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Biomedicine is actively developing a methodological network that brings together biological research
and its medical applications. Biomedicine, in fact, is at the front flank of the creation of the latest
technologies for various fields in medicine, and, obviously, nanotechnologies occupy an important place
at this flank. Based on the well-known breadth of the concept of “Biomedicine”, the boundaries of the
Special Issue “Advances in Nanomaterials in Biomedicine” were not limited, and authors could present
their work from various fields of nanotechnology, as well as new methods and nanomaterials intended
for medical applications. This approach made it possible to make public not only specific developments,
but also served as a kind of mirror reflecting the most active interest of researchers in a particular field of
application of nanotechnology in biomedicine. The Special Issue brought together more than 110 authors
from different countries, who submitted 11 original research articles and 7 reviews, and conveyed their
vision of the problems of nanomaterials in biomedicine to the readers.

A detailed and well-illustrated review on the main problems of nanomedicine in onco-immunotherapy
was presented by Acebes-Fernandez and co-authors [1]. It should be noted that the review is not limited
to onco-immunotherapy, and gives a complete understanding of nanomedicine in general, which is useful
for those new to this field. The review is well structured, and clear schemes help the reader to follow
complicated problems of cancer diagnostics and treatment using nanomedicine approaches.

The review authored by Bromma and Chithrani [2] critically discusses the state of the art problems
and prospects for using AuNPs (gold nanoparticles) in combined cancer therapy. The authors presented
variants of nanoplatforms based on AuNPs and the role of their physicochemical characteristics in
determining the pathways of interaction with cells, and they draw attention to the problem of NPs
biocompatibility for their successful application. This review analyzes the use of AuNPs as radiosensitizers
and in chemoradiotherapy, highlighting problems and outlining prospects for the development of existing
applications. The use of multicellular spheroids as adequate experimental tumor models is mentioned in
this review, and the article presented by Chelobanov and co-authors [3] provides new data on spheroids
formed by human hepatoma cells (Hep-G2) and human kidney cells (HEK293). The authors show the
preservation of organ specificity in the structure of HepG2 spheroids, whose cells form bile capillaries and
“pseudosinusoids”. For researchers working with spheroids, it will be interesting to know that the outer
surface of the spheroids, which is in contact with the nutrient medium, is formed by the basal regions of
cells. This work also reported the inability of HepG2 cells to internalize “naked” AuNPs in both monolayer
and spheroids, in contrast with active uptake of the same AuNPs covered with polyethylenimine (PEI) or
bovine serum albumin (BSA). The HEK293 cells were devoid of this “selectivity” and internalized all types
of AuNPs.

Nanomaterials 2021, 11, 118; d0i:10.3390 /nano11010118 www.mdpi.com/journal/nanomaterials
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AuNPs possess many unique physico-chemical properties and are widely used in various biomedicine
studies, mostly in spherical form, which can be easily synthesized and functionalized. D’Hollander
and co-authors [4] reported obtaining and characterizing gold nanostars, and their high potential as
agents of theranostics. This paper presents the successful use of gold nanostars that were coated with a
polyethyleneglycol-maleimide for in vitro and in vivo photoacoustic imaging, computed tomography, as
well as photothermal therapy of cancer cells and tumor masses. The work was carried out using a wide
range of methods; however, an understandable presentation of experiments will allow other researchers to
reproduce the obtaining of nanostars and conduct studies with them. The experiments performed by the
authors convincingly demonstrate the high potential of the nanostars they obtained for theranostics and
clinical use.

Iron NPs are another widely used object in biomedicine, and the Special Issue has combined their
research in a variety of areas, reflecting the interest of a broad audience in this object. Thus, Veloso
and co-authors [5] shared their experience in obtaining a new nanoform, representing a combination
of solid and aqueous magnetoliposomes with supramolecular peptide-based hydrogels. Such complex
constructions are primarily intended for the safe and targeted delivery of toxic drugs that are used in
cancer therapy, and the authors provided evidence for their architecture and spatial organization.

Luo and co-authors [6] presented a new level of iron NPs application. Using RNA sequencing, the
ability of Fe3O04 NPs coated with 2,3-Dimercaptosuccinic acid (DMSA) to induce the production of reactive
oxygen species (ROS), as well as the ability of Prussian blue NPs to be ROS scavengers, was shown on two
leukemia cell lines (KG1a and HL60). This research is part of a promising new approach to the treatment of
leukemia—the development of nanomedical drugs as inducers of ferroptosis in cancer cells. The authors
applied modern methods of transcriptome analysis and showed that two types of iron NPs differently
regulate many genes expression. Surprisingly, it turned out that NP treatment of cells could affect the
expression of many important genes, including those associated with antioxidant effects, lipid metabolism,
vesicle movement, innate immune system, and the cytoskeleton. The importance of this work lies not only
in its elucidation of iron NPs’ cytotoxicity mechanisms for leukemic cells, but also in demonstration that
NPs could affect the molecular mechanisms of cell metabolism. Obviously, the time has come to study the
effects of NPs on cells and the organism at the molecular level, not limited to standard cytotoxicity tests.

Thus, the effect of NPs can lead to the disruption of cellular intermolecular interactions, in particular,
to enhance the processes of peroxidation, which play an important role in stress development. However,
it is well known that a poison can be a medicine, and vice versa, and Kumar with co-authors in their
paper [7] reviewed the possibility of using various nanomaterials as anti-stress agents. Having shown
the role of peroxide reactions in the development of various diseases, the authors move on to the analysis
of antioxidants and the possible use of NPs, including metallic, to combat oxidative stress. They present
information on the antioxidant properties of a number of NPs, as well as on the use of NPs as carriers
of antioxidants and on the functionalization of NPs with antioxidants. The use of nanomaterials as
antioxidants is a new direction in nanomedicine, and this review gives a comprehensive understanding
of the state of research in this area. The text provides detailed characteristics of nanomaterials that have
shown antioxidant properties and discusses the problems of their implementation into practice.

The Special Issue includes a review on the use of nanomedicines in the diagnosis and treatment of
liver fibrosis [8], which remains among the difficult-to-diagnose and poorly treatable diseases. Xue Bai and
co-authors inform readers about the crucial role of hepatic stellate cells in pathogenesis of liver fibrosis and
briefly summarize routine approaches for the treatment and diagnostics of this severe disease. Then, data
on use of magnetic NPs in magnetic resonance imaging for fibrosis diagnostics are presented. Analyzing
the application of different nanomaterials for the treatment of liver fibrosis, the authors pay attention to the
positive therapeutic effects of metallic NPs, drug delivery by various NPs and the use of targeted ligands
to improve drug delivery. To complete the review, the authors show the advantages and disadvantages of
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using nanomedicines for liver fibrosis treatment and diagnosis, and express their confidence that all the
imperfections of nanomedicine could be overcome by the design and fabrication of nanosystems based on
knowledge about their properties.

The paper submitted by Kése and co-authors [9] presents molecular ultrasound imaging basing on
nanoconstructions, such as microbubbles, nanobubbles, and nanodroplets, which are able to significantly
improve standard ultrasound examinations. This paper demonstrates the advantages of new imaging
systems in the visualization of blood vessels in particular, which is an important task for many clinical
examinations. The authors emphasize that the presented means of molecular ultrasound diagnostics have
been tested in laboratory models and, in fact, are at the level of preclinical studies. They focus on the
“painful” problem of translating new developments into the clinic, which requires appropriate funding.
This issue has also been noted in other articles in the Special Issue, and it is hoped that this podium
will better demonstrate the potential of new developments in nanomedicine and attract the attention of
potential investors.

The Special Issue “Advances in Nanomaterials in Biomedicine”, among others, announced the topic
“New Effective Antimicrobials”. Khalir and co-authors [10] presented a process of preparing Ag-NPs on
alkali-treated C. pentandra fibers as supporting material, and also provided detailed characteristics of the
resulting products. The C. pentandra/Ag-NPs showed catalytic activity towards the Rhodamine B and
methylene blue dyes, and good antibacterial activity towards both Gram-positive and Gram-negative
bacteria S. aureus, E. faecalis, E. coli and P. vulgaris. Thus, C. pentandra/Ag-NPs could be evaluated as a
promising nanomaterial for biomedical applications such as wound healing and the coating of biomaterials,
wastewater treatment, food packaging, etc.

The growing use of nanomaterials is a cause for concern, as many of them have negative effects on
living organisms. The assessment of this effect is often complicated by the presence of one or another
element in biogenic forms in the body, which raises the problem of distinguishing between a biogenic and
an element originating from nanomaterials. The article by Skrétek and co-authors [11] shows how it is
possible to detect and differentiate iron, which comes from nanomaterials, and iron, which is naturally
present in living organisms. To this end, the authors improved the SQUID magnetometric method, and
showed that the developed method makes it possible to detect “artificial” iron in solid and liquid samples
of animal tissues, and to distinguish it from biogenic iron naturally present in tissues and blood.

The creation of ever new nanomaterials and the study of the possibility of their application in
biomedicine gave rise to the need for the analysis of published data in accordance with individual
branches of medicine. The review presented by Kumar and co-authors [12] summarizes the data on
prospects for the use of nanomaterials in the field of solid tissue engineering and analyzes the types of
nanomaterials suitable for this particular area. The main tasks that can be solved using nanomaterials are
shown, including the construction of scaffolds that mimic the extracellular matrix; regeneration of bones
and cartilage; fighting infection through the properties of nanomaterials

The problems of using nanomaterials for drug delivery attract the attention of many researchers,
and it is not surprising that five original articles and one review in the Special Issue are devoted to the
development of delivery vehicles, based on various types of nanomaterials. A review by Idrees and
co-authors [13] critically examines the use of naturally occurring biodegradable polymers in drug delivery
systems for local or targeted and controlled release of drugs. The authors dwell in detail on the most
used biodegradable and biocompatible substances, such as chitosan, alginate, albumin, hyaluronic acid
and hydroxyapatite, giving not only their main characteristics, but also analyzing their advantages and
disadvantages. This review will be useful to novice researchers, who can gain comprehensive information
on the state of art in the field of drug delivery using biodegradable delivery vehicles.

Meng and co-authors [14] demonstrated a new approach to the treatment of articular cartilage injuries
using a nanoconstruct based on selected carbon dots coupled to a recombinant adeno-associated virus
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(rAAV) vector for the delivery of highly chondroreparative cartilage-specific sex-determining region Y-type
high-mobility group 9 (SOX9) transcription factor or transforming growth factor beta to human bone
marrow-derived mesenchymal stromal cells. All experiments are detailed in this article, and the data
presented convincingly demonstrates that the selected carbon dots are systems for efficient gene transfer
through rAAV. Many people suffer from osteoarthritis, which is associated with irreversible degradation of
key components of the articular extracellular cartilage matrix (ECM) (proteoglycans, type II collagen), with
the critical involvement of pro-inflammatory cytokines (interleukin 1 beta and tumor necrosis factor alpha).
Urich and co-authors [15] reported effective, micelle-guided rAAV SOX9 overexpression, which enhanced
the deposition of ECM components and the level of cell survival. In other words, the operation of this
rAAV vector system provided the neutralization of negatively acting cartilage cytokines, and polymer
micelles, in turn, provided its controlled delivery, thereby evidencing the significance of appropriate
nanomaterial development.

The efficient delivery of therapeutic nucleic acids into cells is one of the most important problems,
and numerous and diverse nanoconstructions are being created to solve it. In the Special Issue, in addition
to carbon dots and polymer micelles, two more types of carriers are presented: dodecyl-containing
oligonucleotides [16] and nanosystems based on tyrosine-modified polypropylenimine (PPI) and
polyethylenimine (PEI) [17]. In the first, Pavlova and co-authors [16] showed the formation of micellar
nanostructures by the self-assembly of amphiphilic “like-a-brush” oligonucleotide conjugates, and their
penetration into HepG2 cells. This is the first report on the self-assembly of “like-a-brush” triple
chains-contained dodecyl-bearing oligonucleotides and their ability to enter the cells; thereby, this work
widened a set of means for nucleic acids delivery. The authors of the second article exploit chemical
modification to improve siRNA delivery with well-known cationic polymers, namely polyethylenimine
(PEI) and polypropylenimine (PPI). Noske and co-authors [17] for the first time modified PPI, including
dendrimer form, by tyrosine and showed that this modification significantly improved the siRNA
complexation, complex stability, siRNA delivery, knockdown efficacy and biocompatibility. It should be
noted that analysis of the effect of corresponding siRNAs on cytokines TNF-« and INF-y was carried out
in mice, which makes conclusions about the effect of tyrosine modification more convincing. As a whole,
this work demonstrated that tyrosine-modified PPIs or PEIs are promising polymeric systems for siRNA
formulation and delivery.

An example of the self-assembly of nanoconstructions for drug delivery has been given in the paper
by Apartsin and co-authors [18], who designed a new class of dendritic amphiphiles self-assembling
into vesicle-like supramolecular associates (dendrimersomes). The rationally designed molecular
topology of dendrons permits us to use simple procedures to yield monodisperse pH-sensitive NPs.
As a proof-of-concept study, anti-cancer drugs doxorubicin and methotrexate were encapsulated into
dendrimersomes and delivered into human leukemia cells. Drug-loaded dendrimersomes efficiently
penetrate into cells and induce cell death.

