluminescence-based imaging methodologies), ultrasound, radionuclide molecular imag-
ing and photoacoustic imaging (PAI), a hybrid technology combining optical and ultra-
sound imaging [11].

Specifically, MRI and CT are the two most used and clinically approved techniques
for in vivo cell tracking, whereas the other imaging approaches have been primarily in-
vestigated in the last decade in translational research protocols showing a great potential
for their clinical application. Cell tracking applications can be found in different areas of
biomedicine ranging from the imaging of tissue replacement cell therapy (regenerative
medicine) to cancer diagnosis and treatment (cancer medicine).
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In regenerative medicine, cell tracking is a key technology for the development and
optimization of cell therapy for the replacement or renewal of damaged or diseased tissue
using transplanted cells [12]. In the cancer context, it helps early-stage cancer diagnosis
and therapeutic imaging of tumor foci by improving accuracy and sensitivity of the current
clinical protocols [13].

Several NPs with unique magnetic and/or optical properties have been investigated
preclinically for real-time, in vivo cell monitoring [11]. These NPs include inorganic (with
metal, ceramic, or semiconductor elements), organic (with polymeric or lipidic elements)
and hybrid/composite (with both inorganic and organic elements) NPs. Of note, since the
current imaging technology of choice for clinical translation is MRI, NPs with magnetic
properties have been also tested for clinical application. Consistently, 11 studies employing
NPs with magnetic properties for intra-operative procedure monitoring and/or diagnosis
purposes are currently in clinical trial phases (Supplementary Materials Table S1).

Different cell tracking approaches have been developed including the ability to track
NPs enclosed in cell membranes, cell derivates (microvesicles) or actively and directly
incorporated by the cells. The last, showing great potential for application in the field of
cell tracking with imaging [14–16].

In the field of regenerative medicine, the tracking of stem cell transplantation proce-
dures and regenerative performance through imaging have been investigated with success
by employing direct cell labeling methods based on the introduction of the NPs working as
a contrast agent into the cells to be transplanted prior to in vivo injection [17]. Stem cell
tracking approaches enhancing the regenerative properties of stem cells to be transplanted
have also been developed by exploiting the possibility of incorporating into these cells NPs
bearing specific moieties with an immunomodulatory role [12] (Figure 2A).

Figure 2. Direct cell tracking approaches suitable for imaging of cancer and cell transplantation for
tissue regeneration, and related objectives. (A) Stem cells enclosing NPs can be used for monitoring
transplantation events, as well as for directing therapeutic effects by releasing immunomodulatory
factors into the tissue site requiring regeneration. (B) Stem cells or immune cells enclosing NPs can
be adopted for homing in on tumors by allowing diagnosis and/or therapy. Figure created with
BioRender. Available online: https://biorender.com/ (accessed on 25 March 2022).

Of note, this strategy emerged as also applicable in the field of cancer imaging, where
the native attitude of stem cells to sense and home in on tumor foci as well as the ability
of some immune cells (e.g., macrophages or T cells) to be recruited by tumor-derived
inflammatory stimuli, were exploited by using these cells as vehicles for NPs and thus,
as a tracer guiding the identification of cancerous districts [18–21]. Moreover, because
of the availability of specific NP systems enclosing therapeutics within their structure,
this approach was also found to be suitable for monitoring the therapeutic effects elicited
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by the NPs conveyed by the cargo cell or directly incorporated by the cancer cells to be
targeted [22] (Figure 2B).

The application of cell tracking approaches has a big impact on the improvement
of currently available diagnostic and therapeutic imaging protocols. In the context of
regenerative medicine, NP-based cell tracking through imaging provides a safe way to
monitor the viability, proliferation and differentiation of transplanted cells by enabling the
guidance of cell replacement and testing the therapeutic success of the adopted transplan-
tation procedure.

With respect to cancer medicine, NP-based cell tracking through imaging represents
an invaluable tool to provide a rapid and sensitive detection of cancer foci, thus acquiring
a relevant role in early tumor diagnosis [13,23], consequently yielding greater chances
for cancer treatment, and extending life expectancy. Furthermore, it can be exploited to
monitor the response to specific theranostics, allowing the assessment of disease state [24].
Interestingly, some recent evidence has shown a possible application in image-guided
surgery, enabling the intra-operative detection of any residual tumor mass to be removed
and/or therapeutically targeted [25–27]. Despite their great potential, there are currently
some limitations regarding their application for in vivo cell tracking at the translational
level yet to be overcome [28].

This review aims to provide an overview of the nanotechnologies and methodologies
eligible for cell tracking which have been investigated in the last decade, the window period
identified as critical for the development of NP-based tracking strategies, with emphasis
on (1) the specific NP characteristics responsible for effects on cell labeling, consequently
defining the effectiveness of cell tracking, and (2) the approaches and mechanisms of NP
incorporation into cells.

Consequently, the next paragraphs will focus on the following key elements: the types
of NPs currently adopted in cell imaging (Section 2); the NP functionalization strategies
most used to improve cell targeting, cell uptake, therapeutic tracking, and imaging perfor-
mance (Section 3); the approaches suitable for in vitro, in vivo and ex vivo tracking of NP
delivery (Section 4); the uptake mechanisms of the NPs (Section 5) and the cellular systems
mostly described for NP loading (Section 6).

All the above key aspects have been inferred from research evidence collected with a
systematic literature review performed in Web of Science (WoS) database during the last
decade which focused on the investigation of NP-based cell tracking strategies.

2. NP-Based Cell Tracking Derived Bibliographic Database

Literature data published in peer-reviewed international papers indexed in the ad-
vanced search of WoS [v.5.35] “Core collection” archive (https://apps.webofknowledge.
com/WOS_AdvancedSearch (accessed on 3 July 2021) in the last 10 years were considered.

Specifically, three lists were created by searching for the following key words and
filtering for original research articles:

1. Nanoparticles, cell tracking methods, fluorescent dyes;
2. Nanoparticles, cellular uptake, cell labelling, staining;
3. Tomography, magnetic resonance, nanoparticles, stem cell homing.

The words “AND” and “OR” were used as Boolean operators, “TS” as field tag.
The lists of papers originating from each key word search were then matched to create

the final database of citations.
Overall, the adopted bibliographic approach allowed us to collect 151 original studies

focusing on the investigation of strategies for direct cell labelling and tracking with NPs
(Supplementary Materials Table S2). Ninety-eight of the total citations (64.5%) characterized
the approaches to incorporate NPs into vehicle cells to be used to sense target cells or body
districts after in vivo delivery into the body. In these studies, the aim was to find the most
suitable way to improve uptake efficiency without affecting cell cargo wellness.

Fifty-four of the total citations (35.5%) investigated the effect of NP incorporation into
cell models to be therapeutically targeted. In these studies, the aim was to find a protocol
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that could be effective in targeting desired cells, monitoring NP uptake and the cytotoxic
effect of NP cell internalization (see Supplementary Materials Table S2).

Furthermore, based on the adopted cell models, the collected studies could find
application in the field of cancer and tissue regeneration imaging. Specifically, 72 of the
total citations were applied to cancer imaging, 57of the total citations to tissue regeneration
imaging, whereas 23 of the total citations adopted models suitable in both fields (see
Supplementary Materials Table S2).

3. NP Features and Cell Tracking Applications for Tissue Regeneration and
Cancer Imaging

The literature survey allowed us to identify four distinctive classes of NPs as useful
for developing suitable cell tracking platforms: inorganic, polymeric, hybrid and lipid
based. The inorganic category resulted in the most represented NP typology in this survey,
accounting for the 79.6% of the total collected citations, followed by polymeric (12.5%),
hybrid (4.6%) and lipid based (3.3%), respectively (Figure 3). The prominent representation
of the inorganic typology reflects the fact that these NPs are the ones best suited to cell
tracking through the most characterized imaging platforms to date.

Figure 3. Classification of NPs based on the constitutive element. Classes and subclasses of nanopar-
ticles based on their chemical properties (inorganic, polymeric, hybrid and lipid-based). Percentage
(%) refers to the typology of NPs with respect to the total number of NPs identified in the literature
survey. Figure created with BioRender. Available online: https://biorender.com/ (accessed on
25 March 2022).

3.1. Inorganic

Inorganic NPs are characterized by a typical core/shell structure which can assume
different shapes: spherical, rods, wires, tubes, pyramids, and stars. The core size of these
nanoparticles is approximately 3–6 nm and a coated system (shell) increases its size to
20–150 nm. The core can contain metals, other chemical elements or fluorescent dyes
encapsulated in silica. The core defines the magnetic, electronic, fluorescence and optical
properties of the NP [28]. The shell is usually made of metals or organic polymers that
(I) protect the core from chemical interactions with the external environment, (II) serves as a
substrate for conjugation with biomolecules (antibodies, peptides or oligonucleotides) and
(III) preserves NP stability avoiding aggregation [29,30]. Due to their magnetic, radioactive,
X-ray absorption or plasmonic properties, inorganic NPs are used for diagnostics and
imaging purposes and most of them display good stability [31] and biocompatibility [32].

310



Nanomaterials 2022, 12, 1414

Four main subcategories of inorganic NPs applicable for cell tracking were identified
by this survey, based on the nature of the core element:

(I) Metal-based NPs, accounting for 31.5% of the collected inorganic NPs, include silica,
manganese, gold, silver, lanthanide, molybdenum, ruthenium, rubidium, gadolinium,
and zinc elements.

(II) Metal oxide-based NPs, representing 64.5% of the collected inorganic NPs, enclose
iron oxide, superparamagnetic iron oxide (SPIO), ultrasmall superparamagnetic iron
oxide (USPIO), titanium oxide and cobalt iron oxide elements.

(III) Metal sulfide or phosphide-based NPs, accounting for 2.4% of the collected inorganic
NPs, comprise quantum dots.

(IV) Mineral-based NPs, accounting for 2.4% of the collected inorganic NPs, take in hy-
droxyapatite and selenium elements.

3.2. Polymeric

Polymeric NPs are particles within the size range from 1 to 1000 nm and are constituted
by a polymeric matrix core which can be loaded with bioactive molecules. They are
categorized into two forms, spheres (the bioactive molecule is dispersed within a polymer
matrix) and capsules (the bioactive compound is placed in the core of the particle covered
by a layer of polymer). Polysaccharides and proteins are the commonly used materials for
the fabrication of polymeric nanoparticles. The polymer provides biocompatibility and
protection to the active molecules to the delivery site [33].

The most used polymers for the constitution of polymeric NPs collected by this survey
were poly(ethylene glycol) (PEG; 33% of the collected polymeric NP), poly(lactide-co-
glycolide) (PLGA; 24%) and polystyrene (PS; 13%). Although to a lesser extent, other poly-
mers were also identified: poly(epsilon-caprolactone) (PCL), poly(lactide) (PLA), poly(2-
methacryloyloxy) ethyl phosphorylcholine (PMPC), poly(glycerol-co-sebacate) (PGS), poly
(diphenylamine)-poly(ethylene oxide) (PDPA-PEO) and poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV). Of note, these polymers have been used alone or in
combination to design polymeric NPs for cell tracking.

3.3. Hybrid

Hybrid NPs are constructed from at least two different NPs, to overcome the limits
of single-component nanoparticles, to improve properties, to achieve new properties not
possible for single nanoparticles, and/or to achieve multiple functionalities for single
nanoparticles. Size range can be variable depending on the NP typologies used for their
fabrication [34].

3.4. Lipid-Based

Lipid-based NPs, defined as colloidal carriers for bioactive molecules, are assembled
to constitute different structures: liposomes with size < 200 nm, solid lipid NP (SLN, solid
lipids), and nanostructured lipid carriers (NLC, a combination of liquid and solid lipids)
with sizes ranging from 10–1000 nm [35–38].

Liposomes are spherical vesicles with an aqueous core and bilayer lipid membrane.
They have the capacity to encapsulate diverse bioactive compounds, which can be included
into the aqueous core or at the bilayer interface [39].