Author Contributions: E.R. solely contributed to the editorial. The author has read and agreed to the published
version of the manuscript.
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1. Introduction

The broad relationship between immune system and cancer has opened novel therapeutic
approaches to treat tumours, such as: monoclonal antibodies, adoptive T-cell transfer, vaccination,
immune checkpoint inhibitors, and oncolytic virus therapy. These novel immunotherapies are based
mainly on the body’s self-defense system to fight and defeat cancer. Current research is therefore
focused on re-activating the immune system to attack cancer cells with potent cytokines, vaccines,
antibodies and immune-stimulatory adjuvants. However, these immunotherapies could have several
drawbacks, side effects (due to systemic treatment), low efficacy and resistance, among other things.
Hence, nanomedicine is a new field with a strong potential application in immuno-oncology in order
to overcome the bottlenecks and to improve the current available immunotherapies. Nanotechnology
is a new field that has had a great impact on medicine and biomedical research, as it allows for
a high-specific targeted delivery to tumour or immune cells, better clinical outcomes and reduces
adverse effects, helping the delivery of vaccines and immunomodulating agents. This is made possible
by nanoparticles (NPs), which can be highly variable in structure and function. Bearing all this
in mind, it seems highly interesting to explore all these fields (nanotechnology, immune-oncology,
immunotherapy, nanomedicines, etc.) in order to find and discover synergies and new opportunities;
thus, here, the major features and achievements in these areas are briefly reviewed.

2. Nanomedicine

Nowadays, nanomedicine is an emerging and highly relevant area due to the fact that great
advances have been made in the treatment of various diseases, such as cancer, neurodegenerative
and cardiovascular diseases, and hormonal problems. To understand the development and possible
applications of nanomedicine, it is necessary to define the concept of nanotechnology.

Nanomaterials 2020, 10, 1274; d0i:10.3390/nano10071274 7 www.mdpi.com/journal/nanomaterials
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2.1. Nanotechnology: Brief Description

Nanotechnology can be defined as the “development of science and technology at atomic and
molecular levels, at the scale of approximately 1-100 nm, to obtain a fundamental understanding of
phenomena and materials at that nanoscale and to create and use structures, devices and systems that
have new properties and functions because of their size” [1].

Nanotechnology has been emerging in science and technology for the last 20 years. When working
at this scale, matter undergoes radical changes in its physical and chemical properties, such as in
electrical conductivity, colour, and resistance or elasticity, giving it interesting properties that can be
used in many applications in different fields, including electronics, medicine, engineering, environment
and energy [1,2]. There are many studies describing a wide number of current nanotechnology
applications in multiple fields, such as oil recovery, the formation of conductive films that can be used
in electronic devices or even improving anaesthesia in medicine, as just a few examples that illustrate
the broad fields of applications [3-6].

2.2. Nanomedicine: Concept

The application of nanotechnology in the health sciences has given rise to nanomedicine, a new
discipline that aims to develop tools for diagnosing, preventing and treating diseases at an early stage
of their development [1].

Nanomedicine is an interdisciplinary field in which nanoscience, nanoengineering and
nanotechnology interact with the life sciences. It is expected that nanomedicine will lead to the
development of better devices, drugs and other applications for early diagnosis or treatment of a wide
range of diseases with high specificity, efficacy and personalization with the aim of improving the
quality of life of patients. Because of its broad scope, it is expected that nanomedicine can be involved
in all aspects of medicine, i.e., enter into conventional clinical practice. Nanomedicine differs from
other types of conventional medicines in that it involves the development and application of materials
and technologies with nanometric length scales [7].

Nanomedicine covers three main areas: nanodiagnosis, controlled drug delivery (nanotherapy),
and regenerative medicine. All these areas are briefly described below [1].

Among other nanotechnology strategies, NPs are the key component that allows the development
of nanomedicine, and currently there is a great variety of them. The properties of these NPs are affected
by their size, shape, and surface bio-functionalization which is relevant for the characterisation of
the NPs for each particular medical application. This comprehensive characterisation and precision
synthesis allow for these NPs to perform specific functions and these functions can be correlated with
specific characteristics of the NPs. In addition to characterization, the development of new methods
of separation and purification of NPs is also needed to produce optimal samples for nanomedical
applications and to study the behaviour of NPs within biological proximal fluids (serum/plasma, etc.),
cells, tissues and the human/animal body. Despite these drawbacks to overcome, NPs are expected
to improve the detection and early diagnosis of diseases, and also to help to provide personalised
medicines [7].

NPs have a wide range of applications in nanomedicine (Figure 1). NPs can be designed to provide
contrast at the targeted zone and report information about the local environment after administration
into the body, which also offers the possibility to label tissues with selected markers and enables the
local read-out of concentration of targeted molecules, which helps to analyse diseases directly inside
the human body. Another application of NPs consists of the in vitro analysis of human proximal body
fluids (such as ones of the major sources for biomarkers), participating in massive diagnostic strategies
with the aim of detecting molecular alterations. Through NPs, multiple biomarkers can be analysed
simultaneously, improving diagnostic accuracy and reproducibility [7].
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Figure 1. Diagram displaying multiple applications of nanotechnology in Medicine.

NPs are also used for the treatment of diseases, either as drug delivery vehicles, as bioactive
materials or as components in implants [8,9]. In addition, nanomedicine is being implemented in the
development of new matrices, support or surfaces for the design of implantable and electronic sensors
or systems to aid in tissue regeneration; i.e., NPs are beginning to be used in regenerative medicine [7].

Here, several highlights of the major interested areas (nanodiagnostic, targeted drug release,
regenerative therapy) about this topic covered by nanomedicine are briefly described.

2.2.1. Nanodiagnostics

In general, nanodiagnosis is considered as the design and development of analytical and imaging
systems that allow for the detection of disease or abnormal cell function in early stages, both in vivo
and in vitro [1].

Nanomaterials can be used for in vivo diagnosis, being used as contrast agents to visualize tissue
structures inside the human body and to delimit healthy vs. pathological tissues. To this end, NPs are
designed with different contrast properties for different modalities, such as computed tomography
(CT), magnetic resonance imaging (MRI), positron emission tomography (PET), single photon emission
computed tomography (SPECT) or fluorescence imaging. NPs will be designed to target specific tissues
and generate the contrast. Then, to illustrate the applications, some of these examples are described
below (Figure 2) [7].
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Figure 2. Current nanoparticle (NP) involvement in the multiple applications of nanomedicine.

In the case of CT, X-ray imaging takes advantage of tissue-specific attenuation to generate contrast
on X-rays screenings, i.e., bone generates more contrast than soft tissue due to a higher relative electron
density in the bone. To increase the contrast of these soft tissues, elements such as iodine or barium,
which have a high electron density, were used, but to increase the low sensitivity, NPs were developed
as contrast agents [7]. Among these NPs, AuNPs, which have a high electron density, stand out [10].
AuNPs have directional ligands like folic acid to bind to different tissue structures through their
corresponding receptor composed of other types of materials that have a high atomic number are also
suitable for CT. NP-based CT imaging technologies may change the way clinical diagnosis based on CT
is performed [11]. In the case of iodine or barium, the doses required are very high, the contrast agents
are usually non-specific and do not bind to cellular biomarkers or accumulate in tissues of interest, so
the aim is to design NPs with high atomic number materials conjugated with targeting molecules that
allow for different cell types to be specifically marked in vivo [7].

In the MRI example, contrast agents based on biocompatible NPs have advantages over the
conventional contrast, such as the ability to adapt their size, shape, composition, circulation time,
target cells, and optical and physical properties to optimize the images [7].

There are “smart” NPs that are activated by certain stimuli, such as pH, temperature, redox
reactions, ions, proteases or light. These NPs respond to a change in the tumour microenvironment
(TME) and allow for the selection of the diagnostic and therapeutic mechanism, which is highly relevant
in oncology, because the TME regulates the progression of the tumour and its metastasis. In the case
of MRI, probes of these “smart” NPs have been designed that are sensitive to pH, since it is a very
important physiological parameter and its deregulation might be a biomarker of cancer. Additionally,
hypoxia in the TME results in the production of lactic acid and therefore in acidic conditions, which
also constitute a Damage-Associated Molecular Pattern (DAMP). Other probes of these types of NPs
used in MRI are the temperature sensitive ones, since in tumours, differences in temperature between
tissues are very common [7].
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NPs could also be used for in vitro diagnosis, i.e., the detection of molecules, cells and tissues
outside the human body. In this case, the function of NPs is to identify unique biological molecules in
biological fluids that are associated with the health of patients and are useful for diagnosis. In this case,
NPs are coated with ligands and biomolecules to allow for bio-recognition of biological molecules
in such fluids [7]. Following the example of AuNPs, in this case they are modified with ligands
that bind to a specific complementary protein, causing the agglutination of these NPs, which can be
observed colorimetrically [12]. This knowledge has also been used in the detection of colorimetric
DNA. The AuNPs diagnostic technique is used in the clinic to analyse patient samples [13]. Hence,
AuNPs also serve as biosensors, conjugated with antibodies against signalling proteins, such as
anti-CA15-3-HRP, to test CA15-3, which is an important tumour biomarker for breast cancer follow-up.
The use of magnetic NPs as proximity sensors in MRI is known as diagnostic magnetic resonance
imaging (DMR) [2,14,15].

Another example is the use of QD as fluorescence markers in proteins or nucleic acid assays, such
as the detection of antigen surface epitopes [16]. Organic and inorganic polymer NPs have been used
in intracellular detection applications. An example is silica NPs carrying fluorophores for intracellular
detection of oxygen, pH or metal ion levels [17].

2.2.2. Controlled Drug Release

Bearing in mind the complexity, the conventional drug delivery system cannot deliver the
chemotherapeutic agents in the most effective concentration to cause tumour cell death, and debilitating
side effects occur. This has led to the development of NPs as a drug delivery system (Figure 2), with the
aim of achieving tumour specificity and improving the therapeutic index and pharmacokinetic profile of
chemotherapeutic agents [18]. Thus, nanotherapy may allow for target active nanosystems containing
recognition elements to act or transport and release drugs specifically on affected areas or cells, with the
goal of achieving more effective treatment with fewer side effects [1].

Although NPs have been designed to treat various diseases, their most important application
has been in cancer. Many of the NPs formulations for cancer treatment have already been approved
by regulatory agencies and used in the clinic, but although they produce fewer adverse effects than
naked drugs, their therapeutic effectiveness sometimes does not improve substantially. Therefore,
the objective is to develop systems with greater therapeutic efficacy [7].

For nanomedicine to have a high therapeutic efficacy in the administration of drugs against
cancer, it must comply in the most efficient way with the five steps of the CAPIR cascade: blood
Circulation, Accumulation and Penetration in the tumour, cell Internalization and intracellular Release
of the drug (CAPIR) [19]. The current approach to nanomedicine development is to adapt the basic
physicochemical properties of NPs (size, surface properties and stability, among others) to achieve the
CAPIR cascade. As a consequence of the enhanced permeability-retention effect (EPR), it has been
proven that passive diffusion allows for tumour localization of nano-chemotherapeutics, but within
the TME the localization of nano-chemotherapeutics can be obstructed by different parameters, such as
high interstitial fluid pressure, altered extracellular matrix structure, increased cell division or altered
lymphatic drainage. Therefore, there is a need to understand the barriers of TME and modulate it to
improve the delivery of these drugs [18].

Different types of available NPs are suitable as drug delivery vehicles, which can be passively
or actively targeted at tumour tissues to improve the selectivity of these drugs and reduce their side
effects. One of the FDA-approved delivery vehicles is liposomes, which are already used in several
cancer therapies (i.e., Doxil) [20]. Polymer nanocapsules, which are made of completely hydrophilic
polymers, are used to encapsulate hydrophilic drugs. Polymeric micelles are also used for drug delivery,
which involves the self-assembly of amphiphilic molecules. The encapsulation of the anti-tumoral drug
in these micelles reduces toxicity and improves circulation [7]. An example is the loading of cisplatin
into micelles formed by polyethylene glycol (PEG), which increases the time of drug circulation by
reducing acute renal accumulation of polymeric micelles [21].
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Platinum-derived anti-cancer drugs are of great use, applied in the treatment of cancer, and now a
few of them are back in the spotlight because of the recent developments of onco-immunotherapy.
In the study conducted by Diez P. et al., a bile-cysplatin acid derivative conjugated to IONPs (iron
oxide NPs) was obtained that improves selective cytotoxic activity and promotes the usefulness of
IONPs as drug carriers in tumoral cell lines, where platinum derivatives have shown low efficacy.
The use of these IONPs may be of great interest in cancer therapies, as they can be designed to bind
tumour cells and release the drug in a specific way [22].