SLNs are generally spherical in shape and consist of a solid lipid core stabilized by
a surfactant. This construct can be used to deliver both hydrophilic and hydrophobic
bioactive molecules [40].

Mixing solid lipids with small amounts of liquid lipids allows structural rearrange-
ments of the matrix-generating NLC formulations to be produced, improving their proper-
ties in this respect, while maintaining the original benefits of SLNs. Of note, recently, cell-
derived membrane lipidic vesicles with a small size range (40–100 nm) have been consid-
ered as alternative naturally derived lipid NPs versus the synthetic lipidic formulation [16].
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With respect to the application of the different NP typologies in the field of cancer
imaging or tissue regeneration imaging, the literature survey revealed that polymeric and
lipid-based NPs are the most represented in the studies, pointing to the development of
cancer imaging and therapeutic protocols; the hybrid category was applied for tissue regen-
eration imaging whereas use of the inorganic category was well documented for setting up
both cancer and regenerative imaging protocols (see Supplementary Materials Table S1).
Importantly, some of the collected studies, which will be further discussed below, moved a
step forward in the characterization of the best NP platform for cell tracking by providing
the adoption of in vitro and/or in vivo imaging procedures to be applicable in cancer or
regenerative imaging.

3.5. NP-Based Cell Tracking for Imaging of Tissue Regeneration

In the context of tissue replacement cell-therapy imaging, protocols assuring the
long-term monitoring of transplanted cells without affecting cell viability and/or properly
modulating their state of differentiation depending on the tissue/organ to be targeted,
have yet to be identified. Indeed, at present, clinical cell-tracking trials have only provided
information on immediate cell delivery and short-term cell retention [41]. Overall, many
key issues concerning labeling solutions able to augment the possibility of tracking cells
enclosing NPs, avoiding label dilution during cell proliferation and improving the uptake
and retention of NPs, as well as preserving the proper functions of the transplanted cell
and their correct homing to the target site, remain to be addressed [42].

3.6. Labeling Solution Improving Cell Imaging

Over the last decade, direct cell labeling with inorganic NPs engineered with multiple
tracers has received increased attention for improving the tracking and imaging perfor-
mance of tissue and/or organ regeneration [39]. Indeed, the use of a combination of two or
more chemical elements to be traced by means of different imaging techniques, known as
the multi-labeling approach, represents a way to overcome the imaging detection limits
of a specific technique. As some examples, inorganic gold NPs with red-emitting firefly
luciferase (RfLuc)-based bioluminescence (BL) tags [43] and inorganic NPs with gold and
gadolinium elements [44] have been developed for the noninvasive labeling and tracking of
human mesenchymal stem cells (hMSCs) in a mouse model of pulmonary disease. Specifi-
cally, multimodal imaging with CT, MRI and BL was successfully adopted to characterize
the in vivo migration, homing, functions, and survival of transplanted hMSCs, giving
further insight for the treatment of pulmonary fibrosis.

Inorganic iron oxide NPs modified with melanin and Fe ions were successfully used
for dual modal imaging through MRI and photoacoustic (PA) methods of engrafted bone
marrow-derived mesenchymal stem cells in mouse models [45]. Multilayered inorganic
NPs constituted by a combination of mesoporous silica, iron oxide and gold elements were
successfully used to multilabel umbilical cord mesenchymal stem cells in ischemic mouse
brain models [46]. Moreover, inorganic iron oxide labeled with a fluorophore have been
used to trace in utero hematopoietic cell transplantation in a canine animal model, offering
a potential approach for early intervention for the treatment of diseases before birth [47].

Interestingly, Geburek and colleagues experimented on an additional way for multil-
abeling by using adipose-derived mesenchymal stem cells traduced with a reporter gene
for GFP and co-labelled with iron particles for tracking after the intralesional treatment
of artificial equine tendon lesions [48]. A similar approach was used to efficiently track
the homing of magnetically labeled adipose-derived stem cells [49] and human umbilical
cord-derived mesenchymal stem cells [50] expressing GFP into mouse carotid artery and
cutaneous injury sites, respectively. In contrast, Wu and colleagues suggested combining
the reporter gene directly with the NPs. In this case, the adoption of inorganic iron oxide
NPs complexed with polymers acting as a cargo for the luciferase system and or a fluores-
cence protein as reporter genes was shown to be effective for an MRI-visible gene delivery
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agent which could effectively label MSCs, providing the basis for bimodal bioluminescence
and MRI tracking of transplantation to solve acute liver injury [51].

Hybrid NPs have also been adopted for generating a platform for multimodal imag-
ing. Fluorinated polymeric NPs combined with fluorine as the MRI contrast agent and
functionalized with a fluorophore (N-fluoresceinyl) maleimide) as optical contrast moiety
were used for tracking MCS in vivo [52].

Advances in multimodal labeling and tracking of cell transplantations have also
been made by functionalization of polymeric NPs. Zhang et al. identified how the flu-
orescent imaging of human mesenchymal stem cells that have endocytosed fluorescent
polymeric NPs can be directly and clearly captured in the one-photon and two-photon
modes, offering the possibility of the direct monitoring of stem cells with high resolu-
tion and quantifying NP uptake, encouraging future quantitative clinical assessment in
imaging-guided cell therapies [53]. Similarly, the exploitation of the one-photon and two-
photon imaging properties of polymeric NPs loaded with red phosphorescence dye of bis(2-
methyldibenzo[f,h]quinoxaline) (acetylacetonate) iridium(III) (Ir(MDQ)2acac) provided a
reliable approach for the efficient and sensitive tracking and monitoring of transplanted
neural stem cells (NSCs) [54]. Multimodal tracking was also achieved by functionalizing
NPs with fluorine, which served as contrast agent for MRI and as an effective platform
to properly direct the transplanted MSC fate in a non-obese diabetic/severe combined
immunodeficient mouse model [52], as well as for the tracking of immune and stem cells to
be adopted for cellular therapies [55].

3.7. Labeling Solution Improving Cell Uptake and Homing

The labeling solutions aimed at improving cell uptake and homing to the desired
site of the body have been investigated by functionalizing NPs with different biomateri-
als. Accordingly, the literature survey identified inorganic iron oxide NPs functionalized
with several moieties including poly-lysine, dextran, zinc, protamine sulfate, heparin or
poly-(l-lactide) as good platforms for direct label, home and track MSCs in preclinical
models of wound healing [56], traumatic brain injury [57–61], after renal transplantation
in mice [62], hepatic cirrhosis [63] and photothrombotic cerebral infarction [64] with MRI.
Poly (dopamine)-coated iron oxide NPs were also used for noninvasive labeling, track-
ing, and targeted delivery of adipose tissue-derived stem cells in mouse models of liver
diseases [65].

Efficient strategies for the traceable homing of therapeutic NPs were developed by
using hybrid NPs composed of glucocorticoid betamethasone phosphate (BMP) and the
fluorescent dye DY-647 (BMP-IOH-NPs). Uptake of these NPs into macrophages was
proved to efficiently drive treatment of inflammation with simultaneous in vivo monitoring
of NP delivery [66].

3.8. Labeling Solutions for Long-Term Imaging and Modulation of Stem Cell Differentiation State

Protocols assuring long-term monitoring and targeted modulation of transplanted
stem cell differentiation have been investigated by functionalizing NPs with moieties such
as bioactive factors and/or nucleic acids able to manage cell fate upon their in situ release.
Consistently, the literature survey identifies studies in which inorganic mesoporous silica
NPs functionalized with dexamethasone [67] or a specific miRNA (miRNA-26a-5p) [68]
(p. 2) resulted in effective tracking of bone marrow stem-cell homing and enhancing os-
teogenic differentiation in preclinical mouse models. Furthermore, polymeric NPs bearing
the stromal factor-1α (SDF-1α) as the bioactive molecule known to regulate MSC homing
and localization and the antimir138, with a key role in the promotion of osteogenic differ-
entiation proved to be efficient for driving cranial bone regeneration by means of MSCs in
preclinical mouse models [69].

Other studies have noticed a strong influence of intrinsic physicochemical properties
of some types of NPs in directing stem cell fate by modulating the differentiation and prolif-
eration processes. Accordingly, inorganic gold NPs modified with 11-mercaptoundecanoic
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acid as well as inorganic upconverting NPs have shown the ability to modulate lineage
differentiation of rat bone marrow MSCs [70,71].

3.9. NP-Based Cell Tracking for Imaging of Cancer

A NP-based cell tracking system represents a critical element, which if well managed,
might allow the improvement of the resolution and sensitivity of current imaging tech-
niques applied for targeted cancer diagnosis and/or therapy. Currently, the most widely
used diagnostic imaging tools for the clinical detection of cancer, such as X-ray, magnetic
resonance imaging (MRI), computed tomography (CT), endoscopy, and ultrasound, can
only detect cancer when there is a visible change to the tissue. By that time, thousands of
cancer cells may have proliferated and even metastasized. In addition, current imaging
methods cannot distinguish benign lesions from malignant lesions [72]. Furthermore,
cytology and histopathology examinations are usually adopted to characterize malignant
cells and/or tissues primarily identified through imaging techniques such as CT or MRI
and cannot be effectively and independently applied to detect cancer at an early stage [73].

The exploitation of the different physicochemical properties of NPs and the possibility
of functionalizing NPs with a plethora of bioactive molecules have been demonstrated to be
crucial in innovating the procedures for cancer imaging and to allow targeted therapeutic
NP uptake.

3.10. Labeling Strategies to Improve Targeted Cell Uptake and Tracking

Improved targeted cancer cell tracking has been achieved by functionalizing several
types of NPs with moieties which enhance tracking resolution.

In this context, inorganic silica NPs conjugated with innovative fluorescent nanomate-
rials bearing excellent photostability and with specific miRNAs and/or active molecules
with a high affinity for cancer cells were successfully adopted to trace cancer foci. In detail,
the synthesis of fluorescent dye-doped silica NPs carrying miRNA-21 or PEG peptide were
demonstrated to be effective in NP delivery and imaging in breast [74] and liver [75] cancer
cells. miRNA21 was found to be one of the most represented in breast cancer tumors [76],
whereas PEG has been found to effectively recognize tumor-marker carcinoembryonic
antigens (CEAs) [77]. Furthermore, inorganic iron oxide NPs carrying therapeutic siRNAs
were efficiently used for tracking siRNA-based gene therapy targeting the BCL2 and BIRC5
of oral cancer and glioblastoma cells [78].

Another class of NPs, polymeric NPs conjugated with liposoluble fluorescent probes
(fluorescein, coumarin 6 or DiR probes) as contrast agents and with oleanolic acid [79]
or emodin and heparin sodium [80] as targeting moieties, were also used to track liver
cancer cells to be therapeutically targeted. The multifunctionalization of polymeric NPs
with coumarin 6 as labeling moieties and with either a therapeutic moiety and a peptide
(peptide-22) with a special affinity for the low-density lipoprotein receptor (LDLR) was
also successfully used to facilitate drug penetration of the blood–brain barrier and to
improve the visualization of targeted cellular uptake, avoiding a non-selective brain drug
accumulation in a preclinical mouse model of glioblastoma [81].

Furthermore, the tracking of polymeric NPs labeled with a near-infrared dye (NIR)
and conjugated with either a chemotherapeutic drug paclitaxel (PTX) and transferrin as the
targeting moieties allowed the biodistribution of tumor cells incorporating NPs and the
antitumor effect to be studied in a preclinical mouse model of cancer overexpression in the
transferrin receptor [82]. Conjugation of polymeric NPs with NIR fluorophore dye has also
been proved efficient in mediating the long-term tracking of cancer cells in vivo [83].

Strategies for cancer imaging have also been developed by adopting other types of NPs.
Hybrid NPs constituted by glyceryl monooleate-coated magnetic nanoparticles (MNPs)
combined with glyceryl monooleate were found to act as a better labeling and efficient
tracking agent without affecting the inherent properties of the MSCs to be used for tumor
homing in preclinical rat models [84].
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Lipid-based micelle NPs carrying a fluorescent-tagged antibody targeting the breast
cancer cell antigen HER2 showed highly efficient internalization into the target cell, good
tracking performance and a cytotoxic effect [85].

3.11. Labeling Strategies to Improve Imaging Sensitivity

Methods to augment the possibility of localizing the homing of stem cells or other cell
types bearing NPs to tumors are being investigated with the goal of enhancing tracking
and treatment efficacy.

As some examples, cationic magneto-liposomes were used to magnetically label
human blood outgrowth endothelial cells (BOECs) and follow their homing to map cancer
foci by magnetic resonance imaging (MRI) [86]. Importantly, these cells have shown
extensive promise as gene-delivery vehicles for cancer cell treatment.

Furthermore, the two- and three-photon luminescence capabilities and strong optical
absorption of an innovative class of gold NP structures, known as gold nanocages, enabled
the quantitative tracking of labeled hMSCs using two imaging procedures: two-photon
microscopy and photoacoustic microscopy. Importantly, this bi-modal tracking enabled
the locating of cells that had migrated to glioblastoma regions formed by subcutaneous
injection in nude mice in vivo [87].

In addition, luciferase-expressing human adipocyte-derived stem cells (ADSCs) were
also used as a vehicle for Indium-111 radiolabeled inorganic iron oxide NPs to produce
cells with tri-modal imaging capabilities. The ADSCs’ homing and fate was monitored by
using mouse models of breast cancer with bioluminescence imaging (BLI) as a measure
of cell viability, magnetic resonance imaging (MRI) for cell localization and single photon
emission computer tomography (SPECT) for cell quantification [88].

Dual-modal imaging has been investigated for improving the sensitivity of detection
and accurate evaluation of benign and malignant lymph nodes by adopting hybrid NPs
comprising superparamagnetic polymeric micelles conjugated with a fluorescent dye.
These NPs showed efficient targeting and uptake by lymph node macrophages [89].

4. NP Functionalization Strategies for Cell Targeting, Cell Uptake, Therapeutic and
Imaging Tracking

4.1. Key Factors for an Efficient and Targeted NP Uptake into Cells

Accurate cell tracking occurs if the NPs are correctly taken up by the cell to be targeted.
The targetability and efficiency of the uptake are governed by the interactions between the
NP surface groups and the plasma membrane antigens and/or receptors, which in turn
depend on the density of the ligands and the antigens/receptors present on an NP and a
cell, respectively [90]. NP functionalization with specific bioactive molecules (hereinafter
referred as moieties) have been investigated to that purpose and those collected with the
bibliographic survey were summarized in Table 1. Specifically, these moieties can elicit
a targeted NP uptake by capturing specific cell biomarkers such as antigens/receptors
(moieties with active action) or by enhancing NP permeation and retention (moieties with
passive action) (Table 1).

4.2. Targeting and Uptake Moieties

Antibodies [91–94] with high specificity and affinity towards cancer cell surface
molecules have been identified as active targeting and uptake moieties. Likewise, folic
acid and riboflavin vitamins [95–100] have represented an attractive strategy for efficient
NP uptake by cancer cells to be targeted, due to both overexpression of the folate and
riboflavin receptors on the cancer cells and the rapid internalization of the receptor by
receptor-mediated endocytosis [101,102].

Aptamers, consisting of small molecule DNA or RNA fragments that fold into well-
defined 3D structures, have also been found to recognize specific receptors on the cell
surface and mediate NP internalization [43,74,81,85,103–107]. The same is true for carbo-
hydrates such as dextran and carbodextran [47,48,57,64,108–116], chitosan [69,117], glu-

315



Nanomaterials 2022, 12, 1414

cose [118,119], beta cyclodextrin [120], and the glycoprotein transferrin [82] that have been
mostly used for NP coating as a strategy to avoid immune response and, furthermore, to
introduce active-targeting capabilities as well as increase cellular uptake [121].

Passive targeting and NP uptake have been efficiently achieved by polymers [56,60]
and heparin [55,62] which, based on their biocompatibility, allow for enhanced NP perme-
ation and retention.

Other types of moieties with passive action were quaternary ammonium cations [87],
the polypeptide polylysine [49,58,63,64,122–126], and amino acids such as histidine [127,128],
which, thanks to their positive charge, stabilize NPs and mediate the electrostatic inter-
action with the cell membrane, improving the endocytosis mechanisms. Similarly, some
derivatives of vitamins, as an example TPGS compound [80], have been found to improve
NP uptake by increase membrane permeability [129].

Table 1. NP surface targeting and uptake moieties.

Targeting and Uptake Moieties Active or Passive Action References

Antibodies, peptides Active [91–94]

Aminoacids Passive [127,128]

Aptamers Active [43,74,81,85,103–107]

Carbohydrates and glycoproteins
(chitosan, beta cyclodextrin,
dextran, transferrin, glucose)

Active [47,48,57,64,69,82,108–121]

Vitamins (folate, riboflavin) Active [95–100]

Polymers (poly-L-lactide;
hyaluronic acid, cholanic acid) Passive [56,60]

Polypeptide (Polylysine) Passive [49,58,63,64,122–126]

Heparin Passive [55,62]

D-α tocopheryl polyethylene glycol
1000 succinate (TPGS) Passive [80]

Quaternary ammonium cations Passive [87]

4.3. Key Factors for an Efficient Imaging of NPs in Cells

Identification of tissue alterations or lesion characterization as well as the diagnosis
and treatment of disease through NP-based imaging techniques requires functionalization
with contrast agents to be followed with imaging devices. Different molecules with optical
properties such as fluorophore and bioluminescent dyes, isotopes or chemical elements
with high molecular weight have been investigated as contrast agents. It is noteworthy that
a considerable part of the reviewed studies suggested a combinatorial usage of contrast
agents as an effective strategy for multimodal in vitro and/or in vivo tracking, as it could
allow the limitations found with the use of a single-tracking approach to be overcome [130].
For this purpose, several protocols for the surface modification of inorganic NPs with
specific elements have been developed. Because of this, the chemical element in the core of
the NP represents one contrast moiety, and the molecule used for surface functionalization
with an additional label. another. As an example, bi-modal tracking with MRI and PA has
been performed by adopting NPs with two different metallic elements, such as gold and
iron oxide [45,46]. A combination of fluorophores and metallic gold and iron oxide contrast
agents was successfully used for optical and MRI tracking [47–50,87,88]. A review of the
surface modification moieties for in vitro and/or in vivo tracking of the NPs identified by
our bibliographic survey is included in Table 2.
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Table 2. Moieties for labeling. NPs can be functionalized with labeling moieties allowing both in vitro
and in vivo NP tracking delivery.

Moieties for Labeling In Vitro In Vivo

Fluorophores
(fluorescein, rhodamine, squaraine,
acridine, DY674, cianine, AxHD dye,
SR-FLIVO dye, IR780, selenium, NIR
dyes, becon probe, RuBpy, IRGD,
I-BODIPY, Fluo4, PKH26)

[43,52–54,66,74,75,83,95,98,105,107,115,
120,123,131–176]

[43,52,54,61,66,83,95,96,105,115,123,157,
158,160–179]

Radionuclides
(Indium-111; Gallium-68; Lutetium-177) - [55,88,180–186]

4.4. Key Factors for Tracking Therapeutic NPs through Imaging

Advances in the field of NP-based cell tracking have led to extraordinary progress,
with several strategies being deployed to also track therapy delivery through imaging.
Several therapeutic NPs that are capable of both self-reporting disease and/or tissue
damage and delivering therapy have been developed to date and play a central role
for the implementation of currently available diagnostic and therapeutic protocols [24].
As an example, therapy followed by imaging might be useful to test reactions in order
to treat and identify patients in which therapy has an effect with the goal of providing
personalized therapy for individual patients. Functionalization allowing the use of these
NPs as therapeutic agents, referred to as therapeutic moieties consist of molecules managing
the proliferative and inflammation status of the target cell.

Therapeutic moieties identified by the present literature survey include miRNA [68,69],
siRNA [78,187], genes [164] and drugs or compounds with key roles in the modulation of
cell proliferation and differentiation [66,67,79,80,104,146,166,188] (Table 3).

Some examples of the adoption of these moieties are listed as follows. The miRNA
AntimiR-138 was shown to significantly promote the expression of osteogenesis-related
genes and its conjugation to the NPs used to label the MSCs was found to efficiently
enhance the osteogenic differentiation of transplanted MSCs and direct cranial bone regen-
eration in preclinical mouse models [69]. Similarly, Hosseinpour and colleagues adopted
NPs functionalized with the miRNA -26a-5p to label MSCs to be transplanted for tissue
regeneration purposes [68].

siRNAs targeting genes whose expression is enhanced in tumors, such as marker B-cell
lymphoma-2 (BCL2) and baculoviral IAP repeat-containing 5 (BIRC5) as well as genes with
regulatory roles in sustaining cancer cell proliferation and migration, were used for NP
functionalization and were found to selectively blockade the cancer cell proliferation of
oral [115] and glioblastoma [78] cancer cell models.

NP functionalization with a model gene, consisting of a plasmid containing the green
fluorescent protein, enabled gene transfer to the hMSCs showing the potential use of NPs
for gene therapy delivery [121].

Chemotherapy drugs such as doxorubicin and methotrexate as well as molecules
with the ability to modulate cell proliferation and differentiation events such as dexam-
ethasone, betamethasone, caspase inhibitors, ceramide, oleanolic acid, emodin, heparin,
aspirin, curcumin and sulforaphane were also adopted as therapeutic moieties for NP
functionalization and found to be effective in (1) blocking cancer cell proliferation in lymph
node [183] glioma [188], ovarian [146], hepatocellular [189], liver [79,80], cervical [95], pan-
creatic ductal [190] tumor models; (2) exerting anti-inflammatory actions [66]; (3) directing
stem cell differentiation [62]; and (4) targeting apoptotic events of cerebral ischemia [166].

Importantly, in all the mentioned studies the functionalization of NPs with tracking
moieties also working as contrast agents enabled a solid strategy for monitoring the effect
of NP-cell based therapy to be set up.

317



Nanomaterials 2022, 12, 1414

Table 3. NP surface moieties with therapeutic effects.

Therapeutic Moieties References

miRNA [68,69]

siRNA [78,187]

Drugs
(doxorubicin, dexamethasone, betamethasone,
methotrexate, caspase inhibitors, ceramide, oleanoic acid,
emodin, heparin, aspirin, curcumin and sulforaphane)

[66,67,79,95,103,132,147,167,189]

Gene [164]

The surface modifications for NP delivery, diagnostic imaging and tracking of thera-
peutic effects are summarized in Figure 4.

 

Figure 4. Multimodal NP surface modifications applied for enhancing targeting, uptake, tracking,
and therapy. Identification of different elements useful to improve labeling, targeting, therapy and
cellular uptake. Figure created with BioRender. Available online: https://biorender.com/ (accessed
on 25 March 2022).

5. Approaches and Devices for In Vitro, In Vivo and Ex Vivo Tracking of NP Delivery
and for Assessing NP Stability

5.1. In Vitro and In Vivo Tracking of NP Delivery

Based on the present literature review, fluorophore labeling moieties have been found
to be suitable for both in vitro and in vivo tracking. Conversely, labeling with radionuclides
was only applied for in vivo tracking.

In detail, optical imaging instruments such as confocal scanning, fluorescence mi-
croscopy and flow cytometry have been adopted for in vitro fluorophore tracking whereas
the fluorescence imaging devices such as the NIR fluorescence IVIS Spectrum system, fluo-
rescence molecular tomography imaging and single- and two-photon fluorescence imaging
have been applied for in vivo fluorescence tracking. Conversely, radionuclide-labeled
NP monitoring has been achieved in vivo by means of nuclear molecular imaging tools
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such as single photon emission computed tomography (SPECT) and positron emission
tomography (PET).

The multimodality of imaging has also been investigated by incorporating labeled
NPs with cells bearing ectopic expression of the luciferase gene [43,115,170] and provided
a non-invasive and more effective imaging technology to track transplanted cells [43,170]
and stem cell homing [115].