Gold-NP, polymer NP or liposomes are also used as carriers of tumour-peptide vaccines that
play an important role in tumour immunotherapy [2,23,24]. Chemotherapy based on platinum (II),
ruthenium and gold (III) compounds also kills tumour cells [25,26]. One of the most studied gold (III)
compounds is the anti-rheumatic drug Auranofin as a cancer treatment [2,27].

Another type of structure involved in nanomedicine are the exosomes, which are naturally
occurring nanosized vesicles secreted endogenously by the cells themselves [28]. They are involved in
intercellular and tissue-level communication through the transfer of biological material between cells.
Exosomes have great potential for use as nano-carriers for various therapies in both inflammatory
diseases and cancer, as well as for diagnosis [7].

In general, for controlled drug release, NPs must be designed to escape immune clearance, but they
must also be able to adhere to the target tissues and be absorbed or interact with the desired cells in vivo.
They can accumulate in the tissues actively or passively, either through transport by intra-organic
pressure or through adhesion to specific biological structures in the target tissue by recognition of
surface-bound ligands by molecules [29]. In addition to adapting the surface properties of NPs,
the optimization of NPs size is also necessary for their accumulation and penetration into tumours and
to ensure treatment efficacy [7]. In addition to passive targeting, the active targeting of NPs is also
being developed. One example is the design of integrin-targeted nanomedicines using RGD-modified
liposomes, which have been shown to result in elevated intracellular levels of doxorubicin [30]. In this
sense, novel ligands are being developed against tumour targets, using different targeting biomolecular
motifs. There is still discussion about the benefits of active versus passive targeting [31]. Many different
controlled release systems are also being developed, which selectively control the rate of drug release
by acting on the diseased cells [8].

Another alternative delivery strategy is the combination of multiple antitumour drugs in a single
carrier [32]. Co-administration of chemotherapeutic drugs and nucleic acids has led to promising
results in overcoming resistance to multiple drugs. Combining therapies against more than one tumour
target improves the therapeutic outcome [33]. One of the advantages of nanomedicines is that they can
be administered locally, unlike most chemotherapeutics, which are administered systemically.

2.2.3. Regenerative Medicine

Regenerative medicine aims to repair or replace damaged tissues and organs using nanotechnology
tools [1]. Nanomaterials designed to deliver drugs or perform some action on diseased tissue are
programmed to degrade later, but nanomaterials that are not removed and remain performing
their function continuously are also being synthesized. These nanomaterials will allow for surface
modelling and provide new functions in tissue engineering, such as new properties of implants
(Figure 2). One example is carbon nanostructures, which are biocompatible and support the growth
and proliferation of different cell types [7].

Diamond polymer composites are used in implant nano-engineering, which have the potential
to restore damaged tissue [7]. They have very good mechanical properties, which together
with the administration of drugs and biological molecules and their biocompatibility, allow for
the re-enforcement of implantable polymers, creating the support of multifunctional tissues [9].
Furthermore, they are non-toxic and their production is scalable.

For the application of these types of implants, the interface between the implanted devices and
the surrounding cells and tissues is also important. This is where the geometry of the selected device
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comes into play [7]. Another application is found in neuronal systems, where carbon nanotubes
(CNT) are used, which influence the electrical activity of the neurons by improving neural signalling,
inducing the formation of a greater number of synaptic contacts and promoting the growth of nerve
fibers [34-36].

Biological implants, such as cell-based therapies, are also of great importance in regenerative
medicine. One example is the administration of stem cells to regenerate defective tissue [37]. Here,
nanotechnology helps to create culture substrates that enable the adhesive properties of the cells to be
activated and de-activated. Nanotechnology is also being used in the engineering of artificial organs
for regenerative medicine [7].

Nanoconstructions can also be used to control or lead directly cell behaviour, such as nanoscale
silicate materials that induce targeted differentiation of mesenchymal stem cells (MSCs) in osteogenic
targets [38]. Polymer NPs can be used to release growth factors and cytokines in a controlled manner,
such as the release of angiogenic factors (CEGF and PDGF) that induce blood vessel formation [7].

With a better understanding of how nanoscale devices interact with cells, together with the ability
to design more controllable nanomaterials, a new era of nanomedicine can be reached for applications
in regenerative medicine.

2.3. Nanomaterials in Medicine

At the nanoscale level, properties exist in all materials, both natural and synthetic, but only
synthetic materials are generally considered to be part of “nanoscience and engineering” [7]. A wide
variety of NPs are currently available, and many of the nanomaterials used can mimic the functions of
globular biological macromolecules. These materials include lipid micelles, polymer nanostructures,
protein constructions, ribonucleic acid NP, carbon dots, nanodiamonds, carbon nanotubes, graphene,
and some inorganic materials such as mesoporous silica NP, superparamagnetic iron oxide NPs, and
quantum dots. (Figure 3) [39-44]. These types of materials have unique optical, electronic and magnetic
properties depending on size and shape [45].
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Figure 3. Nanomaterials currently used in the design of NPs, and the available surface modifications.

In recent years, the understanding of MSD-mediated immunotherapy in cancer treatment has
improved and a variety of nanomaterials have been developed to regulate MSD. The following is a
description of multiple types of NPs composed of a variety of nanomaterials that are used to enhance
some of the immunotherapies that are discussed in more detail in this review.
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In the case of nanovaccines, for example, the size of these NPs is associated with the mechanism
of cellular absorption and the subsequent endocytic pathway, which in turn determines the effect and
outcome of the NPs on the cells. The smaller PNPs (2540 nm) drain into the nodes through the tissue
barrier faster than the larger NPs (100 nm), which have to be transported by dendritic cells (DCs).
The shape of the NPs is also important in cellular uptake and bio-distribution [46]. Non-spherical NPs
have been shown to prevent non-specific cellular phagocytosis by prolonging their systemic circulation,
but spherical NPs are more easily transported by DCs [47]. Another important parameter is the charge
of NPs, since it influences their internalization and further induction of immune response. Cationic
NPs are absorbed more rapidly by macrophages or DCs and have a higher lysosomal escape potential,
but they adsorb more serum proteins, reacting with negatively charged components, reducing the
permeability of tumour tissues. The NPs that have the better circulation and best penetration into
tumours are neutrally net charged NPs [48].

One of the most promising NPs are biodegradable NPs, which generally use poly (lactic-co-glycolic
acid) (PLGA), which also has the advantage of a protective effect on antigens [49]. The size of these
NPs is the same as that of pathogens, so they are better absorbed by antigen-presenting cells (APCs).

Inorganic and metallic NPs are also used as nano-vaccines. In this case, functional ligands are
conjugated with mesoporous silica, calcium phosphate and gold NPs. Peptide micelles, dendrimers,
oncolytic viruses and artificial exosomes are also being developed as DC-based nanovaccines [46].

Another type of NPs that allow for the improved recognition of TSAs by the immune system
are polymeric NPs that contain large amounts of adjuvant and are membrane-coated by tumour cells
with various types of TSAs [50]. Then, depending of properties of polymeric NPs and the type of
immunotherapies, several applications have been developed which here are briefly described: i. In the
case of aAPCs, dextran-conjugated superparamagnetic iron oxide NPs with major histocompatibility
complex (MHC)-Ig dimer and anti-CD28 antibody are used. Magnetic field-induced aAPCs stimulate
the activation and proliferation of antigen-specific T-lymphocytes [46]. ii. For cellular immunotherapy,
polyNPs (3-amino ester) with a CAR-coding plasmid DNA load are used to enhance chimeric antigen
receptor-modified T cells (CAR-T) cells [51]. iii. As for checkpoint inhibitors, zinc pyrophosphate (ZnP)
NPs loaded with photosensitizing pyrolipid (ZnP @ pyro) for photodynamic therapy (PDT) have been
shown to improve tumour sensitivity to PD-L1 (programmed death-ligand 1) blocking immunotherapy
and induce immunogenic cell death [52]. iv. For cytokines, NPs with a self-assembly derived from
PEGylated polylactic acid and cationic phospholipid have been designed for targeted administration of
IL-12 plasmid DNA [53]. v. Another example is directed AuNPs loaded with endostatin, which blocks
neovascularization and normalizes tumour vasculature [54].

Polymeric nano-carriers are used to deliver adjuvant, which accumulates at the site of the tumour
through permeability and retention. An example is the use of polyethylene glycol (PEG)-PLGA NPs
to encapsulate R837 and a near-infrared dye via an oil-in-water emulsion [55]. PLGA NPs are also
used to improve the supply of monoclonal antibodies (mAb) and enhance the activation of T cells [56].
An example is the chemical conjugation of mAb against OX40 (tumour necrosis factor receptor) with
PLGA NPs [57].

Another polymer under study is acetylated dextran, which enhances the properties of traditional
polymers by allowing for the loading of hydrophilic drugs in a very efficient way, and it is biodegradable
and pH-responsive, dissolving under acidic conditions but remaining stable under physiological
conditions [56].

Liposomes are also nano-carriers, which allow for a more specific delivery of cytokines and mAb
to the site of the tumour. The payloads can be conjugated on the liposomal membrane or charged in
the center of the particle. An example is IL-2 and anti-CD137 sticky liposomes [58].

Water-in-oil emulsions are also used, which are large in size and provide a reservoir for the local
release of therapeutic agents [56]. An example is the use of these water-in-oil emulsions to deliver
anti-CTLA-4 antagonistic antibodies and anti-CD40 agonist antibodies [59].
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Another type of material used is hydrogels, which are particularly suitable for delivering
biomolecules [56]. They can be generated by the self-assembly of amphiphilic polysaccharides,
and cholesterol-bearing pullulan (CHP)-based platforms are also being studied in immunotherapy [60].
Hydroxypropyl cellulose (HPC) nanogels have been shown to drain nearby lymph nodes after skin
administration and release their antigen payload into the APCs, enhancing antitumour immunity [61].
Another example is the bioreducible cationic alginate-polyethylenimine nanogel, used to encapsulate
ovalbumin as a vaccine that is absorbed by dendritic cells, facilitating antigenic presentation and
activating immune responses [62]. Nanogels can also be used in the administration of cytokines,
such as murine IL-12 that is incorporated into a CHP nanogel, allowing its sustained release into the
bloodstream [63].

AuNPs show great promise due to their safety and adjustable nature, and increase the potency
and decrease the toxicity of immunotherapeutics through improved patency and retention [56]. AuNPs
conjugated to a tumour peptide that binds to CD13 in the tumour endothelium have been shown to
transport and release TNF-oe more effectively in vivo [64]. AuNPs can also be used as contrast agents in
CT. As an example, the administration of anti-PD-L1-conjugated AuNPs in mice generated a CT signal
that correlated with tumour growth, so these NPs can be used to predict responses to immunotherapy
treatments [65].

Because of their porous structures, mesoporous silica NPs (MSNs) have a high intrinsic payload
encapsulation capacity [56]. An example is the use of liposome-coated MSNs loaded with doxorubicin
and oxoplatin (apoptosis inducers) and indoximod (an adjuvant that interferes with immunosuppressive
pathways in MSDs), increasing their half-life in circulation and tumour targeting [66]. MSNs have
also been designed with large pores that induce a potent immune response when it is combined with
photothermal agents and model antigens [56,67].

Other nanoplatforms that are starting to be used are biomimetic nano-carriers, which further
improve delivery efficiency and subsequent immune responses. Natural debris can be used to design
these NPs, modifying their surface and improving their absorption by the target cells [56]. An example
is mannose modification, which has an affinity for receptors present in APC [68]. Galactose modification
is another example of biomimetic targeting [69]. These natural carriers also include virus-like particles
(VLPs), e.g., cowpea mosaic virus (CPMV)-based VLPs, which combined with an antigenic peptide of
human epidermal growth factor receptor 2 (HER2) protein can be used as a vaccine in the treatment of
cancer of HER2+ tumours [70].

Heat shock proteins (HSP) also interact with APC receptors and improve antigenic presentation.
An example is the use of HSP96-bound antigenic peptides, which are used as a vaccine in colorectal
liver metastases [71].

Lipoprotein-based nanoporters are also used, such as the synthetic high-density
lipoprotein-mimicking nanodisc that has been used in the targeted vaccination of neo-antigens [72].

Briefly, delivery platforms and their biomimetic modifications provide different advantages in
cancer immunotherapy. In addition, many of these nanoplatforms are located at the interface of the
natural and the synthetic nanomaterials. Despite the advantages, there are several challenges for these
nano-carriers, which include the cost-effective supply of biological nanomaterials, their large-scale
production at the pharmaceutical level and the optimisation of long-term storage conditions [56].