The multilabeling system represents an advantageous approach as it provides different
molecules which can act as contrast agents to be distinctively used for in vitro and in vivo
NP delivery characterization. Importantly, multilabeling possibilities rely on the definition
of the NP material and type. Indeed, differently from polymeric and lipid-based NPs, the
tracking of inorganic NPs also takes advantage of the intrinsic attitude of the constituent
core element to work as a contrast agent. In that case, both the metallic core and the surface
labeling moiety enable in vitro and in vivo tracking of NP delivery.

In vitro tracking of the core element can be achieved by means of transmission electron
microscopy (TEM) and scanning electron microscopy (SEM), whereas NP surface-labeling
moieties such as fluorophores and cell-labeling moieties such as luciferin can be followed
in vitro by using confocal laser microscope and luminometer, respectively (Figure 5A
and Supplementary Materials Table S3). On the other hand, in vivo tracking of the core
element can be accomplished with MRI and tomography imaging such as computed
tomography (CT), microcomputed tomography (μCT), photoacoustic tomography (PA)
and X-ray fluorescence tomography (XFT) imaging.

It is noteworthy that, according to NP classification, our literature survey identified
the MRI (52%), followed by CT (25%), optical (19%) and radionuclide (4%) imaging as the
most used in vivo imaging devices (Figure 5B and Supplementary Materials Table S4).

Two different aspects bind the choice of the imaging technique: (I) the tissue to be
targeted and (II) the sensitivity of the technique.

MRI represents the imaging method with the best soft tissue contrast, providing
multiplanar capability without the use of ionizing radiation. It has emerged as the preferred
modality for evaluating soft tissue masses and vascular structures, and it has been applied
for checking soft tumors and inflammatory foci [191]. Iron oxide and gadolinium have been
described as the most used contrast agents for MRI. While an MRI takes excellent pictures
of soft tissue and blood vessels, a CT scan shows hard tissues much better, so it is often
used to image bone structures [192]. Gold elements represent the elective contrast agent of
CT. Many studies have shown that due to their strong X-ray absorption coefficient, good
colloidal stability and biocompatibility, sustained contrast, shape and size controllability,
surface modifiability, and few negative impacts on the marked cells, gold nanomaterials
are ideal CT nano tracers for tracking [44]. As examples, with the use of this strategy, it was
possible to demonstrate non-invasive cell tracking towards tumor sites [118], understand
the fate of transplanted mesenchymal stem cells in certain diseases such as pulmonary
fibrosis [43], and allow non-invasive and long-term CT monitoring of mesenchymal stem
cells in tissue repair [123].

In contrast to MRI and CT, the two most used and clinically approved techniques for
in vivo tracking, optical imaging is well suited for non-clinical use. However, it retains
the potential for clinical application as it could exploit an enormous range of contrast
agents such as molecules with fluorescent, near infrared or bioluminescent properties, that
provide information about the structure and function of tissues ranging from single cells
to entire organisms. An additional benefit of optical imaging that is often underexploited
is its ability to acquire data at high speeds; a feature that enables it to not only observe
static distributions of contrast, but to probe and characterize dynamic events related to
physiology, disease progression and acute interventions in real time [193].

A few studies applied nuclear molecular imaging for NP tracking in vivo. Although
this technique provides highly sensitive and quantitative imaging and shows good tissue
penetration depth, it is limited by its low spatial resolution [194]. This was reflected in the
small number of research articles collected by our bibliographic approach.
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Figure 5. Methods and devices for in vivo and in vitro imaging of NPs. (A) In vitro tracking of
NPs. (B) In vivo tracking of NPs. Percentage (%) refers to different types of imaging tools for
NP tracking based on our literature survey. Figure created with BioRender. Available online:
https://biorender.com/ (accessed on 25 March 2022).

Apart from these limitations, nuclear molecular imaging holds great potential for
preclinical research and clinical applications as it might be a valuable tool granting long-
term monitoring of cells, as well as the observation of cell clearance from various organs
and homing at the tumor site.

NPs can be labeled with several radionuclides and have been proposed as innovative
tools for imaging with single-photon emission computerized tomography (SPECT) and
positron emission tomography (PET) and enhanced radioisotope therapy for several cancer
types with limited toxicity [195].

Radionuclide-labeled NPs mostly characterized for diagnostic imaging and/or ther-
apy purposes include technetium-99m (99mTc) [196], fluorine-18 (18F) [197], gallium-68
(68Ga) [198], indium-111 (111In) [199], and lutetium-177 (177Lu) [200].

The imaging and therapeutic applications of an isotope depend on its particle emission.
Gamma (γ)-ray emitters such as 99mTC, 111In and positron emitters such as 18F, 68Ga are
commonly used for diagnostic purposes using SPECT and PET imaging, respectively, and
β- emitters such as 177Lu are mostly, but not exclusively, used for radionuclide therapy.

An appealing strategy that has proved beneficial for cell imaging with radionucleotides
was its adoption in combination with other imaging tools such as those with magnetic
and/or X-ray properties to combine the advantages of different imaging modalities and min-
imize the limitations [201]. Of note, multimodality imaging systems such as SPECT/MRI,
PET/MRI, SPECT/CT, and PET/CT are currently under investigation. As some exam-
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ples, the conjugation of 99mTc with silica [202], iron oxide [203] or gold [204] NPs was
exploited for SPECT/MRI or SPECT/CT imaging of tumors in preclinical mouse models.
Likewise, the conjugation of 18F with iron oxide NP was found effective for dual imaging
with PET/MRI of stem cell biodistribution [205] as well as for monitoring anti-angiogenic
therapeutic effects in breast cancer xenograft mouse models [206] and diagnosis of rectal
cancer in clinics [207]. Importantly, since PET/MRI systems have become operational
worldwide, several imaging protocols involving the use of 18F for whole body scanning in
oncology are currently under standardization for patient management in clinics [208].

Radionuclide imaging for tumor diagnosis was also performed by adopting NPs
conjugated with radiopharmaceutical formulations of the (γ)-ray emitter 111In (such as
indium-111-oxine) allowing the monitoring of migration and homing of intravenously
given stem cell-bearing NPs to the tumor location [55,88,180].

Advantageous strategies for simultaneous diagnostics and therapy are also being
characterized. In this context, a promising strategy is the pairing of radionuclides of
different elements [195]. As an example, 68Ga for PET imaging and 177Lu as β-emitter for
a therapy couple have been investigated as a radiopharmaceutical tool to face prostate [181]
colon [182], lymph node [183–185] and glioblastoma [186] cancers.

Overall, based on these premises, it would be helpful to find a compromise between
invasiveness and diagnostic resolution to improve actual NP tracking methods.

5.2. Ex Vivo NP Tracking of NP Delivery

Specific ex vivo protocols have been developed to verify and quantify NP uptake on
tissue and cell specimens prior to being applied for in vivo protocols. Several histochemical
dyes can be adopted for that purpose (Table 4). Inorganic NP uptake has been reported
to be obtained by using Prussian blue or alizarin red dyes as their ability to stain ferric
ions and minerals, respectively. Conversely, Oil Red O dye, with its affinity to lipids, was
successfully applied for staining lipidic NPs.

Table 4. Dyes used for ex vivo quantification of NP uptake. Dyes can react with elements characteriz-
ing the NPs or can be applied for NP coating.

Dye Type References

Histochemical staining

Prussian blue
[48,49,51,57–59,64,65,88,109,
114,116,117,124,127,138,154,
155,160,177,187,189,209–224]

Oil Red O [58,225]

Alizarin red [225]

Dyes for NP coating
Propidium iodide (PI) [118]

Nile red [89]

Moreover, ex vivo checking, and quantification of cell uptake was performed by
coating NPs with PI or Nile red dye. As example, NP coating with PI was successfully
adopted to detect cells incorporating gold NPs through flow cytometry [118], whereas Nile
red labeling of hybrid iron oxide/polymeric NPs was used to check in vitro uptake into
macrophages [89].

5.3. NP Stability Assessment

Another key element influencing the performance of any NP-based cell tracking
strategy is the stability of the NPs. Any NP formulation to be applied for tracking purposes
needs to preserve a particular nanostructure property including aggregation, composition,
shape, size, and surface chemistry.

Different environmental stresses such as extended storage, pH and mineral compo-
sition, thermal processing, freeze–thaw cycling, dehydration, mechanical stress and light
exposure have been described as responsible for influencing NP stability [29].
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The ability to measure the stability of the NP formulation prior to utilization for
tracking purposes thus represents a key step to be pursued. Methods that provide quantita-
tive metrics for measuring and modeling nanoparticle stability in terms of core com-
position, shape, size, and surface chemistry are distinguished by their physical- and
chemical- [226,227] based approaches and are summarized in Table 5.

Table 5. Key parameters defining NP stability and strategies to determine stability preservation.

NP Stability Definition
Approaches Used for Characterization of NP Stability

Physical Chemical

Aggregation Preservation of NPs
upon collisions Dynamic light scattering

Single particle inductively coupled
plasma mass spectrometry
UV–visible spectroscopy

Core Composition Unchanged chemistry of the
core during the use X-ray diffraction

Single particle inductively coupled
plasma mass spectrometry
UV–visible spectroscopy
Surface-enhanced Raman scattering
X-ray photoelectron spectroscopy
Energy dispersive X-ray

Shape Preservation of NP
architecture during the use

Transmission electron microscopy
Scanning electron microscopy
X-ray diffraction
Atomic force microscopy

Single particle inductively coupled
plasma-mass spectrometry
UV–visible spectroscopy

Size Preservation of NP dimension
during use or storage

Dynamic light scattering
Scanning electron microscopy
Transmission electron microscopy
Small-angle X-ray scattering
Atomic force microscopy

Single particle inductively coupled
plasma-mass spectrometry
UV–visible spectroscopy

Surface chemistry Preservation of the native
surface functionality

Low energy ion scattering
X-ray photoelectron spectroscopy

Single particle inductively coupled
plasma-mass spectrometry
UV–visible spectroscopy
Surface-enhanced Raman scattering
X-ray photoelectron spectroscopy
Energy dispersive X-ray

6. NP Uptake Strategies and Mechanisms

The effects of the physicochemical properties of NPs, such as size, shape, charge and
surface chemistry, are crucial for determining the cellular uptake mechanism and the NP
function exerted upon the cells [228]. Importantly, knowledge of the underlying mecha-
nisms involved in cellular NP incorporation is found to be relevant for the fate of the NPs
and their cytotoxicity [90], as well as for safe and efficient therapeutic applications [229].
Our bibliographic survey identified the endocytosis mechanism as the most representative
for the internalization of NPs (97%). Endocytosis can be accomplished through two main
mechanisms: phagocytosis and pinocytosis. Phagocytosis is the preferred uptake for larger
nanoparticles (≥100 nm), while pinocytosis dominates the uptake of smaller nanoparticles
(≤100 nm) [230,231]. Of note, pinocytosis can be subdivided into clathrin-mediated and
caveolae-dependent endocytosis, to date, considered as some of the most important mech-
anisms for NP uptake [229,230]. However, since the variation in endocytic mechanisms
depends on cell and NP types, it is still challenging to generalize the current findings [229].

Another key aspect to be considered when testing cell uptake efficiency is the NP
incubation time, which is influenced by the type and density of the cultured cells [232] and
the shape, size and concentration of the NPs [233,234]. Our literature survey identified
24 h as the most validated incubation time for different types of cell target. However, it
has been also proved that the addition of some compounds to NPs might shortening the
time required for cell uptake: consistently, Mishra and colleagues showed that the use of
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protamine sulfate for inorganic iron oxide NP coating reduced the incubation time to 6 h in
MSCs [59].

Cell density also influences NP uptake; the most suitable cell density reported in
the reviewed studies refers to 104 cells/cm2 with high variability defined by the type of
cells adopted for the uptake assay. However, several uptake protocols are currently under
investigation to increase the quantity of the recovered cells with the aim of having a bulk
cell preparation to be used for in vivo NP delivery and tracking. Even in this case, tracking
sensitivity reflects the resolution of the imaging technique applied; thus, it was not possible
to identify a reference interval for cell number to be injected in in vivo mouse models.
Generally, based on the reviewed studies, in vitro protocols pointed to the recovery of at
least totally 106 cells. Likewise, NP concentration parameters were highly fluctuating and
were strictly correlated to the NP architecture and size.