The great development of these nanomaterials and the importance they have acquired in the
field of immuno-oncology makes it necessary to study both disciplines simultaneously. Furthermore,
these disciplines currently have enormous potential for development, and therefore the feedback of
knowledge between them must be constant in order to achieve common objectives. The following is a
more detailed description of fundamental aspects of immuno-oncology, which helps us to understand
its relationship with nanomedicine and also might aid in finding novel applications and new actors in
the field.
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3. Immuno-Oncology

The generation of T cell-mediated anti-tumour immunity requires a series of steps that constitute
a process which is called the cancer immune cycle. The understanding of the cellular and
molecular mechanisms involved in these processes allows for the development of several types of
immunotherapies that assist in immune activation by modulating regulatory or activating mechanisms,
directing these steps to achieve an improved immune response. In contrast, cancer also employs
mechanisms that delay or stop this anti-tumour immunity, called immune avoidance mechanisms.
Each of these mechanisms is a part of the “cancer hallmarks” that together allow cells to acquire
malignancy and then tumour development. Therefore, new approaches to improve the immune
response against cancer consist of blocking these immune evasion mechanisms.

Since the cancer immune cycle was described, several strategies have been used to improve the
immune processes are grouped into two types: the first one is the use of effector cells/molecules of
the immune system to directly attack the tumour cells, as it is named passive immunotherapy,
which includes targeted monoclonal antibodies, adoptive cell therapy, and chimeric antigen
receptor-modified T cells (CAR-T). The second strategy is to improve the activation of the immune
system by modulating immune regulatory mechanisms or endogenous activators, which is called
active immunotherapy. In this case, different steps of the immune response can be improved, such as
the absorption, processing and presentation of antigens by APCs, the activation and expansion of
naive T cells or increasing the efficacious phase of the immune response. Cytokines and different types
of vaccines are involved in this type of immunotherapy. Another type of active immunotherapy that is
proving very successful is checkpoint inhibitors, which aim to unblock a blocked immune response to
increase anti-tumour responses [73].

All of these strategies are discussed in the following sections, but first, a more thorough
understanding of the “cancer hallmarks” and “cancer immune cycle” is briefly commented on,
as described below.

3.1. Cancer Hallmarks

Tumorigenesis in humans is a multi-step process, reflecting genetic alterations that progressively
lead to a continuous transformation of normal cells into highly malignant cells. Tumour genomes are
altered at multiple sites, either by point mutations or by more obvious alterations, such as changes in
chromosomal complement. Observations in human cancers and animal models indicate that tumour
development is driven by a succession of genetic changes, which confer one or another type of growth
advantage, resulting in a progressive conversion of normal cells to cancer cells. Cancer cells have
defects in the signalling pathways that regulate normal cell proliferation and homeostasis. However,
the cancer cells of different tumours have very broad genotype diversity. Based on this complexity,
Hanahan and Weinberg proposed that these genotypes were the result of six main essential alterations:
self-sufficiency in growth signals, insensitivity to growth-inhibiting signals, avoidance of programmed
cell death (apoptosis), unlimited replicative potential, sustained angiogenesis, and tissue invasion and
metastasis. Each of these physiological changes are capabilities acquired during tumour development
that escape a cancer defence mechanism connected to cells and tissues. These six abilities are shared by
most types of human tumours. These capabilities are called the “hallmarks of cancer” [74].

Later, in 2011, they determined that tumours are not just island masses of proliferating cancer cells,
but are complex tissues composed of different cellular types that interact with each other. Normal cells
recruited to the site of the tumour form the tumour-associated stroma and are actively involved
in tumorigenesis. The biology of tumours cannot be understood by just listing the features of the
cancer cells; the involvement of the tumour microenvironment must be taken into account. Four other
features shared by tumours have been described: genomic instability and mutation, cellular energy
dysregulation, escape from immune destruction, and tumour-promoted inflammation (Figure 4) [75];
which are also very relevant to understand the pathology to decipher therapeutically targets and also
as a source for diagnostic and prognostic biomarkers.
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Figure 4. Scheme about the described hallmarks of cancer.

The development of targeted therapies to treat cancer is currently very important and is based on
research into the mechanisms of cancer pathogenesis. Different targeted therapies can be classified
according to their effects on one or more cancer hallmarks and the efficacy of these drugs is a validation
of each hallmark described.

3.2. Immune Cycle in Cancer

For the immune response against cancer to be effective in destroying/eliminating cancer cells,
certain events must occur in a staggered and continuous manner. These events are also steps in the
“cancer immune cycle” (Figure 5).

The release of neo-antigens (formed from the oncogenesis) is subsequently captured by the
dendritic cells (DC) to be processed (Step 1). For this to produce an anticancer T-cell response, it must
be accompanied by signals that specify immunity, thus avoiding the induction of peripheral tolerance
to tumour antigens. These signals can be pro-inflammatory cytokines and factors released by damaged
tumour cells. DCs then present the neoantigens on MHC-I and MHC-II molecules to T cells (step 2).
Antigenic presentation on MHC molecules activates effector T cells against specific cancer antigens
(step 3). It is in this step that the nature of the immune response is determined, establishing a balance
between effector T cells and regulatory T cells. The effector T cells then migrate to the tumour site (step
4), infiltrating the tumour bed (step 5). Once here, the T cells specifically recognize the cancer cells
and bind to them through the interaction between the T Cell Receptor (TCR) and its related antigen
bound to MHC-I (step 6). Finally, the T cells kill the target cancer cell (step 7). Killing the cancer cell
will release tumour-associated antigens (TAAs), causing the cycle to restart. This increases the breadth
and depth of subsequent responses [76].
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Figure 5. Schematic description of cancer immune cycle.

In cancer patients, this cycle does not work properly, with errors in the different steps described
above: tumour antigens are not detected, DCs and T cells do not treat the antigens as foreign,
the response is greater in regulatory T cells than in effector cells, T cells do not infiltrate tumours
adequately, or even multiple factors in the tumour microenvironment may inhibit effector T cells.
Bearing this in mind, the goal of cancer immunotherapy is to initiate a self-reliant cycle of cancer
immunity that can amplify and spread without generating an unchecked auto-immune inflammatory
response. To achieve this, immunotherapy must escape negative feedback mechanisms (checkpoints
and inhibitors). Although amplifying the entire cell cycle provides anti-cancer activity, it generates
damage to normal cells and tissues in return which might be drawback or source for resistance to the
treatment. Recently, several clinical studies suggest that a common rate-limiting step is “immunostat
function”, which is the immunosuppression that occurs in the tumour microenvironment [76].

As discussed above, different immunotherapies can act on the several phases of the cancer immune
cycle to ensure that an effective immune response is generated against the tumour cells.

3.3. Cancer Immunotherapy

Once the immune cycle and cancer hallmarks are described, the different immunotherapies should
act and also new ones could be designed according to them. Hence, most of these immunotherapies is
described briefly (from the conventional to the novel ones) (Figure 6).

3.3.1. Cytokines

Cytokines are polypeptides or glycoproteins that cause growth, differentiation and inflammatory
or anti-inflammatory signals to different types of cells, which are released at a particular time in response
to a specific stimulus and have a limited half-life time in the circulation [77]. Target cells of cytokines
express high affinity membrane receptors, which activate intracellular signalling when they bind to
cytokines, producing modifications in gene transcription that will determine the cellular response.
The receptors receive information about the concentration and time of exposure to different cytokines,
which implies a high degree of complexity. Due to all these features, cytokines play important roles as
modulating agents that are involved in immune homeostasis by regulating inflammatory response,
specific immune response, tolerance mechanisms, and promoting effective pathogen control. Hence,
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the administration of cytokines allows for the manipulation of the immune system in auto-immune
disorders, infectious diseases, increasing the efficiency of the vaccines (due to inherent adjuvants
disorders) and in the therapy of cancer [78].

Cancer immunotherapy
( I )

Active Passive
~ = 4
Antigen Antigen Anti-tumor :
dependent independent monoclonal Adoptive cell
antibody transfer
Therapeutic Modulating T cell Enhancing immune . .
vaccines function cell function TCR engineering
CART cells
TILs infusion
Cellular onco-vaccines Immune checkpoint Cytokines:
Dendritic cells vaccines inhibitors: IL-2
Protein/Peptide based vaccines Anti-CTLA-4 Ab IFN-a
DNA vaccines Anti-PD-1 Ab
Vaccines targeting TAAs Anti-PD-L1 Ab

Figure 6. Schematic classification of immunotherapies designed for cancer.

The ability of cytokines to enhance the immune response against cancer and the development of
recombinant DNA technology has allowed for preclinical and clinical investigation of the anti-tumoral
activity of several recombinant human cytokines since the 1980s [77]. Several cytokines, among others
including IL-2, IL-12, IL-15, IL-21, GM-CSF and INF-«, have demonstrated efficacy in preclinical
models of murine cancer [79]; however, cytokines have shown limitations, such as their short half-life
and narrow therapeutic framework, with low anti-tumour efficacy in their use as monotherapy agent.
So far, only a few cytokines showed clinical benefit, which were IL-2 and IFN-«, being approved by the
Food and Drug Administration (FDA) as anti-tumoral therapies. In the case of IL-2, it was approved
for the treatment of advanced renal cell carcinoma and metastatic melanoma; regarding IFN-«, it was
approved for the treatment of hairy cell leukemia, follicular non-Hodgkin’s lymphoma, melanoma,
and AIDS-related Kaposi’s sarcoma [77].

In the case of IL-2, which has been approved by FDA for the treatment of advanced renal cell
carcinoma and metastatic melanoma. The identification of IL-2 as a therapeutic agent began in the
1960s, when a factor capable of stimulating lymphocyte division in antigen-activated leukocyte culture
supernatants was discovered. In 1969, it was demonstrated that human lymphocyte media contained
this factor and could be used to maintain T-cell cultures for more than nine months without the need
for repetitive antigenic stimulation. This technique was used to cultivate tumour-reactive cytotoxic
T cells. This allowed a more in-depth study of this lymphocyte growth factor, thus giving it the
name IL-2 [80], which was approved for the treatment of metastatic renal cell cancer in 1992 and
advanced melanoma in 1998. IL-2 has opposite functions, acting as a T-cell growth factor during the
initiation of the immune response, but is also essential for terminating the T-cell response, maintaining
self-tolerance. This cytokine acts as a growth factor for T CD4+ cells and NK cells and promotes the
clonal expansion of antigen activated CD8 T cells. In addition, it facilitates the production of antibodies
by B cells that have been previously stimulated by factors such as CD40L. With respect to its immune
response attenuation function, IL-2 plays an essential role in the maintenance of peripheral Tregs
cells, as well as in the Activation-Induced Cell Death (AICD) of Fas-mediated T CD4+ cells. In IACD,
receptor-mediated stimulation of T CD4+ cells with high antigen concentrations induces the expression
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of IL-2 and their receptors, which interacts and activate the T cell cycle. This antigen activation in turn
increases transcription and expression of Fas Ligand (FasL), resulting in T cell death [79].

Regarding IFN-«, it was approved for the treatment of hairy cell leukemia, follicular non-Hodgkin’s
lymphoma, melanoma, and AIDS-related Kaposi’s sarcoma. IFN-a belongs to IEN type I, a family of
cytokines synthesized by different cells in response to viral infections and immune stimulation [79].
IFNSs of this type induce the expression of MHC class I molecules in tumour cells, involved in the
maturation of DCs, activate B and T cells and increase the number of cytotoxic cells. Specifically,
IFN-o has pro-apoptotic and anti-proliferative activity, but also presents anti-angiogenic activity on the
tumour vasculature. The use of IFN-« was approved in 1986 for the treatment of hairy cell leukemia [77],
as it produced a sustained improvement in granulocyte, platelet count and hemoglobin levels in 77%
of LCH patients treated [81] and has since been used in the treatment of hematologic malignancies
and solid tumours [77], such as chronic myeloid leukemia, AIDS-related Kaposi’s sarcoma, renal cell
cancer, and in the case of stage II and IIl melanoma has been used as adjuvant therapy [79].

In contrast, administration of IL-2 and IFN-o has a low response rate and high toxicity associated
with high doses, making targeted therapy and checkpoint inhibitors a better option currently for these
tumours [77].

A drawback of treatments with cytokines is that, for some of them, positive actions are accompanied
by the induction of immune checkpoint cytokines, such as the inhibitory factors IL-10 or TGF{ [79].
IL-10 is released by innate and adaptive immune cells to regulate the activity of pro-inflammatory
cytokines; but also as an immunosuppressive cytokine, because it decreases the antigen-presenting
activity of dendritic cells (DCs) and inhibits cytotoxic function and cytokine release from T and NK cells
(depending on the microenvironment). In chronic infections and cancer, CD8+ T cells exhibit autocrine
activity mediated by IL-10, inhibiting their antigen-induced apoptosis, thus prolonging the efficacious
activity of cytotoxic lymphocytes. TGFf has a dual role in the tumour process, since at the beginning
of tumorigenesis, TGFf is an inhibitor of tumour development by blocking the cell cycle; nevertheless,
in later stages, the cells develop mechanisms of resistance against the TGF(3s effects. This resistance
mechanism begins to promote tumour progression and mediates the epithelium-mesenchyme transition.
In addition, TGFf3 promotes the release of angiogenic factors (such as vascular endothelial growth factor
(VEGE)), and the recruitment of Treg cells, neutrophils, macrophages (with pro-tumour polarization),
myeloid-derived suppressor cells (MDSC) and tolerogenic DCs, in turn decreasing the functions of NK
cells and CD8 T lymphocytes [77].