Alternative strategies identified with the presented literature review include the
adoption of electroporation and transfection accounting, respectively, for about 2% and
1% of the total citations. Electroporation was reported to be useful in assisting the passage
of NPs larger than 100 nm through the cell membrane [44] or to enhance the quantity of
incorporated NPs [235].

Furthermore, the adoption of transfectant agents such as commercially available
lipofectamine formulations has been proved to increase uptake efficiency. Accordingly, Wan
et al. designed a new approach involving the surface modification of gold NPs with layers
of silica and Transfectin 3000 (TS) to reduce cytotoxicity and improve the incorporation
in bone marrow-derived stem cells (BMSCs) [236]. Uptake strategies identified in the
literature survey are summarized in Figure 6.

Figure 6. NP uptake mechanisms and strategies. Figure created with BioRender. Available online:
https://biorender.com/ (accessed on 25 March 2022).

7. Cell Types Suitable for Safe NP Delivery

As previously mentioned, improved NP delivery can be achieved by using cells as
the vehicle for NPs. Based on our literature survey, different types of cells have been
investigated in the last decade as potential carriers for an efficient NP release.

Stem cells, with their intrinsic ability to home in on cancer or injury sites, represent
the most suitable cell type source allowing NP delivery, with a 60% of the reviewed
studies investigating their potential for biomedical application for cancer and regenerative
medicine purposes. Conversely, a smaller percentage of studies (31%), focusing on the
development of clinical protocols for precision cancer medicine, adopted cancer cells as the
target of NP delivery. Only a few original research articles, pointing to the elucidation of
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inflammatory homing mechanisms, used other cell sources such as macrophages (7%) or T
cells (2%) (Figure 7).

Figure 7. Cell sources adopted for efficient and safe NP delivery. Cell type subcategories and their
relative percentage of utilization identified by the literature survey. Figure created with BioRender.
Available online: https://biorender.com/ (accessed on 25 March 2022).

7.1. Stem Cells

Stem cell homing mechanisms are currently being investigated to provide further
insights for their potential use as vehicles for contrast agents to be detected with currently
available imaging techniques to improve the diagnosis and therapy of many diseases [237].

Different subtypes of stem cells were identified by reviewing our bibliographic dataset.
In detail, mesenchymal stem cells (MSCs) accounted for 80% of the total citations using stem
cells, 6% involved the use of adipose tissue-derived stem cells (ADSCs), and 14% instead
involved the use of other different subtypes such as blastema cells [160], neuronal stem
cells (NSC) [54], bone marrow dendritic cells (BMDCs) [55,219] and mouse embryonic stem
cells (mESCs) [170].

Furthermore, stem cells derived from different species have been identified. Of note,
many studies involved MSCs of human origin (84%), followed by those derived from rat
(14%) and monkey (2%) species.

7.2. Cancer Cells

The most used cancer cell model identified with the present literature review is the
HeLa cell line, with 44% of the total citations exploiting cancer cells for NP delivery
purposes. HeLa was the first human cell line established in culture and has since become
the most widely used human cell line in cancer research.

The choice of the cancer cell model relies on the type of cancer to be targeted. Thirteen
percent of the studies focused their attention on the investigation of nanotechnology
supporting hepatocellular carcinoma resolution by means of hepatocarcinoma-derived cell
lines such as hepatoma cell line Hepa1–6 [91], HepG2 cells and HCa-F [80,100,136] and
hepatocarcinoma cell line SMMC-7721 [111].

Cancer cell lines derived from glioma or glioblastoma, such as human GBM cell lines
U-87 and U251 [78,180], U118 glioma [238] and F98 rat glioma [239] cells were represented
by 13% of the total citations describing the application of cancer cell lines.

Similarly, 10% of studies aimed to identify therapeutic approaches against breast
cancer with the MDA-MB-231 human breast cancer cell line [179,215,221] and breast cancer
4T1 cell line [162].
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Ten percent of studies have investigated efficient protocols to cure lung cancer by means
of lung cancer cell models such as A529, A549, NCI H441 and A2780 [134,141,152,169].

To a lesser extent, studies have been carried out with cell lines derived from pancreatic
cancer such as Panc-1 and MIA Paca-2 cells [190] and human pancreatic cancer cell line
BxPc-3 [94] and also derived from gastric cancer such as human gastric cancer cells (MGC80-
3) [132,138], both of these cell types account for 5% of the total citations concerning the use
of cancer cell line models for NP delivery.

7.3. Macrophages

Macrophage-bearing NPs have been adopted mostly for tracking. Macrophages
were used to evaluate uptake of nanoparticles using imaging techniques [147,240] to
investigate the metabolic conversion and elimination of nanoparticles [218] and since
these macrophages are able to migrate to sites of inflammation [112], they have been
labeled with NPs and their distribution assessed by clinically relevant imaging tech-
niques [89,109,116,222]. Although little is known about NP delivery efficiency of macrophages,
this cell source might represent a promising tool for inflammation-targeting purposes in
the fields of both regenerative medicine and cancer diseases [241].

7.4. T Cells

T cells have been shown to kill malignant cells in vitro and in vivo, therefore, several
studies have labeled these cells with gold NPs or SPIONs to follow their fate on CT or
MRI. For example, T cells were transduced to express a melanoma-specific T cell, and then
computed tomography analysis was performed, once labeled with gold NPs. CT efficiently
detected the accumulation of these transduced and labeled T cells at the tumor site, leading
to tumor regression [118]. Another study preferred to label T cells with ultrasmall SPIOs to
follow their fate through MRI [242]. Overall, although T cells encapsulating NPs have been
poorly characterized to date, their use in nanomedicine deserves attention for improving
the efficacy of T-cell based immunotherapy [172].

8. Conclusions and Outlook for Effective NP-Based Cell Tracking

Issues determining the effectiveness of NP-assisted cell tracking such as NP design,
material properties and functionalization with specific targeting, labeling (tracking) and/or
uptake-enhancing moieties have been identified and almost exhaustively characterized
during the last decade. Nevertheless, an in-depth analysis of the features relating to NPs
and the interaction dynamics with the target body area, which in turn is influenced by the
cell to be targeted, the NP loading time and concentration, still needs to be achieved.

The nexus of NPs with the biology is currently an area of intense study in the field of
NP-based cell tracking as the success of NP incorporation into the cell and consequently
the success of direct cell labeling in terms of non-invasive long-term targeted monitoring
through imaging depends on the type of biological response triggered by NP uptake.

The investigation of mechanisms determining the efficacy of the active incorporation
of NPs by the cell holds a prominent role in NP-assisted cell tracking as it keeps the
potential clinical traceability for a targeted, sensitive, and long monitoring of cells with the
current clinically approved imaging devices improving the performance of the currently
used iodinated, barium or gadolinium-based contrast agents [14].

Much effort has been made to better characterize the biological cues of NP–cell di-
alogue with the aim of improving uptake and retention mechanisms to be exploited for
direct cell tracking; despite its simple and straightforward nature, this approach has several
drawbacks which deserve further investigation to improve their effective clinical use.

Specifically, the biggest limitation of any direct labeling method is the failure in the
assessment of cell viability and division damping retention and the right delivery of NPs.
Firstly, if the cells die, the NPs may be retained at the target site, being taken up by
macrophages consequently leading to erroneous detection of cells. The NPs may also
dissociate from the cells through efflux and exocytosis, leading to false quantification and
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monitoring of free labels instead of the cells of interest. Secondly, cell division dilutes the
number of NPs, affecting the sensitivity of the detection of daughter cells and limiting
the long-term tracking of labeled cells [243]. Overall, these aspects can be managed by
deepening the characterization of cell-fate mechanisms and how they are modulated by
NP incorporation.

Considering these premises, the definition of the impact of NP physicochemical prop-
erties on cell internalization mechanisms, together with the characterization of biological
cell response might pave the way for effective NP-delivery solutions for cell tracking, finally
providing future perspectives for a bench to bedside translation (Figure 8).

 

Figure 8. Essential ingredients for effective NP–cell tracking. NP design, cellular models and
interaction mechanisms between NPs and cargo stem cells and/or target cells are key elements
influencing NP-based cell tracking and delivery performances. Figure created with BioRender.
Available online: https://biorender.com/ (accessed on 25 March 2022).
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Abstract: We report a unique phenomenon, the opposite color response of a giant polyoxometalate,
(NH4)42[Mo132O372(CHCOO)30] (H2O)72 ([Mo132]), to the existing states of human papillomavirus
(HPV) major capsid protein, L1-pentamer (L1-p), and virus-like particles (VLPs). The color responses
originate from the different assembly forms between [Mo132] and the capsid protein. The latter were
inspected and separated by using CsCl gradient centrifugation, and validated in detail by sodium
dodecyl sulfate-polyacrylamide gel-electrophoresis (SDS-PAGE), dynamic light scattering (DLS),
and transmission electron microscopy (TEM) imaging. Furthermore, the intrinsic mechanisms were
investigated in-depth by using XPS-based semi-quantitative analysis and well-designed peptides,
revealing the critical points of L1 that determine the charge–transfer ratio between Mo(V) to Mo(VI),
and consequently, the levels of [Mo132] hypochromic in different assemblies. Such a unique phe-
nomenon is significant as it supplies a colorimetry approach to distinguish the existing states of the
HPV capsid protein and would be significant in the quality assay of the HPV vaccine and existing
states of other viruses in the future.

Keywords: colorimetric discrimination; giant polyoxometalate; HPV capsid protein; hypochromic of
molybdate clusters; opposite color response

1. Introduction

Human papillomavirus (HPVs) causes commonly transmitted infections that occur in
humans [1,2]. Some types of HPV lead to severe diseases including a series of verrucas and
cancers [3]. To effectively prevent the occurrence of infections, vaccines that specifically
target the virus-induced diseases have been developed recently, and many efforts have
focused on building a security shielding system [4] Virus-like particles (VLPs), formed
from the self-assembly of pentamer subunits comprising major capsid protein L1 without
the participation of DNA, have been demonstrated to be an essential resource of vaccines
because of the similar surface structure and antigenic epitopes to those of actual viruses.
As a kind of prophylactic vaccine, VLPs were shown to be effective for protecting several
subtypes of HPV from infections [5,6]. On one hand, these assembled particulate struc-
tures are also resilient to most environmental stresses and are promising for eliciting an
efficient and potent immune response [7]. On the other hand, during the development of
prophylactic vaccines against high-risk types of HPVs, VLPs can also be adopted directly in
mimicking more closely to the neutralized epitopes, morphology, and keeping the size of
native ones [8]. However, the production and usage of spherical capsids as vaccines relies
significantly on the VLP’s integrity, and any disassembly may result in losing effectiveness
in producing antibodies. Therefore, the quick and convenient detection for the existing state
of VLPs or their disassembly is crucial. Since the normal subunits of VLPs are the pentamer

337



Nanomaterials 2022, 12, 736

of capsid protein L1(L1-p), the sensitive determination of the species can demonstrate
the incomplete state of VLPs [9]. Spectroscopic, dynamic light scattering, and electron
microscopic measurements are commonly used characterization techniques [10,11], but
they are not suitable for in situ quality assays during the preparation of vaccines. Therefore,
it is imperative to develop a rapid and straightforward method for differentiating complete
capsids and dissembled pentamers via a quick and direct procedure.