In summary, cytokines have demonstrated anti-tumour therapeutic activity in murine models
and in the clinical treatment of certain specific human cancers. Moreover, IL-2 and IFN-« have been
approved for the treatment of selected malignancies. In contrast, cytokines in monotherapy have not
met all the expectations efficiency as has been observed in preclinical experiments. This is because they
are often associated with severe dose-limiting toxicities, and are known to induce immunosuppressive
humoral factors, suppressive cells and immune checkpoints. Normally, soluble cytokines act over
short distances, in a paracrine or autocrine manner; therefore, to achieve effective intra-tumoral
concentrations they must be administered parenterally at high doses, which increases the potential for
systemic toxicities, such as hypotension, acute renal failure, respiratory failure and neuropsychiatric
symptoms in severe situations. They also do not induce a tumour-specific immune response. To avoid
these drawbacks, new mutant engineered cytokines (supercins), chimeric antibody-cytokine fusion
proteins (immunocins) or even the combination of cytokines with other therapies such as checkpoint
inhibitors, among other novel strategies, are being investigated in an attempt to increase their anticancer
efficacy [82]. However, due to these limitations, it has been necessary to develop more tumour-specific
immunotherapeutic agents with greater effectiveness and less associated toxicity that are currently
being used with better results, and the employment of cytokines in immunotherapy has taken a
back seat.
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3.3.2. Monoclonal Antibodies

The first monoclonal antibodies (mAb) to be clinically tested as a cancer treatment were murine
mABs, but their problems of administration in humans limited their clinical usefulness [83]. The success
of mAbs therapy came with the development of techniques that allowed the genetic modification
of murine mAb to produce murine-human chimeric mAb or humanized mAb, which behaves like
human IgG.

These antibodies have some advantages, such as their specific binding to molecular epitopes,
interaction with the effector arms of the immune system, their long half-life, the ability to distribute
themselves in the intra- and extravascular compartments and that the host tolerates IgGs well as
therapeutic agents. In addition, they can be produced in large quantities and at a controlled cost.
Due to their effective bio-distribution, systemic mAbs levels last for weeks or months, mediating a
prolonged anti-cancer response. mAb can attack tumour cells by binding to tumour-associated antigens
(TAAs) and modifying signalling or directing immune effector mechanisms to those tumour cells [84].

There is currently a wide diversity of mAb-based strategies for cancer therapy. The optimal
characteristics for a targeted tumour antigen depend on the mAb to be used, the nature of the tumour
and the mechanism of action of these mAb.

mAbs that target cell surface antigens can induce apoptosis by direct transmembrane signalling,
by complement-mediated cytotoxicity or by inducing antibody-dependent cell cytotoxicity [85,86].
Determining the most appropriate mechanism for each mAb depends on the clinical scenario and is a
continuous scientific challenge.

mADb could induce tumour cell death by target cell signalling. However, resistance can arise when
cells with alternative or compensatory signalling pathways appear. The use of combination therapy
may overcome these resistances. An example is mAbs against the ErbB family of receptors and their
ligands, such as Trastuzumab and Pertuzumab [87,88]. The mechanism of these mAbs is complex, as
the receptors can have multiple ligands and mAbs can alter the dimerization properties, interfering in
different signalling depending on whether it is directed to a homodimer or heterodimer receptor [84].

For mAbs measuring complement-mediated cytotoxicity (CMC), it is known that their ability to
bind complement and induce CMC depends on the antigen concentration, membrane orientation and
whether the antigen is in monomer or polymer form. CMC also depends on the mAb isotype and the
characteristics of the target cell. Some of these mAbs are anti-CD20, in chronic lymphocytic leukemia
(CLL), such as rituximab or obinutuzumab. CMC contributes most to the effect of mAb in hematological
malignancies, where target cells are exposed to complement system in the circulation [89].

mADbs can also induce antibody-dependent cell cytotoxicity (ADCC), mediated by FcR binding,
which is expressed by immune effecting cells such as NK, granulocytes and monocytes/macrophages [90,
91]. The mAb binds to the target cell through FcR, which activates intracellular signals through
immunoreceptor tyrosine-based activation motifs (ITAM) and induces the activation of the effector cell,
thus producing ADCC.

Many of the tumour associated antigens (TAAs) are not expressed on the surface of the tumour
cells but are presented by MHC molecules. Therefore, mAbs have been developed that recognize these
peptides, which come from intracellular oncoproteins. These antibodies are restricted by MHC and are
still under development and further characterisation [84].

Molecule-specific mAbs that have an impact on the host can block tumour angiogenesis, preventing
tumour growth, or target immune checkpoints, enhancing the anti-tumour immune response. In the
first case, the mAb that blocks angiogenesis is bevacizumab, which blocks vascular endothelial growth
factor (VEGF). This has an anti-tumour effect, as it prevents the passage of nutrients and oxygen to
the tumour [92]. As these mAbs do not directly target the tumour, they are usually combined with
cytotoxic agents [93]. Bevacizumab is effective in colorectal, lung, breast, renal, brain and ovarian
cancer. The mAbs targeting immune checkpoints are described in a following section.

Antibody-drug immunoconjugates and radio-immunoconjugates that deliver a toxic load to
tumour cells may also be used. Bi-functional antibodies and Chimeric Antigen Receptor T cells (CAR-T
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cells) can take advantage of the specificity of mAb to guide the cellular immune system to tumour
cells [84]. Therefore, improved mAb-based therapeutic agents are being developed with multiple
possibilities in cancer immunotherapy.

3.3.3. CAR-T Cells

This modality of immunotherapy is one of the newest adoptive cell therapy (ACT) strategies
in cancer treatment. However, before knowing why it has such an impact as a potential cancer
immunotherapy treatment, it is necessary to describe how it has been developed from the first
ACT attempts.

Based on the idea that tumour-specific T cells could eliminate tumour cells, ACT was developed,
which involves the therapeutic use of T cells, passively administrated (Figure 7) [94].
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Figure 7. Schematic description of chimeric antigen receptor-modified T cells (CAR-T) cell therapy:
structure and mechanism of action.

ACT has some advantages over other approaches to cancer immunotherapy. Large numbers of
anti-tumour T cells can be grown in vitro and selected for their high avidity against the desired antigen.
In addition, the host can be manipulated prior to administration of these cells to provide a suitable
microenvironment in the tumour [95].

Following the use of IL-2 as a T-cell growth factor in the treatment of patients with metastatic
melanoma and renal cell cancer (RCC), manipulation of the host immune system has been suggested
to elicit an endogenous reaction capable of mediating cancer regression. The most potent cells were
tumour infiltrating lymphocytes (TIL) grown from tumour fragments [96]. The first use of TILs was
performed by the Surgery Branch, National Cancer Institute (NCI) in 1988 in the treatment of patients
with metastatic melanoma [97]. Several TIL studies have shown that cells with anti-tumour activity can
be isolated from tumours derived from patients with melanoma, but in most other tumour types these
cells are difficult to isolate and spread and do not recognise tumour antigens. Therefore, techniques
were developed to introduce anti-tumour T cell receptors (TCR) into autologous lymphocytes for use in
therapy. Conventional TCRs a3 and chimeric antigen receptors (CAR) with anti-tumour specificity can
be introduced into normal lymphocytes, providing them with anti-tumour activity. The redirection of
T-cell specificity with conventional TCR «f3 receptors is HLA-restricted, limiting treatment to patients
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expressing a particular HLA haplotype. TCRs, on the other hand, are not restricted to HLA, but are
limited by the need for expression of the tumour antigen on the cell surface. In addition, CAR can also
recognize carbohydrate and lipid debris, which has greater potential application [95].

Therefore, the use of Chimeric Antigen Receptor modified T cells (CAR-T cells) attempt to combine
the high affinity of antibody fragments targeting tumour antigens with the destructive function of T
lymphocytes [94].

Essentially, CAR-T cells are synthetic constructions that bind to target cell surface antigens using
a single-chain variable fragment recognition (scFv) domain. The first designed generation of CAR-T
cells consists of a scFv domain linked to a 3-zeta-strand differentiation cluster (CD3() that induces
the activation of T cells after binding to the antigen. This CD3( chain can only deliver a single strong
intracellular signal (as it does not contain the chains vy, 5 and ¢ that normally make up the TCR-CD3
complex which are required to amplify intracellular signal. In order to improve the CAR molecule,
the second and third generation of these CAR-T cells were developed, incorporating other intracellular
signalling domains such as CD28, CD137 and ICOS (inducible T cell co-stimulator). Cytokine receptor
signalling or inflammatory cytokine expression domains such as IL-12 or IL-18 have been included in
fourth and fifth generation CAR-T cells [94].

CAR-T cell therapies have been successful in several hematological malignancies but are less
effective in treating most solid tumours. Since 2010, multiple CAR-T cell clinical trials have been
conducted targeting CD19 (CD19-CAR-T cells) to promote clinical responses in acute lymphoblastic
leukemia (ALL) [98,99], diffuse large B-cell lymphoma (DLBCL) [100], chronic lymphocytic leukemia
(CLL) [101], and other non-Hodgkin’s B-cell lymphomas [102], with remissions of up to 90% in some
cases. This is because CD19 is always expressed in the B cell lineage and attacking CD19 eliminates
this cell compartment in patients. Although this advantage may also appear to be a disadvantage, B
cell aplasia can be treated with immunoglobulins and is therefore a manageable toxicity [103].

Two constructs of CD19-CAR-T cells have been approved by the FDA for their excellent results
in refractory patients to standard therapies. They are Tisagenlecleucel (co-stimulatory domain
4-1BB/CD3(), approved in 2017 for B-ALL and in 2018 for DLBCL; and axicabtagene ciloleucel
(co-stimulatory domain CD28/ CD3(), approved in 2017 for DLBCL. These approvals make CAR-T
cells the first FDA-approved personalised gene therapy [104].

In malignant CD19+ refractory B-cell tumours, CD19-CAR-T cells have been shown to be clinically
effective. However, these studies have also shown that relapse of the disease is more frequent in
antigen-negative tumours, so it is important to determine the loss of antigen for these therapies [94].

On the other hand, monitoring the toxicity of the CAR-T cells is also important. The toxicity
associated with this therapy is mainly outside the tumour, which is an obstacle in the clinical
development of these therapies, and therefore, it is also very important to select the targets appropriately.
The toxicity associated with CAR-T cells must be reversible after the elimination of the target cells or
after the exhaustion of the T cells [94].

One of the bottlenecks is that T-lymphocytes are required to be removed from patients’ peripheral
blood and amplified in vitro, which is complex and time-consuming. To overcome these limitations,
the in-situ construction of CAR-T in vivo seems to be the best option. Here, nanomedicine could
help to improve the potential of these treatments and overcome mostly of the drawbacks. One of the
approaches recently described is based on NPs coated with poly-f-amino-ester with reversible bound
plasmid DNA encoding leukemia-specific CAR, which are internalised in the lymphocytes by anti-CD3
antibody-mediated endocytosis. Subsequently, the NPs selectively transfected with CAR genes into
the nuclei of the patient’s T cells. The T cells programmed by the synthetic NPs were found to in vitro
express CAR after 24—48h incubation period. After in vivo administration, the NPs were identified
and rapidly bound to the peripheral circulating T cells (abundant in the spleen, lymph nodes and
bone marrow of the mice), showing an increase in overall survival rate. Despite the above, it has not
yet been verified whether this methodology can effectively produce CAR-T cells and a long-lasting
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immune response in the human body, as well as whether toxicity problems can occur due to possible
off-target effects [46].

Although this success of CAR-T cells has not yet been achieved in patients with solid tumours,
the development of CAR-T cells in these solid tumours is still in its early stages. In solid tumours,
the first obstacle is to design a CAR-T against an antigen that is expressed in the tumour but not in the
normal tissue. Due to this difficulty, CAR-T cells in these tumours have presented serious toxicities
until now. Although some tumour specific antigens have been identified, CAR-T cells have had very
low efficacy against these target antigens in the clinic [104]. In the case of solid tumours, the effects
outside of the tumour could lead to widespread cytokine release, resulting in organ failure. In order to
exploit unique neo-antigens in solid tumours, their specific surface accessible expression would be
required and combined with the production of immunoglobulins or nano-antibodies (HHV) would
have to recognise them in order to generate specific CAR-T cells [105]. In addition, if a perfect antigen
is found in solid tumours, CAR-T cell therapies in these types of tumours have to deal with other
problems, such as poor traffic to the tumour site or limited persistence and proliferation within the
host. The TME of these tumours may also functionally suppress CAR-T cells [104].

Therefore, it could be useful to compromise the microenvironment of solid tumours to delay
their growth. The TME of many solid tumours share some characteristics, such as the expression of
inhibitory molecules like PD-L1. Hence, a CAR-T cell that recognizes PD-L1 should palliate immune
inhibition and allow for the activation of CAR-T cells in the TME, dampening immunosuppressive
signals and promoting inflammation [105].