Polyoxometalates (POMs) are a kind of negatively charged inorganic clusters com-
prising early transition metal oxides [12]. The uniform shape and nanoscale size of POMs
provides useful functional properties that can be useful in several emerging technologies
including medicine [13,14]. Typically, the reduced coordination metal ions allow the deep-
color clusters to have extended light absorption in the visible region. In the presence of
oxidants, the reduced clusters exhibit reversible oxidation properties, shifting absorption
toward another state [15]. Among the POM family, the giant molybdate clusters realized by
Müller’s group exhibited an elegant architecture and morphology with larger sizes of more
than 2.5 nm [16]. As giant clusters, which have been extensively studied including, for
example, self-assemblies into nanoscale capsules and forming co-assemblies together with
cationic organic components via electrostatic interactions [17], and their functionalization
was either performed on biomedical applications [18]. We have reported the electrostatic
interaction of the giant clusters with cationic amphiphiles for synergistic self-assembly, the
behavior with biomolecules in solutions in adhesion, anti-bacterial properties as well as
bio-imaging [19,20]. However, up until now, there have been no reports concerning the use
of these POMs and other inorganic clusters on the detection of the existing state of virus
capsids, either in the assembly or disassembly state, neither the ionic binding position with
capsid proteins.

The Mo(V) have been shown to be essential components in giant molybdate POMs,
making them show colors in solid and solution due to their absorption, corresponding
to the intervalence charge transfer (IVCT) between Mo(V) and Mo(VI) [21,22]. Thus, the
valence state change of giant clusters always yields a color change, and as a result, Mo(V)
can be oxidized into Mo(VI), accompanied by a color fading of brick-red in the presence of
oxidants. Furthermore, the color changes are reversible because the Mo(VI) at the highest
oxidized state are reduced while the cluster structure is maintained, just like the oxidation
at a reduced state [23,24]. These properties of POMs and their charged surface provide an
excellent opportunity to detect the existing state of the proteins comprising capsids through
the electrostatic interaction with free N-terminals bearing redox features. Thus, the states
of some proteins that can be oxidized and reduced can be characterized through the color
fading of giant POMs after the redox process. In this context, we herein selected a giant
brown Keplerate cluster, (NH4)42[Mo132O372(CHCOO)30](H2O)72, abbreviated as [Mo132],
which contains 72 Mo(VI) and 60 Mo(V), to sensitize the status of L1 proteins and the
stability of the capsid [25]. Because L1 proteins at the states of assembly and disassembly
show different binding modes with the [Mo132] cluster through exposing and shielding
amino residues, we successfully realized the vital identification for the capsid proteins
through simple color changes of [Mo132] (Scheme 1). The present method demonstrated
a practical approach to examine the quality of the prophylactic HPV vaccines. Of course,
the obtained results are also significant in widening bio-applications such as qualitative
screening of HPV infections and tracking the differentiation process of HPVs in the human
body by detecting L1 proteins.
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Scheme 1. Schematic illustration of the binding modes and different color responses of [Mo132] to
HPV L1-p and VLPs, respectively.

2. Results and Discussion

2.1. Hypochromic Response of [Mo132] to L1-p

The [Mo132] (2.5μM) in buffer A shows a typical absorption band at 456 nm similar
to the cluster in aqueous solution (Figure 1A), which can be assigned to the intervalence
charge transfer (IVCT) between Mo(V) and Mo(VI) centers bridging by O atoms [21,22].
Since the absorption bands of the L1 protein at both states of pentamer and VLP appeared
at wavelengths less than 300 nm, the changes in absorption spectra of the [Mo132] mixture
with L1-p in the visible region was attributed to a source from the inorganic cluster. A
gradual hypochromic behavior of [Mo132] in buffer A solution with time exposure in
air was observed, and nearly 20% absorbance was lost after 4 h, when a turning point
occurred. After that, no further change occurred for the absorption with time over one
day. The hypochromic properties of [Mo132] can be attributed to the oxidation of partial
Mo(V) in the giant cluster by oxygen in air, according to the opposite observation during
its formation [24]. As further confirmed in the characterization, this color change in the
aerobic environment does not affect the structural integrity and the detection for proteins
because of the large number of reduced Mo(V) contained in one cluster.

In comparison to [Mo132] in buffer A, a much stronger hypochromic effect of the
cluster occurred in the same solution along with the addition of L1-p. A linear decrease in
absorbance was observed, and more than 80% of the original absorbance disappeared until
cultured to a turning point at 12 h. Further color fading proceeded continuously, and more
than 90% of absorbance vanished after 24 h (Figure 1B). Interestingly, when [Mo132] was
added into the solution containing VLPs, only a little color degradation occurred over time
(Figure 1C), and over 95% absorbance of the inorganic cluster was maintained at the time
scale. The job plots of the [Mo132] cluster at the states in the presence of protein L1-p or
VLPs show the apparent differences in the absorbance at the visible region versus the time
(Figure 1D).

[Mo132] has been demonstrated to form blackberry-like hollow spherical self-assembled
shapes in several tens of nanometers in aqueous solution [26] while maintaining a mono-
dispersed state for a couple of days. As shown in Figure 2A, the DLS curve of the cluster
alone showed a hydrodynamic diameter of 2.7 nm, similar to the size (2.9 nm) calcu-
lated from the crystal structure, illustrating the mono-dispersion and structural complete-
ness [27,28]. The L1-p in buffer A had a size of about 12.0 nm (Figure 2B), being very close
to the well-dispersed state of the pentamer subunit reported previously [29,30]. When
the inorganic cluster was added into a solution containing L1-p, larger aggregates with
a diameter of about 73 nm (Figure 2C) formed immediately. This size differs from each
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component or typical VLPs, implying the quick interaction between [Mo132] and the pro-
tein. The incubation for 24 h or longer did not lead to precipitation, but maintained a
stabilized aggregate with a slight increase in size to 82 nm (Figure 2D). As already shown,
the negatively charged POMs bind with some peptides containing basic residues through
electrostatic interaction and hydrogen bonding [31,32]. The non-specific interaction can
also induce the combination of the [Mo132] cluster bearing 42 negative charges with L1-p,
causing the formation of larger assemblies or aggregates.

 

Figure 1. Time-dependent UV–Vis absorption spectra of [Mo132] (2.5 μM) in (A) buffer A, in the
presence of (B) L1-p (10.0 μM) and (C) VLPs (10.0 μM), and (D) plots of the corresponding absorbance
at 456 nm in (A–C) versus time for 24 h.

 

Figure 2. DLS histograms of (A) [Mo132] and (B) L1-p subunit in buffer A; the mixture of [Mo132] and
L1-p (C) right after, and (D) after 24 h of incubation in buffer A; (E) the mixture of [Mo132] and L1-p
after 24 h dialysis in assembly buffer; and (F) that of [Mo132] and the as-assembled VLPs in assembly
buffer, respectively.
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2.2. Visual Response of [Mo132] to the Isolated L1-p and VLPs

The absorption spectral changes of [Mo132] to L1-p and its VLP assembly (Figure S1)
were examined in parallel with visual inspection through color observation. As shown
in Figure 3, [Mo132] is sensitive in detecting the existing states of protein L1. In a normal
process, the L1 monomer is very unstable and exists typically in a pentamer state, which
further self-assembles into an empty capsid, VLP, under high ionic concentration and low
pH, spontaneously [27,28]. To identify the possible influence of the [Mo132] cluster on the
assembly process, the L1-p in a large amount of assembly buffer is monitored to allow for
the assembly of VLP in the presence of [Mo132], following a published standard process
for other POM [27]. After encountering a dialysis procedure, the DLS assay revealed the
formation of characteristic assemblies accompanied by a size change from 12 nm at the
beginning to an average of 51.8 nm after 24 h of incubation (Figure 2E), in perfect agreement
with the full-sized scale (50–55 nm) of VLPs comprising of the HPV16 L1 protein [29,30].
This result indicates that the presence of [Mo132] does not affect the self-assembly of L1-p
into VLP. However, after this assembly process, the dynamic small size attributed to [Mo132]
was no longer observed, even after 24 h of incubation (Figure 2F), implying that most of the
clusters were trapped either inside or on the outside surfaces of the formed VLPs, or were
eliminated through dialysis. The existence of [Mo132] did not affect the further assembly
of the L1-p as a subunit. Importantly, accompanying the self-assembly of L1-p, the faded
color of [Mo132] recovered because the solution changed from colorless back to brown, the
original color of the [Mo132] in solution (Figure 3).

Figure 3. Color responses of [Mo132] in buffer A in the absence and presence of either L1-pentamer
or the VLPs, respectively.

2.3. Prevention of [Mo132] Hypochromic by VLPs

More interestingly, the addition of [Mo132] into an assembly buffer containing VLPs
did not result in an obvious hypochromic after 24 h of incubation in the air; in contrast to
L1-p, it showed much less color fading compared to a single cluster in buffer A, indicating
the strong inhibition of VLPs on the color bleaching of [Mo132]. Meanwhile, the DLS
histogram (Figure 2F) confirmed a well-kept full-size of VLPs in 24 h. To identify whether
[Mo132] binds to VLPs or just remains isolated in solution, the ultracentrifugation of various
components in gradient CsCl solution, were performed in tubes based on the principle of
size and density dependence on the position to the rotating center, where components with
the larger size and higher density will be located closer to the bottom.

After the CsCl gradient ultracentrifugation, the photograph of VLP alone in tube #0
showed a single blue band because of the concentrated protein, ascribed to the position
of complete VLPs, at zone F2 (Figure 4A) in the middle of the centrifugation tube. In the
case of VLP mixing with [Mo132] in tube #1, besides a narrower blue belt at the F2#1, a
wideband emerges at the lower position F3#1, suggesting the formation of aggregates with
larger size differing from VLP or L1-p. Because the observed color of the belt near F3#1
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was far from that of VLP at F2#1 while the sole VLP did not show any significant hint at the
F3#0 position, we suggest that the [Mo132] traps VLPs to form larger-sized aggregates. As a
result, the inhibition to the hypochromic effect of [Mo132] can be explained to be derived
from protecting the VLPs from external oxidation. On the other hand, the photograph of
L1-p mixing with [Mo132] in tube #2 presented a weak belt with a pale color at the position
F2#2, similar to that of VLP at F2#0, but there was no obvious belt emerging at zone F3#2.
The result implies that part of L1-p self-assembled into VLPs automatically in the presence
of inorganic clusters, but almost no formation of the proposed aggregates comprising the
formed VLPs, and [Mo132] was shown as the observation at zone F3#1. When L1-p was
mixed with [Mo132] in the assembly buffer, as seen in tube #3, both narrow blue belts at
zone F2#3 and wide yellowish-brown belts emerged simultaneously at F3#3. The identical
phenomenon of F3#3 to F3#1 demonstrates the formation of VLP in the presence of an
inorganic cluster and the induced aggregation. Looking at these results together, we can
draw the following conclusions: (1) the color degradation and the possible interaction with
clusters did not affect the assembly of L1-p; and (2) a cluster induced aggregation of VLPs
occurred, which is consistent with the DLS measurements (Figure 2C,D).

Figure 4. (A) The photographs after CsCl gradient ultracentrifugation in tubes for VLPs (tube #0),
VLPs@[Mo132] in assembly buffer (tube #1); the mixture of L1-p and [Mo132] before (tube #2) and after
(tube #3) monitoring in assembly buffer for 24 h, respectively. (B) DLS histograms of VLPs@[Mo132]
(upper), the mixture of L1-p and [Mo132] before (middle) and after monitoring in assembly buffer
(bottom), extracted from the position of zone F1 (black), F2 (red), and F3 (green), respectively. (C) SDS-
PAGE of the corresponding component extracted from the position of F1#1, F2#1 and #3, and F3#1
and #3, respectively. The channel of M is the marker from the standard protein.