In the solid tumours, the suppressive TME inactivates TILs through the production of
immunosuppressive molecules, and inflammatory cytokines are released from the treatment itself
(IFN-y, TNF-«), which is attributed to systemic administration. Targeted therapy based on NPs is
required to remodel TME without causing systemic toxicity [46].

Solid tumours depend on the extracellular matrix (ECM) and the neo-vasculature for nutrient
supply, which may be another target for T-CAR cells since tumour ECM and new blood vessels have
unique antigens that are not present in healthy adults. Based on this, the group led by Yushu Joy Xie has
designed a CAR-T cell which can be generated using an HHV that recognizes EIIIB, which is a splice
variant of fibronectin that is expressed in a high form in tumoral ECM and neo-vasculature. This may
improve the local inflammatory response and drug access to the tumour in otherwise impervious
cancers [105].

Both CAR-Ts that recognize PD-L1 and those that recognize EIIIB have been tested in a B16
melanoma model and have shown significant delay in tumour growth and improved survival in both
cases [105].

In summary, ACT with CAR-redirected T cells is a potentially curative strategy in patients with
tumours resistant to standard treatments. CAR-T cells have demonstrated their potency in hematologic
cancers, as reflected by their FDA approval for B-ALL and DLBCL. On the other hand, for solid
tumours, this therapy is still in an early stage of development and may require a new approach to
improve its effectiveness.

3.3.4. Therapeutic Onco-Vaccines

Another therapeutic strategy is onco-vaccines. Onco-vaccines represent one of the viable options
for active immunotherapy against cancer by using the patient’s own immune system. Different
to prophylactic vaccines, which are administered to healthy individuals, therapeutic vaccines are
administered to cancer patients with the aim of eradicating the cancer cells [106].

In general, onco-vaccines are classified depending on their format/content: cellular vaccines,
protein/peptide vaccines and genetic vaccines (DNA, RNA and viruses) (Figure 8) [106,107].
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Figure 8. Schematic classification of currently available onco-vaccines.

The main characteristics of each group are:

1. i Cellular onco-vaccines: Within cell-based vaccines there are two types: (i) autologous or allogeneic
whole-cell tumour vaccines and (ii) autologous dendritic cells, pulsed or transfected with
tumour antigens (contained in tumour lysates, purified proteins, peptides, DNA or RNA) [108].
Autologous cell-based vaccines are based on patient-derived tumour cells, which are irradiated
and combined with an immunostimulatory adjuvant and administered to the same individual
from whom the cells were extracted and isolated [109]. These vaccines have been tested in a variety
of solid cancers, including lung cancer, colorectal cancer, melanoma, renal cell cancer, and prostate
cancer [106], showing potent antitumour immunity in preclinical animal models and, in early
human clinical trials, have shown relative safety, as well as the induction of tumour-specific
immune responses and evidence of antitumour activity, obtaining clinical benefit, although
objective response rates remain low [110-113]. One of the advantages of this type of vaccine is that
it has a high potential to deliver the full spectrum of Tumour-Associated Antigens (TAAs) and,
in addition, autologous tumour cells can be modified to acquire more potent immunostimulatory
characteristics [106]. However, there are some disadvantages, such as requiring an enough
tumour sample and potentially inducing autoimmunity, as tumours also express patient-specific
proteins [114]. Allogeneic tumour cell vaccines typically contain two or three human tumour cell
lines, and have the advantage that they contain unlimited sources of tumour antigens and can
produce standardized, large-scale vaccines [106]. An example is Canvaxin, which contains three
melanoma lines combined with Bacillus Calmatte-Guerin (BCG) as an adjuvant [115]. In 2010, the
first cell-based vaccine was approved by the FDA, based on dendritic cell vaccine called provenge
(sipuleucel-T), which targets Prostatic Acid Phosphatase (PAP) antigen in castration-resistant
metastatic prostate cancer. PAP is an TAA, which gives the vaccine some specificity and therefore
improves the anti-cancer effect [116]. Other vaccines that use whole tumour cells as antigens
are OncoVAX for colon cancer and GVAX for prostate cancer [117,118]. These cells can also be
genetically modified to produce immune molecules, as in the case of Lucanix for NSCLC [119].
The disadvantage of cell-based vaccines is that they are expensive and, in the case of autologous
vaccines, it is difficult to produce them on a large scale [107].
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2. ii. Dendritic Cell (DC) Vaccines: These vaccines are based on the main characteristic of DCs,
which are professional antigen-presenting cells. DCs act in the peripheral tissues, where they
absorb, process and present antigenic peptides of the pathogen or host to the virgin T lymphocytes
in the lymphoid organs through the MHC. Therefore, DCs are important for connecting innate
and adaptive immunity. Functional characterisation in DCs determine that three signals are
necessary for complete activation of DCs: 1. adequate loading of MHC-peptide complexes in DC
for priming of T cells; 2. positive regulation of co-stimulatory molecules such as CD40, CD80
and CD86, 3. production of cytokines that polarize the Th1/Tcl immune response [106]. Ex vivo
generated DCs are used as cancer vaccines. For this purpose, human DCs can be generated in
culture from CD34+ hematopoietic progenitors or peripheral blood monocytes [120]. DC vaccines
are achieved by loading TAAs antigens on autologous DCs from patients, which are then treated
with adjuvants (Figure 9) [106]. For example, GM-CSF is essential for ex vivo generation of
monocyte-derived DC [121]. These cells required a maturation process, which is associated with
morphological and functional changes in the DC, allowing improved expression of MHC-I and
-II, co-stimulatory molecules and increased cytokine production [122]. These ex vivo DCs are then
administered to patients to induce anti-tumour immunity. Thus, T cell activation is regulated by
co-stimulatory molecules expressed in DC, so the potency of the DC vaccine can be improved by
modifying the expression levels of these inhibitory or activating molecules. DCs need stimulation
of CD40 by active CD4+ T cells, so human DCs expressing high CD40L lead to increased activation
of reactive T cells with low immunogenic tumour antigens. The activating molecules expressed in
DC are related to the response of pro-inflammatory T cells, while suppressor molecules contribute
to the tolerance or suppression of T cells [106]. The first work that laid the foundation for DC
vaccine development was carried out by Inaba et al. in 1992. They cultivated mouse DC ex
vivo from bone marrow precursors [123]. One of the first trials testing the immunogenicity of
DC was performed on metastatic prostate cancer. Patients received autologous pulsed DCs
with peptides restricted to HLA-A0201 derived from the prostate-specific membrane antigen
(PSMA). Antigen-specific cellular responses and reduced PSA levels were observed in some
patients [124]. These vaccines have also been tested in clinical trials for the treatment of prostate
cancer, melanoma, renal cell carcinoma, and glioma [125-131]. The results of these studies are
mixed but ultimately indicate that, although studies in mice demonstrate a potent ability of DCs
to induce antitumour immunity and autologous DCs generated from peripheral blood in humans
are a safe and promising approach, further studies are still needed to demonstrate their clinical
efficacy and impact on the survival of patients with these types of cancers. As mentioned above,
the DC vaccine Sipuleucel-T (Provenge TM) is the first therapeutic cancer vaccine approved by
the FDA and has succeeded in increasing survival with a favourable toxicity profile, opening up
new paradigms in cancer treatment [106]. iii. Protein or peptide-based vaccines: These vaccines are
based on tumour-associated antigens (TAA), cancer germline antigens (CGA), virus-associated
antigens or tumour-specific antigens (TSA), along with some adjuvants. Those composed of
synthetic peptides generally contain between 20 and 30 amino acids directed at specific epitopes
of tumour antigens. Antigens can be modified to bind cytokines, antibodies or immunogenic
peptides in these vaccines [107]. In this group of vaccines, a few representative examples are
Oncophage, which is used in kidney cancer, melanoma, and brain cancer; and MUC1, which
is used in breast cancer and NSCLC [132,133]. These types of vaccines are not very expensive
and are also very stable but have the limitation that known peptide epitopes are required to
be candidates for use in vaccines. Other disadvantages are immune suppression and the weak
immunogenicity of these antigens [134]. Recombinant vaccines based on TAA peptides are
classified into different categories: 1. antigens encoded by genes that are normally silenced
in adult tissues, but which are transcriptionally reactivated in tumour cells (testicular cancer
antigens, such as melanoma associated antigen (MAGE) and SSX-2), 2. Tissue-differentiating
antigens, which have a normal tissue origin and appear in both normal and tumour tissue
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(melanoma, breast carcinomas and prostate cancer, such as gp100, mammaglobin-A and PSA,
respectively), 3. Tissue differentiation antigens similar to the above, but which, compared to
their normal homologous tissues, are very high in tumour tissues (MUC-1, HER2, p53, hTERT,
etc.), 4. tumour-specific antigens, which are normally mutated oncogenes (e.g., Ras, B-Raf) and
5. molecules associated with tumour stem cells or with the epithelium-mesenchyme transition
process [106]. This type of vaccine is more cost-effective than individualized vaccines, but also
has the disadvantage of targeting only one or a few epitopes of the TAAs. To improve the
immunogenicity of an auto-antigen, the peptide sequence of TAAs can be altered by introducing
agonist-enhancing epitopes that increase peptide binding to MHC or TCR, enhancing the T cell
response against the target [106]. Immuno-stimulatory adjuvants are also used when the TAA
display of a weak immunogenic nature. Aluminium salts have been used as adjuvants to promote
humoral immunity but are not effective in diseases requiring cellular immunity. To induce
the adaptive immune response, activation of innate immunity is necessary, which has led to
questions about theories of how adjuvants promote adaptive immunity [106]. Charles Janeway
demonstrated that adaptive immune responses are dependent on innate immune receptors
activated by microbial components [135]. Pattern-Associated Molecular Pattern Recognition
(PAMPs) through pattern recognition receptors (PRRs) involves the coordination of innate and
adaptive immunity to microbial pathogens or infected cells. TLR-mediated activation of DC is
very important in this process, which is why many vaccines include PAMPs as part of therapeutic
immunizations against cancer. That is, these molecules are used as adjuvants, facilitating the
development of vaccines. Some examples are the use of BCG to treat bladder carcinoma, by
activating TLR2 and TLR4, or LPS, which is a natural ligand of TLR4 [106].

3. iv. DNA Vaccines: These are vaccines in the form of genes use either DNA, such as plasmids,
or RNA, such as mRNA [107]. Viral DNA vectors can transfuse infiltrated somatic cells or DCs
as part of the inflammatory response to vaccination [106]. APCs absorb genetic material and
translate peptide and proteins as cancer-specific antigens, stimulating the immune response [107].
Currently, there are some DNA vaccines include mammaglobin-A for breast cancer, PAP for
prostate cancer, and gp100 and gp75 DNA for melanoma [136-139]. Disadvantages may be the
method of DNA/RNA delivery and the efficiency of absorption, which may limit transcription and
antigenic presentation by APCs [107]. These vaccines have been administered using viral vectors
and electroporation, which are effective but difficult to apply in the clinical routine [140,141].
It should also be noted that the administration of live virus may cause side effects and decrease
the effectiveness of antiviral antibodies in patients [140].