The belts at different zones in tubes after CsCl gradient ultracentrifugation were taken
out, and the corresponding protein was assayed via the SDS-PAGE technique (Figure 4C).
Taking two known proteins with molecular weights of 44 and 66 kDa as markers, all
products extracted from F2 zones of tube#1–#3 point to a molecular weight of ~53 kDa,
which is perfectly consistent with the L1-monomer. Besides emerging in the zone F2 in all
tubes, the L1 protein also appeared at zone F3 in tubes #1 and #3, supporting the assignment
for VLP aggregation with [Mo132] at two zones. Meanwhile, the fact that no smaller proteins
were observed in the F1 zones of tubes #2 and #3 shows that all the L1-p have already
self-assembled into VLPs, especially in tube#2. Coincidently, the DLS histograms of the
belts taken from tube #1 showed distributions of particle size that were consistent with
[Mo132] at zone F1#1, and the particle sizes corresponding to that of the VLPs at zones F2#1
and F3#1 were determined (Figure 4C, upper). As the cluster was proposed to be trapped
in VLP aggregates, no isolated [Mo132] was found at zone F3#1 due to the strong interaction
between two components. For the belts extracted from tube #2 (Figure 4C, middle), besides
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identifying the particle that can be ascribed to [Mo132] at F1#2, we also observed the particle
size attributed to VLPs at F2#2. Although a small size close to [Mo132] appeared at F3#2, no
larger particles corresponding to the induced VLPs were observed excluding the possibility
of it being there for [Mo132]. Again, the DLS histogram of tube #3 (Figure 4C, bottom)
shows the full spectra of size distributions similar to [Mo132] at zone F1#3, VLPs at zone
F2#3, and the cluster-triggered VLPs aggregation at zone F3#3, which were identical to the
case observed in tube #1.

To further verify the morphology and completeness of the formed VLPs taken from
F2#1 and F2#3, TEM images of [Mo132] in buffer A, the mixture of [Mo132] with L1-p before
and after assembly monitoring, and the mixture of [Mo132] and the as-prepared VLP were
acquired. Because of the tiny size and mono-dispersion, the inorganic cluster (Figure 5A)
could be well discerned from that of L1-p or VLPs in solution (Figure 5C,D). In the mixture
of L1-p and [Mo132], whether assembly monitoring was performed or not, we consistently
obtained spherical particles (Figure 5B,C) that can be ascribed to the formation of VLPs as
they matched the size of VLP cavity [29,30]. The amplified images (inset of Figure 5B,C)
show small particles attributed to the inorganic clusters located inside the inner wall.
Therefore, Figure 5B provides additional evidence for the cluster-triggered assembly of
VLPs from L1-p, even without assembly monitoring. In addition, partial inorganic clusters
were observed encapsulated inside the VLPs during the triggered co-assembly with L1-p,
indicating a strong interaction between [Mo132] and L1-p. The observation of VLPs can
further support this analysis after mixing with [Mo132] (Figure 5D), where the inorganic
clusters are mainly located at the outside surface of VLPs being very different from that of
the co-assembly of the two components.

Figure 5. TEM images of (A) [Mo132] in buffer A; (B) the mixture of [Mo132] and L1-p in buffer A;
(C) after 24 h dialysis in assembly buffer, and (D) the mixture of [Mo132] and the as-prepared
VLPs in assembly buffer, respectively. All images were acquired directly on samples without the
phosphotungstate stain.

To obtain the essential profile, the TEM images for the samples extracted from zones
F2#0, F2#1, and F2#3 were then acquired with negative staining (Figure 6). The micro-
graphs show that the topography of VLPs and the particle size become more uniform
and precise. Besides the transparent empty shell (Figure 6A), the mono-disperse particles
with a statistical diameter of about 55 nm (Figure 6B,C) were in good agreement with the
reported full-size of VLPs [29,30]. From the foregoing, we concluded that [Mo132] could
quickly bind with L1-p to form irregular aggregates, finally leading to the formation of
VLP containing [Mo132] inside. However, once [Mo132] is mixed with the as-prepared VLPs,
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it assembles into [Mo132]@VLP, where the cluster particles bind to the surface of VLPs
(Figure 6C). As the molecular weight of [Mo132] is much less than that of VLP, the sedimen-
tation coefficient of [Mo132]@VLPs is close to that of the VLPs, thus the encapsulation of a
few [Mo132] clusters does not significantly alter the surface properties of VLPs. Therefore, it
is rational to explain that [Mo132]@VLPs display a close level to VLPs in tubes after the CsCl
gradient ultracentrifugation (Figure 4A). The two adjoining lancet belts at the position of
F2#2 suggest an appreciable difference between VLPs and those encapsulated with [Mo132].
Moreover, whether stained or not, the larger aggregates of VLPs induced by [Mo132] were
clearly discernible in Figures 5 and 6, which supports the observation of proteins in F3#1
and F3#3 (Figure 4B).

Figure 6. TEM images of (A) VLPs; (B) the mixture of [Mo132] and L1-p after 24 h dialysis in assembly
buffer; (C) the mixture of [Mo132] and the as-prepared VLPs in assembly buffer, respectively. All of
were extracted from the F2 fraction in tubes after CsCl gradient ultracentrifugation and stained with
2% phosphotungstate for 2 min before measurement.

2.4. Colorimetry Response Mechanism of Mo132 to L1-p and VLP

Redox nature of [Mo132]. Coordination atoms such as Mo and W of POMs at the
highest oxidation state are known to be photochemically reduced in the presence of a
reductant, and the reduced POMs showed oxidation properties such as peroxidase for some
organic and bio-molecules [33,34]. [Mo132] has 60 reduced Mo(V) atoms and 72 oxidized
Mo(VI) atoms, allowing the cluster to be both reduced and oxidized in suitable conditions.
As the intervalent charge transfer absorption of Mo(V) to Mo(VI) emerged in the visible
region, the [Mo132] normally appeared as yellowish-brown. However, when Mo(V) atoms
are oxidized, color degeneration will occur. For example, its incubation with a weak
reductant L-ascorbic acid (Vc) for 24 h does not change the [Mo132] cluster’s color through
reduction (Figure S2A). However, instead of the phenomenon displayed in Figure 1A,
hypochromic properties are achieved in aerobic conditions when using Vc as a sacrifice
against the air oxidation. To confirm that the hypochromic properties originate from the
oxidation of [Mo132] and to accelerate the process, 365 nm irradiation was then performed
in parallel with and without Vc in buffer A (Figure S2B). After 12 h, 20% of the absorbance
was diminished for the latter case; however, almost no change was observed for the former.

Interaction of capsid protein for colorimetry change of [Mo132]. The non-covalent
interactions of POMs with several types of biomolecules have been investigated extensively
over the past years [35–37]. Based on the structural features of POMs, it is evident that
the negatively charged [Mo132] mainly provide electrostatic interactions with a variety
of cationic species of protein. However, the observed hypochromic effect here should be
essentially conducted by the external oxidation sourced from the protein rather than the
buffer solution or the aerobic environment, since the color degradation does not fully occur
in such a short time. Several peptides and proteins with specific surface charges have been
used to examine the hypochromic effect of [Mo132] (Figure S3). Under neutral conditions,
the negative peptide of pTau-aac (pI = 4.5) and protein of BSA (pI = 4.6) do not induce a
significant absorption change of [Mo132]; however, the positively charged ones of dTau30
(pI = 10.4) and lysozyme (pI = 11.0) drive a significant decrease in absorption, indicating
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the vital role of positive partners to the [Mo132] hypochromic effect. We can infer that the
exposed basic residues in L1 accelerate the oxidation of [Mo132].

The cryo-electron microscopy and image analysis on capsid proteins [37] revealed that
the L1-p bind together to form VLPs via a long segment of the C-terminal (Figure S4A).
The images revealed that the sequence after Asp401 at the C-terminal extended from
one pentamer to the adjacent one to strengthen the VLPs structure. This segment was
dominated by cationic residues such as arginine or lysine (Figure S4B), which are firmly
prone to bind with the negatively charged [Mo132]. After L1-p assembles into VLP, however,
this segment is embedded in the wall of the VLP sphere, and the charged environment
varies widely (Figure S4C). To further confirm the binding site of [Mo132] with capsid
protein, the sequence of two peptides, pep1–401 and pep401–495, were constructed and
expressed separately, through identical approaches as the full-length L1.

After carrying out DNA sequence assays (Figure S5) and protein purification, each
peptide was mixed with [Mo132] in buffer A. This procedure yielded different phenomena.
A quick decrease in [Mo132] absorption at 456 nm was shown when mixed with pep401–495
(Figure 7A). The band disappeared completely, and the solution became pale within 90 min.
The time-dependent plot of absorption (Figure 7C) revealed that the peptide drives the
hypochromic effect of the cluster much faster than that of L1-p (Figure 1A), confirming a
decisive role of pep401–495 in this process. In contrast, mixing pep1–401 with [Mo132] only
led to a very slight decrease in absorption centered at 456 nm (Figure 7B), indicating its
feeble contribution in L1 to the [Mo132] hypochromic effect. The plots of absorption intensity
vs. time (Figure 7C) clearly illustrate the responsive differences between pep401–495,
pep1–401, and L1-p to [Mo132], further demonstrating that the binding with basic residues
of pep401–495 causes the enhanced hypochromic effect by L1. Thus, it can be speculated
that during the assembly of L1-p to VLP, the stronger binding affinity between L1-p subunits
could force [Mo132] to be released from the positive sites of L1-p and electrostatically attach
to other positions of VLPs. Considering the positive areas at the interior surface of VLPs [38],
the negatively charged [Mo132] are easy to adsorb on the inner surface of VLP, which shield
[Mo132] from oxidation and consequently protect it from the hypochromic effect. Moreover,
the observed larger aggregates of VLPs induced by [Mo132] (Figures 5 and 6) suggest an
additional protection of [Mo132].

 

Figure 7. Time-dependent UV–Vis absorption spectra of [Mo132] (2.5 μM) in buffer A in the presence of
(A) pep401–495 (10.0 μM) and (B) pep1–401(10.0 μM), respectively. (C) The plot of the corresponding
intensity changed at 456 nm in (A,B), and the mixture of [Mo132] and L1-p in buffer A, respectively,
vs. time for comparison.

Redox nature of [Mo132] in the presence of L1-p and VLP. X-ray photoelectron spec-
troscopy (XPS) was used to analyze the redox state of pristine [Mo132] (Figure 8A) and in the
presence of L1-p (Figure 8B) or VLP (Figure 8C) under aerobic conditions. The characteristic
Mo3d doublet, composed of the 3d5/2 and 3d3/2 levels resulting from spin-orbit coupling,
was observed in the spectra. Suitable fits of the data points, corresponding to two possible
3d doublets of Mo in different oxidation states of Mo(VI) and Mo(V), were achieved using
two pairs of Lorentzian–Gaussian functions. The peaks centered at 232.4 and 235.5 eV were
assigned to Mo(V), while those at 233.6 and 236.6 eV were attributed to Mo(VI), respec-
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tively [39,40]. Semi-quantitative calculations showed that the characteristic ratio of peak
area for Mo(VI) and Mo(V) was 1.45:1 for [Mo132] (Table 1), which was slightly over the
value of 1.2 calculated from the ratio of 72 Mo(VI) to 60 Mo(V). The reason for this deviation
can be deduced from the aerobic oxidation of partial Mo(V) atoms (approximate 10) in
[Mo132] solution during sample preparation.

Figure 8. XPS of (A) [Mo132] in buffer A; (B) [Mo132] and L1-p in buffer A; (C) [Mo132] and VLPs in
the assembly buffer after incubation at the aerobic condition for 24 h.

Table 1. Integrated area of the simulated peak for Mo(V) and Mo(VI) from the XPS results in
Figure 8A–C, respectively, and their ratio.

Samples [Mo132] [Mo132] + L1-p [Mo132] + VLPs

Mo(V) 115,359.60 + 43,910.59 15,696.10 + 18,827.48 17,349.15 + 21,444.59
Mo(VI) 147,757.50 + 82,513.98 58,321.11 + 28,475.33 26,737.09 + 32,049.94

Ratio of Mo(VI) to Mo(V) 1.45:1 2.5:1 1.5:1

The fitting curves of [Mo132] in mixing with L1-p (Figure 8B) were vastly different from
[Mo132] alone. Besides the binding energy pairs attributed to Mo(V) and Mo(VI), the third
coupled binding energy bands were observed. The latter were attributed to the intermediate
of Mo during the transition. Furthermore, the quantitative calculation revealed that the
ratio of peak area for Mo(VI) and Mo(V) increased to 2.5:1 (Table 1), indicating that more
Mo(V) atoms had been oxidized. Larger amounts of Mo(V) (approximate 31) in [Mo132]
were oxidized into Mo(VI) after binding with L1-p, which is solid evidence for the enhanced
hypochromic effect in the mixture.

Accompanying the assembly of L1-p, the XPS results of [Mo132] almost returned back
to the state of [Mo132] alone in solution (Figure 8C). Although the intermediate component
of Mo atoms still appeared in the fitting model, the calculation revealed a reduction in
band ratio for Mo(VI) to Mo(V) of approximately 1.45:1 (Table 1). Seventeen of the oxidized
Mo(VI) were reduced back to Mo(V). As a result, the L1-p presented here is similar to
a sensitizer for [Mo132] hypochromic properties. The electrostatic interaction between
[Mo132] and pep401–495 connecting the positive residue and [Mo132] directly allows for the
oxidation of Mo(V) to Mo(VI) more easily. Consequently, the intervalence charge transfer
between Mo(V) and Mo(VI) centers was vastly weakened, and the color finally disappeared
with time. As illustrated, such a process is accompanied by the binding with free basic
residues in protein (Scheme 2) and the elimination of them in L1-p after assembly into VLP
(Figure S4C).
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Scheme 2. Schematic drawing of the chromic mechanism of [Mo132] induced by protein.

3. Conclusions and Perspectives

We report the opposite color response of a giant polyoxometalate,
(NH4)42[Mo132O372(CHCOO)30] (H2O)72 ([Mo132]), to the existing states of human pa-
pillomavirus (HPV) major capsid protein, L1-pentamer (L1-p) and virus-like particles
(VLPs), originating from the assembly between [Mo132] and capsid protein. Assembly
with L1-p resulted in the improved hypochromic of [Mo132] while assembly with the
as-assembled VLPs led to an obvious protection of [Mo132] from the hypochromic effect,
compared to the single cluster in solution. Furthermore, both the size and morphology
of the assemblies were characterized by using CsCl gradient centrifugation, SDS-PAGE,
DLS, and TEM imaging. Remarkably, the in-depth mechanism studies determined by XPS
and two well-designed peptides from L1 disclose that the electrostatic interaction between
[Mo132] and pep401–495 induces the change of Mo(V) into Mo (VI), which facilitates the
hypochromic effect of [Mo132]; however, the assembly from L1-p to VLPs reduced the
binding possibility of [Mo132] to pep401–495 and the transition from Mo(V) to Mo (VI),
which protects [Mo132] from the hypochromic effect. Therefore, the present study not only
reports a unique phenomenon of contrasting color responses of [Mo132] to HPV capsid
protein, 16 L1-p and VLPs (which affords an easily performed colorimetry approach to eval-
uate the states of the HPV capsid protein), but also extends the potential of the molybdate
polyoxometalate family toward new applications in medical science and could possibly be
extended to other kinds of POMs.

4. Experimental Section

4.1. Reagents and Materials

Tryptone was purchased from OXOID Ltd. (Basingstoke, UK). Isopropyl-β-D-
thiogalactoside (IPTG) and kanamycin were acquired from Tianjia Tech, China. Ethy-
lene diamine tetraacetic acid (EDTA), acetic acid, ethanol, and methanol were obtained
from BCIGC Ltd., China. Coomassie blue G-250 and Tween 80 were produced from Ding-
Guo Ltd. (Beijing, China). 3-(N-morpholinyl) propanesulfonic acids (MOPs), and NaCl
used for buffer preparation were purchased from Aladdin, China. D,L-dithiothreitol (DTT)
and Tris(hydroxymethyl)aminomethane (Tris) are products from the Coolaber Company in
China. The purity of all chemicals was higher than 99.9% and used as received.

4.2. Expression, Purification of HPV 16 L1 Protein and Peptides

The coding sequences and preparation of major capsid protein (L1) for HPV 16 fol-
lowed the procedures described in a previous work where pET-30a vector and BL21 StarTM

(DE3) were employed for better expression [40]. Briefly, the recombinant Escherichia coli
strain BL21 StarTM (DE3) was cultured at 37 ◦C with stirring at 220 rpm, where the bacteria
were induced by 0.1 mM IPTG. When OD600 reached 0.6–0.8, the cells were further culti-
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vated at 25 ◦C for another 17 h, and then they were harvested by centrifugation. The cell
pellets were re-suspended in buffer A (50 mM MOPs, 250 mM NaCl, 10 mM DTT, pH 7.0)
with a concentration of 1.0 g in 10 mL. After being lysed by sonication and separated by
centrifugation, a supernatant rich with L1 protein was obtained and further stabilized for
another 30 min with increased DTT (20 mM) in buffer A. Then, purification was performed
again by using a cationic exchange column filled with POROS® XS (xk16/10), where the
supernatant was introduced into the column after being equilibrated with buffer A. A
solution of 1.2 M NaCl finally eluted the target protein L1, and its final concentration
was determined using the BCA method. The purity of L1 was finally identified by using
12% (wt/vol) SDS-PAGE. The obtained HPV 16 L1 existed essentially in the form of VLPs,
which was further dialyzed against disassembly buffer (50 mM tris, 100 mM NaCl, 2 mM
EDTA, 20 mM DTT, 0.01% Tween 80, pH 8.0) at 4 ◦C for 24 h (being changed every 4 h) to
disassemble VLPs into L1-p for co-assembly monitoring.

The coding sequences of HPV 16 pep1–401 and pep401–495 were the same as the
corresponding segment of HPV 16 L1 [40]. The pET-30a vector containing the respect
gene was transformed into Escherichia coli strain BL21 StarTM (DE3) and cultured at 37 ◦C.
The experimental conditions and method used for their expression and the following
purifications were the same as that of the HPV 16 L1 protein described above.

4.3. Preparation of (NH4)42[Mo132O372(CH3COO)30]·72H2O

The synthesis and structural characterization of the [Mo132] cluster followed proce-
dures similar to those reported elsewhere [18]. Briefly, 0.8 g N2H4·H2SO4 was added into
250 mL of H2O containing 5.6 g of (NH4)[Mo7O24]·4H2O and 12.5 g of CH3COONH4. After
stirring for 10 min, 83 mL of 50% CH3COOH (v/v) was added to replace the involved
–SO4

2−, further stabilizing and giving the product a crystalline precipitate. After desiccation
in air, the product was characterized by X-ray diffraction, IR, and elemental analysis. The
100 μM of stock solution of [Mo132] was then prepared in deionized water, which was
further diluted to the desired concentration when ready for use.

4.4. Assembly/Disassembly Monitoring of Mo132 and HPV 16 L1

Four typical samples were prepared, respectively, for the response assay of [Mo132] to
the HPV capsid protein: (I) the stock solution of [Mo132] was mixed with L1-p and stirred at
4 ◦C for 24 h in buffer A to obtain full binding, where the concentration of inorganic clusters
is 2.5 μM and that of proteins is 10 μM; (II) the mixture of (I) was subsequently dialyzed in
a 1.0 L assembly buffer (10 mM phosphate, 500 mM NaCl, 0.03% Tween 80, pH 5.4) at 4 ◦C
for 24 h to induce the assembly of L1-p into VLPs in the presence of [Mo132]; (III) 10 μM of
L1-p was dialyzed in 1.0 L assembly buffer to obtain full-sized empty VLPs, which was
used either as a control or further mixed with [Mo132] for post-assembly monitoring as the
number (IV) sample, after another 24 h stirring at 4 ◦C.

In a parallel experiment, sample (II) was further dialyzed against 1.0 L of disassembly
buffer (50 mM Tris, 100 mM NaCl, 2 mM EDTA, 20 mM DTT, 0.01% Tween 80) at 4 ◦C
for 24 h to record the disassembly behavior of VLPs into L1-p in the presence of [Mo132].
The concentration of [Mo132] used in all of the above experiments was the same at 2.5 μM
unless mentioned otherwise, while that for HPV 16 L1 was 10 μM, depending on the L1
monomer. In addition, the procedures used to monitor the conversion between L1-p and
VLPs were the same as reported previously [27,28].

4.5. Cesium Chloride Gradient Centrifugation

First, we prepared the discontinuous densities of CsCl aqueous solution at 1.50, 1.35,
and 1.25 g/mL, respectively. Then, the solutions in a volume of 0.5, 3.0, and 3.5 mL were
slowly added into ultracentrifuge tubes in order, respectively. After further adding the
mixture solution of the L1-p protein and Mo132 with equivalent volume to the upper
part separately, the ultracentrifuge tubes were placed in the SW40 rotor and centrifuged
at 220,000× g for 3.5 h at 4 ◦C. Finally, the interest bands and the counterparts were
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collected using a needle and dialyzed in PBS buffer for 24 h to remove the attached CsCl.
The products were identified by 12% SDS-PAGE, dynamic light scattering (DLS), and
transmission electron microscopy (TEM).

4.6. Instruments

UV–Vis absorption spectra were recorded on a Shimadzu (Kyoto, Japan) RF-5301PC
spectrometer for the assembly and/or disassembly of HPV 16 L1 protein or peptides. A
1.0 mL target solution was added in a quartz cuvette, and the spectra in the 300–700 nm
range were collected for each sample. The particle size was assayed by DLS. Briefly, after
pre-filtration performed by placing the sample in a PCS1115 cuvette, the particle sizes were
tested on a Malvern Zetasizer Nano-ZS 90 (Malvern, England) at 25 ◦C. All data were
repeated for each sample in three parallel sets. The procedures in the sample preparation
for TEM imaging were the same as those described previously [21,22]. The samples without
staining were first spotted on copper grids coated with carbon and formvar. After drying
in the air for 2 min, the measurements were carried out on a H-7650 transmission electron
microscope (Hitachi, Tokyo, Japan) under an accelerating voltage of 80 kV. The images of
samples with a stain of 2% phosphotungstate were collected under an accelerating voltage
of 120 kV. The X-ray photoelectron spectroscopy (XPS) measurements were acquired using
Thermo ESCALAB 250, where an Al Kα line (1486.6 eV) was employed as a monochromic
X-ray source and the binding energy of C1s (284.6 eV) was used for correction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano12050736/s1, Figure S1: (A) Time-dependent UV-vis absorption spectra of [Mo132]@VLPs
in disassembly buffer, to induce the disassembly of VLPs into L1-p again; (B) The plots of correspond-
ing intensity in (A), which show obvious hypochromicity after 3 h incubation. Finally, more that
90% color was diminished again; Figure S2: Time-dependent UV-vis absorption spectra of [Mo132]
in buffer A (2.5 μM) (A) in the presence of Vc (10.0 μM) under white light; (B) in the absence and
presence of Vc (10.0 μM) under the irradiation of white light or 365 nm, respectively; Figure S3:
Time-dependent UV-vis absorption spectra of [Mo132] in buffer A (2.5 μM) in the presence of the
negative (A) peptide, pTau-aac (10.0 μM, pI = 4.5), (B) protein, BSA (10.0 μM, pI = 4.6); and positive
(C) peptide, dTau30 (10.0 μM, pI = 10.4), (D) protein, lysozyme (10.0 μM, pI = 11.0), respectively;
Figure S4: Illustration of 3D structural relationship between one HPV16 L1-p and its neighbor. The
model is obtained from a Cryo-EM reconstruction structure (PDB ID, 3J6R).S1 (A) Top view on L1-p;
(B) the enlarge part in a box of (A), highlighting the involved arginine and lysine, respectively;
(C) Side view of L1-p to show more clearly the burier of pep401–495 segment by the neighboring L1-p
in VLP; Figure S5: Agarose gel electrophoresis to assay the DNA sequence of two peptides derived
from HPV 16L1. (A) Enzyme digestion of T-easy-peptide 401–495. The gene of peptide 401–495
was 285 bp, corresponding to the site between 250 to 500 bp in marker. (B) Enzyme digestion of
T-easy-peptide 1–401. The gene of peptide 1–401 is 1203 bp, corresponding to the site between 1000
to 1500 bp in marker, Table S1: Integrated area of the simulated peak for Mo(V) and Mo(VI) from the
XPS results in Figure 8A,B, and C, respectively, and the ratio of them.
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