4. v. Vaccines targeting TAAs: To achieve tumour-specific death, cancer vaccines must target restricted
epitopes of MHC-I that activate CD8+ T cells, as these are the most potent cells and when activated
recognize TSAs and distinguish normal cells from cancer cells [142]. This involves the following
processes: degradation of ubiquitous proteins by the proteasome, interaction of peptides with
Hsp90 in the cytosol, which acts as a chaperone, active transport into the endoplasmic reticulum
by the TAP transporter, modification of peptides by ERAP to an appropriate length, which are
subsequently loaded into the peptide-binding cleft of MHC class I molecules with the help of
chaperones such as tapain and transport to the cell surface, and can thus be recognised by the
CD8+ T-cell receptor [143]. There are different types of tumour antigens that can be targeted in
immunotherapy: (i) tumour-associated antigens (TAA), which are over-expressed on tumour
cells and are expressed to a lesser extent on normal cells, (ii) cancer germ-line antigens (CGA),
which on normal adult cells are found only in reproductive tissues, but are expressed selectively
on several types of tumours, (iii) virus-associated antigens, which arise in tumour cells from
oncogenic viral proteins; and (iv) tumour-specific antigens (TSAs), which are the neo-antigens
and are only found in tumour cells, as they arise from non-anonymous somatic mutations [107].
Commonly, cancer vaccines should target the broadest possible antigen repertoire, which can
be achieved by using autologous tumour lysates, whole-tumour-derived mRNA, irradiated
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autologous tumour cells, or allogeneic tumour cell lines [144,145]. In addition, effective responses
in response to an antigen can result in the immunogenic release of additional endogenous
antigens by tumour cell destruction, leading to a broader immune response. This is known as
“epitope spread” [146]. Vaccines targeting TAAs have not been very successful so far and are
still under development, mainly because many TAAs are also expressed on normal cells, which
show central and peripheral tolerance, and the affinity of TCR for these antigens might be very
low [147]. In addition, autoimmune toxicities may take place during treatment. Despite this,
some AATs are used as targets Despite the weak points on this approach; Currently, several
approaches has been quite promising and help to open more studies exploring the full potential,
for example: CD19-directed CAR-T therapy in acute lymphoblastic leukemia (ALL), which results
in complete remission in a large number of patients [148]. CGAs, such as melanoma associated
antigen 3 (MAGE-A3) and NY-ESO-1 antigen, are expressed selectively in some cancers, but
when used as a target they result in high toxicities. In particular, severe neurological toxicities
and death occur when MAGE-A3 is targeted [149]. On the other hand, virus-coded antigens
are only present on tumour cells, not on normal cells, as some cancers are associated with virus
infection. Viral oncogenes encode oncoproteins that cause cell transformation. An example is
the human papilloma virus (HPV), which is associated with cervical cancer [150]. This method
has been effective in treating cancer, but there are also virus-associated antigens with the ability
to escape from the immune system [151]. In the approach of these vaccines, the critical and
important key aspect is the selection of tumour-specific antigens (TSA), which are the neo-antigens.
These are peptides that arise from non-anonymous mutations, alterations in genomic codons,
editing, processing and antigen presentation in tumour cells [107]. Among all non-synonymous
mutations, a part of them is distributed clonally by the tumour and generates peptides containing
mutations (neo-epitopes) that can be recognised by cytotoxic T cells. Deletions and insertions are
also highly predictive of response [121]. The use of these mutant derived epitopes is based initially
on the responses to checkpoint inhibitors, which are proportional to the mutational load of each
tumour [152]. Neoantigens are presented by MHC on the cell surface in order to be recognised
by the T lymphocytes of the immune system. TSAs are the best therapeutic targets for cancer
vaccines and T-cell-based immunotherapy because they are different from the germline and are
not considered proprietary by the immune system. In addition, they are not subject to central or
peripheral tolerance, as normal cells do not express them, so they will not cause auto-immunity
problems either [107]. To identify immunogenic neo-epitopes in each patient, a combination of
genomic sequencing of the tumour, RNA sequencing and bioinformatic tools with algorithms that
allow for the prediction of the mutations are required, which will be presented to the T cells based
on the processing by the proteasome and the affinity of the molecules for human leukocyte antigen
(HLA). The resulting sequences can be synthesized as mRNA or as peptides for use as a vaccine.
This methodology has been validated in preclinical trials, demonstrating that mutanome-derived
neoantigens can induce an immune response against autologous tumours [153]. There are also
phase 1 trials showing the immunogenicity and viability of the vaccine against the neo-antigen
in metastatic melanoma [154]. The disadvantage of this customized approach is that it is a
lengthy process and is therefore only suitable for certain patients. Neo-antigens have already been
identified in different types of cancer such as melanoma, lung cancer, liver and renal cancer [155].
Adoptive cell transfer (ACT) studies of autologous tumour infiltrating lymphocytes (TIL) have
shown that an effective antitumour immune response occurs in the presence of tumour specific T
cells [156]. Isolated T cell clones or TCR-designed T lymphocytes have demonstrated the epitope
patterns of neoantigens that are recognised by T cells [157]. Increasingly, cancer vaccines are
being designed based on neo-antigens, targeting immunogenic mutations unique to each patient.
Customized RNA mutanome vaccines and peptide-based vaccines have been tested and found to
be safe and capable of eliciting T cell responses to neo-epitopes in melanoma patients [154,158].
When neo-epitopes are presented by antigen-presenting cells (APCs), such as dendritic cells
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and tumour cells themselves, cross presentation—whereby antigen-presenting cells phagocytize
exogenous antigens and process them for presentation by MHC-I—plays an important role [159].
For a sufficient response of T cells to a neo-epitope, it is important to consider the affinity of
the TCR for its related antigen [142]. Because neo-antigens are small pieces of peptides that
contain tumour mutations, immunization with these antigens requires the assistance of other
immune-stimulatory agents to produce an efficient immune response. On their own, peptides as
vaccines may not be able to stimulate the immune system in a potent way, so they are used in
combination with adjuvants [160]. Generally, to activate cytotoxic T cells and obtain a potent
immune response, the stimulation of T helper cells is also required [142]. Even peptides with
epitopes capable of activating cytotoxic T cells and helper T cells need an adjuvant to obtain
an effective vaccine, so containing a potent immune-stimulator is very important to obtain an
effective response. Then, CD8+ T cells are induced [161]. The appropriate adjuvant must be able
to induce the production of cytokines and co-stimulator molecules from APC and also be able
to deliver the optimal amount of antigen, to maintain a balance between antigen persistence,
antigen concentration and antigen distribution [162]. In addition, the adjuvant must enhance
cell-mediated immunity polarized to type 1 [121]. Adjuvants can function in several ways:
gradually releasing the antigen, stimulating pattern recognition receptors in APCs, protecting
antigens from rapid degradation, and extending antigen presentation time [142]. Different types
of cells with neo-epitopes have also been pressed for immunization, such as B cells, macrophages,
splenocytes or dendritic cells, which serve as delivery and adjuvant systems [142]. Since dendritic
cells are capable of efficiently capturing, processing and presenting the antigen, initiating the
immune response, they are also considered natural adjuvants, but the number of dendritic cells
presented in peripheral blood in cancer patients is very low, in addition, this DCs may not be
functional due to the effect of TME, so one of the goals is to provide enough functional DCs for
each patient. It is also important to determine the DC subtype that works best as an adjuvant, the
number of DCs injected, their stage of maturation or the location of the injection [163].

5. The identification of neo-epitopes is the most specific approach to cancer treatment, since it
allows for a targeted immune response against specific tumour epitopes, but with this approach,
no clinically determinant results have been achieved, since these strategies are conditioned by
the TME, T-cell depletion, regulation of the immune checkpoint, tumour heterogeneity, etc. For
this reason, it is necessary to find an ideal combination of neo-epitope vaccines, chemotherapy,
radiotherapy, checkpoint blocking therapies, etc., specific to each patient [142].

3.3.5. Checkpoints Inhibitors

T cells play a critical role in the recognition together with the effector cells of the acquired immune
response, and their activation requires the presence of two signals: the antigen-specific signal, mediated
by TCR and MHC, and the co-stimulatory signal, mediated by membrane protein molecules expressed
on the surface of the T cells and their ligands. The co-stimulatory molecules of the T cell activation
signals enhance the immune responses mediated by TCR signalling. These molecules initiate, stimulate,
amplify and enhance the immune response at different stages, also controlling its extension and
duration. In tumour tissues, negative regulatory checkpoints predominate, inhibiting T cell activation,
thus allowing tumour cells to evade the immune response and generating an immune tolerance of the
tumour. Therefore, immune checkpoints (ICs) are key to maintaining self-tolerance, protecting the
body against autoimmunity and inflammation by interfering with the cytotoxic T cell (CTL) immune
response. Pathways that inhibit the immune checkpoint are always activated in inflammatory MSDs,
allowing tumour cells to evade immune surveillance, also eradicating the immune response of TILs.
Different types of Immune Checkpoint Inhibitors (ICIs) have been developed to reactivate these
dysfunctional T cells [46].
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Figure 9. Inducing anti-tumour immune responses by dendritic cell (DC) vaccination through infusing
patients with ex vivo antigen loaded DCs (left) or targeting antigens and adjuvants directly to DCs
in vivo (right).

Checkpoint inhibitors are monoclonal antibodies that block CTLA-4 (Cytotoxic
T-Lymphocyte-associated Antigen 4), PD-1 (Programmed cell Death receptor) or its ligand PD-L1
(Figure 10) [77].
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Figure 10. Schematic representation of the mechanisms of immune-checkpoint inhibitors (ICIs).

o CTLA-4:
CTLA-4isaleukocyte differentiation antigen and a transmembrane receptor on T cells, which shares
the B7 ligand with its co-stimulator molecule receptor (CD28). When CTLA-4 binds to B7 it stimulates
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T-cell anergy, i.e., it participates in the negative regulation of the immune response by inducing a lack of
T-cell response and preventing T-cell activation. The antibody to CTLA-4 has the following anti-tumour
mechanisms: (1) modulation of tumour-specific immune effector cells, such as CD8+ T cells, to promote
their clonal proliferation, (2) removal of Tregs to reduce inhibition of tumour-associated immune
response [46].

e PDI/PD-L1:

The PD-1 and PD-L1 checkpoints limit the excessive immune response to antigens and prevent
autoimmunity. PD-1 is expressed in different immune cells such as NK cells, B-lymphocytes,
T-lymphocytes, DC and activated monocytes. PD-L1 is overexpressed on tumour cells and promotes
cancer avoidance of immune surveillance by inhibiting CTLs. The PD-1/PD-L1 pathway modulates
immunosuppression by the following mechanisms: (1) the binding of PD-L1 on the surface of tumour
cells and myeloid-derived suppressor cells (MDSCs) to PD-1 on the surface of tumour-specific T cells
induces apoptosis and depletion of TIL in MSD; (2) activated PD-1 prevents T cells from proliferating,
by selectively inhibiting RAS/MEK/ERK and PI3K/AKT signalling pathways, blocking cell cycle-related
gene transcription and protein expression; (3) the expression of PD-L1 on the surface of APCs promotes
the transformation of CD4+ T cells into induced Tregs (iTregs) and maintains immunosuppressive
function by down-regulating the levels of mTOR, AKT, S6 and ERK2 phosphorylation and up-regulating
the expression of PTEN in CD4+ T cells. This is the reason why blocking the PD-1/PD-L1 signalling
pathway is expected to restore the function of the effector CD8+ T cells, while suppressing the function
of the Tregs and MDSCs, improving the anti-tumour effect of the immune system [46].

This type of immunotherapy has been approved by the FDA for the treatment of melanoma,
non-small cell lung cancer, colon and rectal cancer, Hodgkin’s lymphoma, Merkel cell carcinoma, head
and neck cancer, and bladder cancer [77].

e Combination of immune checkpoint inhibitors (ICIs):

The synergistic combination of monoclonal anti-CTLA-4 and anti-PD-1 antibodies is also used for
the treatment of advanced melanoma, metastatic colorectal cancer that is deficient in highly unstable
microsatellite repair, and colon and rectal cancer, as it has been shown to improve the overall patient
response rate. For this reason, cytokines are being included in combined clinical trials with monoclonal
anti-PD-1 and anti-PD-L1 antibodies [77].

On the other hand, the use of immune checkpoint inhibitors presents some problems, such as
the appearance of primary and adaptive resistances to ICI monotherapy in some patients. It is
therefore important to combine ICIs with other types of anti-tumoral treatment such as chemotherapy
or radiotherapy, thus increasing their effectiveness. Another limitation is that some cancers do
not respond to PD-1/PD-L1 immunotherapy and systemic administration of these inhibitors has
immune-related adverse effects (irAE) [46].

Since the approval of ipilimumab, a CTLA-4-blocking antibody, by the FDA in 2011 for the
treatment of metastatic melanoma [164], six other checkpoint inhibitory antibodies, in this case
targeting the PD-1/PD-L1 axis, have been approved: nivolumab, pembrolizumab, cemiplimab,
atezolizumab, durvalumab, and avelumab. These ICIs act on a wide range of cancers: melanoma,
NSCLC, hepatocellular carcinoma, squamous cell head and neck carcinoma, Hodgkin’s lymphoma,
urothelial carcinoma, etc. [165-168]. In 2015, the FDA approved the combination of ipilimumab
with nivolumab (anti-PD-1 antibody), as it showed an improved response rate compared to any
monotherapy in the treatment of melanoma [169]. In addition, there are several active clinical trials of
ICI combination therapies [170,171]. The identification and validation of more reliable biomarkers
would allow for more appropriate selection of patients with cancer that would improve the response
rate [172].

3.4. Limitations of Immunotherapy

The previously described immunotherapy strategies (Figure 11) have some limitations and face
different challenges.
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Figure 11. Summary of the different immunotherapies described above. (1) Cytokines, (2) monoclonal
antibodies (mAb), (3) CAR-T cells, (4) onco-vaccines and (5) ICIs [173].

Although cytokines were the first approach for immunotherapy introduced in the clinic, they also
have some drawbacks. Cytokine treatments consist of high-dose injections, as their half-life is short,
resulting in vascular leakage and cytokine release syndrome. In addition, cytokines can promote the
survival of regulatory T cells and induce death in stimulated T cells, resulting in autoimmunity against
healthy tissues [174].

As for agonist antibodies, they have dose-limiting toxicities, as do cytokines, since they can induce
activity on unwanted immune cell subtypes, and immune activity towards healthy cells. In addition,
some of these antibodies induce regulatory activity on T cells [175]. Therefore, it is necessary to evaluate
dose-associated toxicities and develop delivery platforms. One example is anti-4-1BB antibodies,
which—when anchored to liposomal NPs—have a higher intra-tumoral accumulation and lower
toxicity than antibodies released freely in mouse models [176].

In the case of CAR-T cells, unlike other treatments, they are unique therapies and the cells can
maintain their activity for several years after injection. Despite this, the long-term effects of therapy
with CAR-T cells are still being investigated [177]. Other disadvantages of this therapy are that the
production of CAR-T cells is expensive, technically complex and time-consuming. In certain tumours,
especially solid tumours, depending on their microenvironment, the infused cells do not persist and
need combination therapies and new drug delivery systems to improve T-cell survival [175].

CAR-T cells and TCR cells can cause cytokine release syndrome and neurotoxicity [177]. Another
problem is making these modified cells effective in solid tumours. One of the solid tumours that has
been successfully treated with CAR-T cells is glioblastoma [58], but it expresses the target antigen
(EGERVIII) at much higher levels in the tumour cells than normal cells, which is unusual. As for T cells
with high affinity TCR, their toxicity is difficult to predict [178].

In the case of vaccines, those based on DCs have demonstrated high safety profiles, while in
clinical trials they have shown a lack of efficacy [179]. The efficacy could be improved by identifying
subsets of dendritic cells expressing high levels of specific antigens and by improving the supply to
the lymph nodes [180]. As for DNA- or RNA-based vaccines, the former have been tested in clinical
trials but are often not successful due to nuclear supply barriers and immunogenicity [181]. mRNA
vaccines also have some drawbacks, such as the fact that mRNA can be degraded by nucleases and not
internalized into cells. The use of delivery pathways to mediate intracellular internalization may be
a good option [182]. Neoantigen vaccines cover an unlimited number of neoantigens, but delivery
platforms can improve their efficacy by increasing the stability of the encapsulated molecules and by
housing several neoantigens within one platform to treat heterogeneous cancers [175].
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For ICIs administered by the systemic route, they can have serious side effects in several
organs [183,184]. In addition, many patients do not respond to this treatment, which may be due to a
low number of tumour-infiltrating T cells, dysregulation of the checkpoint axes or adapted resistance
to checkpoint inhibition [185]. Different tumour microenvironments also have different mechanisms of
immunosuppression that require new approaches for effective treatment.

The TME, in the case of solid tumours, is a challenge in the implementation of the above-mentioned
immunotherapies. The TME of these tumours can be classified as immunologically “hot” (high
immunogenicity) or “cold” (low immunogenicity), with high or low levels of cytotoxic lymphocyte
infiltration, respectively. “Hot” tumours have better responses to ICIs than “cold” tumours; then,
delivery technologies might be exploited to modulate immunogenicity for “cold” tumours [186].

Another drawback of immunotherapies is related to the systemic toxicity, which can be reduced
by delivery platforms by limiting drug exposure in specific tissues, thus allowing for the delivery of
otherwise highly toxic combination therapies [187]. The study by Wantong Song et al. shows that
NPs allow for the administration of combination immunotherapy treatments, making “cold” tumours
susceptible to immunotherapy [188]. Nanomedicines can be designed to respond to the tumour
microenvironment and increase site penetration in both “hot” and “cold” solid tumours, overcoming
the limitations of immunotherapy [189].

Immunotherapies that require intracellular administration, such as genetic vaccines, must
overcome extra- and intracellular barriers with minimal systemic toxicity [190]. Administration and
delivery technologies, such as NPs, would allow for the therapeutic burden of such immunotherapies
to be encapsulated and protected until they can be released into the cytosol of the target cells [191,192].

4. Nanomedicine and Immunotherapy: Synergy Combination

In order to improve the effectiveness and minimize the toxicity associated with cancer
immunotherapy, new strategies have been attempted, including the use of nanomaterials to increase
host immunity. Nanomedicine can play a role in improving both active and passive immunotherapy,
depending on the functions for which the different NPs have been designed and the processes in which
they participate (Figure 12). These NPs can be designed as delivery platforms for immunotherapy,
i.e., as delivery vehicles which allow for more efficient and specific transport of immunostimulatory
agents, which we will call passive nanomedicine; or they can be designed with nanomaterials
which have intrinsic immunomodulatory properties that help to increase anti-tumour immune
responses by selectively regulating signalling pathways in different immune cell populations, called
active nanomedicine.

4.1. Passive Immune Nanomedicine

Passive immune nanomedicine involves NPs conjugated with growth factors, cytokines and
nucleic acids, which intervene by stimulating the maturation, activation or inhibition of some cells of
the innate immune response, as well as enhancing the antigenic presentation, with the final objective
of activating the adaptive immune response.

Synthetic and natural NPs have physical and chemical ideal properties that make them
optimal drug carrier platforms for targeted delivery, such as allowing their pharmacokinetic
and pharmacodynamic properties to be modified without altering their anti-tumour effect.
The surface of these NPs is directly modified with chemical motifs for selective and/or oriented
coupling/immobilization of different biomolecular targets. Commonly, among chemical moieties, a
plethora of biomolecules could be bound to the surfaces such as: antibodies, peptides or recombinant
proteins, DNA probes, in order to facilitate the selective accumulation of drugs within the tumour
tissues when they are released from the internal nucleus of the NP, where they are encapsulated [193].
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Figure 12. Classification of nanomedicines according to the function caused/promoted on the immune
cells [193].

Here, a few of the most representative NPs involved in the multiple functions mentioned above
will be further discussed in order to reflect the advantages in oncotherapy.

Lipid-based and polymer-based NPs allow effective delivery of antigens or viral peptides to APC
to stimulate memory T-cell responses to tumours. Self-assembled NPs increase the production of
inflammatory cytokines such as IL-2 and IFN-y in activated leukocytes, generating powerful immune
responses to low immunogenic tumours.

In this area, another described application of NPs is to produce direct delivery of cytokines, cell
growth factors or stimulant cocktails to activate specific or particular functions of immune cells. NPs
capable of delivering nucleic acids such as siRNAs or Cas9 mRNAs have also begun to be used to
intervene in transcriptional modifications or repair genes associated with disease [193].

One example is the reprogramming of circulating T cells to the anti-tumour phenotype by inserting
chimeric antigen receptor (CAR) genes for leukemia into the nucleus using containing synthetic DNA
coupled to NPs [194], which offers some advantages over current CAR-T cell therapy, such as replacing
the ex vivo expansion of T cells isolated from the patient. In the case of RNA, sequences encoding
viral neo-antigens or mutants are used [193], and it is encapsulated in lipid NPs that protect it from
degradation by extracellular ribonuclease, ensuring its internalization into APCs so that they express
in vivo engineered antigenic peptides [195]. The use of the latter type of NPs has been shown to
induce anti-tumour effects and memory T cells, through the activation of INF-&, and induced strong
anti-tumour anti-specific responses in three melanoma patients [51].

NPs present another potential advantage, namely targeted immunization, since they are mostly
captured (by different mechanisms such as phagocytosis, pinocytosis, and endocytosis) by innate
immune cells such as macrophages, monocytes and dendritic cells. The surface of these NPs is a
binding substrate for serum proteins such as albumin, apolipoproteins and complement system,
forming a biological corona that interacts with different receptors that are expressed in membrane of
professional phagocytic cells (i.e., macrophages, DCs, etc.). Although this non-specific absorption by
phagocytic cells may be a disadvantage in the case of conventional nanomedicine because it reduces the
accessibility and availability of encapsulated drugs in tumour tissues; however in the case of immune
nanomedicine it may be an advantage, since these NPs can thus reach lymphoid organs such as the
spleen and produce their immunomodulatory effect there.
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These properties make NPs outstanding candidates for the administration of tumour vaccines
and/or vaccine adjuvants, as they improve their potential while reducing side effects by preventing the
systemic distribution of these adjuvants and prolonging their role in lymph node drainage [193].

The intervention of NPs in the different processes of innate immunity can improve the efficacy
of passive immunotherapy, and it is therefore necessary to develop new strategies to exploit the full
potential of nanomaterials combined with different immunotherapeutics. Passive nanomedicine is
an approach that offers many possibilities for improving cancer treatment, which should be further
investigated with the aim of transferring its benefits to the clinic.

4.2. Active Immune Nanomedicine

In active immune nanomedicine, different synthetic nanoconstructions or natural nanostructures
are used which, due to their intrinsic immunomodulating properties, increase the responses of immune
cells, in this case interacting with adaptive immunity cells in a more specific way. In this case, there
are many different designs and modifications of NPs that can be used. Some are described below as
conjugated NPs, exosomes, artificial antigen-presenting cells or iron oxide NPs (IONPs), among the
most promising strategies.

4.2.1. NP Conjugates

One of the novel applications of NPs is their possible role as immunomodulating agents for
the treatment of patients with cancer or auto-immune disorders. Liposomal or polymer NPs are
designed to mimic biological interactions between APCs and T cells, which can also act as specific
subcellular granules to promote anti-tumour immunity [193]. One example is polydimethylsiloxane
(PDMS) particles, modified with antibodies to CD3 and CD28, which activate and enhance the in vitro
expansion of TCD4+ and CD8+ cells [196].

For instance, NPs could also be designed for direct dependency on immune cells to target and
attack different tumour cells [193]. For example, different NPs loaded with chemotherapeutic agents
that reduce local recurrences may be delivered via neutrophils, as these cells will be recruited to
the tumour resection bed by the inflammatory cytokines released after surgery in the case of brain
tumours [197]. Other types of innate immune response cells, such as platelets conjugated with
anti-PD-L1 antibodies on their membrane, which also accumulate in the tumour bed after surgery, can
also be used to reduce local recurrence [198].

It should be noted that various studies have revealed the importance of the size, shape, density,
rigidity and spatial organization of the MHC, among other characteristics [193], since it has been
shown that, in the case of NPs used as a substrate for artificial APCs, their size is fundamental for the
activation of T cells [2,199].

Another employed NPs are super-paramagnetic, such as those based on fucoidan-dextran, which
can be modified with antibodies that inhibit PD-L1 and activate T cells to generate a multifunctional
complex. Hence, magnetic field orientation in vivo towards the tumour is achieved by the properties
of the nucleus and its effect outside the nucleus is minimised, while the tumour immune response is
enhanced by the above-mentioned antibodies [200].

Beyond the modification of nanomaterial compositions, the NPs can also be engineered to enhance
tumour cell phagocytosis and subsequent antigenic presentation by macrophages. For example, in
HER2-positive breast cancer, bio-specific nanoparticle systems that recruit macrophages to tumour
cells with the HER?2 receptor can be used [201].

Taking into account the multiple possibilities of conjugation of the nanomaterials and biomolecules
described above to design NPs, some of the most important ones, such as aAPCs or iron oxide NPs, are
described below. In addition, exosomes, which are nanovesicules that come from cells and transmit
information between tissue microenvironments, will be reviewed [202]. In other words, exosomes are
vesicles of completely natural origin that can also be used in nanomedicine.
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4.2.2. Exosomes

As it was described previously, exosomes are also considered NPs that are originate from cells
and transmit information between tissue microenvironments and can influence the function and
differentiation of target cells. They are secreted by all cell types, including immune cells (such as B and
T cells, DC cells), cancer cells, stem cells and endothelial cells; in addition, exosomes and are present in
the human proximal fluids such as blood, urine and breast milk. In general, exosomes are constitutively
released by tumour cells or in a regulated manner by immune cells (i.e., B cells). Exosomes biogenesis
is produced by internal germination of late endosomes and produce multivessel bodies that fuse with
the plasma membrane and are released into the microenvironment [203]. Structurally exosomes are
composed of a lipid bilayer expressing ligands and surface receptors, which contains a hydrophilic
nucleus. In the nucleus, there is a high rich content from RNA, proteins and other components that come
from the source cells. Thus, exosomes carry information in the form of mRNA and miRNA that will
correspond to the normal or pathogenic processes of the cells from which they come [202], such as the
elimination of unwanted proteins, the presentation of antigens, genetic exchange, immune responses,
angiogenesis, inflammation, tumour metastasis and the spread of pathogens or oncogenes [204,205].

Regarding the content on membrane proteins, exosomes contain very interested ligands such as
integrines, tetraspanines, and receptors in native conformations, including the co-receptors needed
for in vivo signalling [206], among others. The adhesion molecules (i.e., integrines, selectins, etc.)
contained in exosomes are known to be expressed on the cells from which they originate; for example,
DC-derived exosomes express CD80 and CD86 [207], B-cell derivatives express CD19 [208]. From the
proteome point of view, exosome proteomes have been analysed in several studies because, although
they constitute only a small part of the total plasma proteome, they are enriched in altered proteins
under different pathological conditions and might therefore be considered diagnostic markers [203,209].
Therefore, in lung cancer, colorectal cancer and diabetes, specific expression patterns of serum miRNA
have been identified as biomarkers for the detection of these diseases in human physiological proximal
fluids [210].

Bearing in mind all these inherent properties of exosomes, they seem ideal biological nano-carriers.
Moreover, due to origin, exosomes present biocompatible, such as immune tolerance, which allows
them to avoid elimination through adaptive response [206]. They also escape phagocytosis, because
they could fuse with cell membranes and avoid lysosome envelopes, and are more stable in the
blood [211]. These exosomes can be modified either endogenously at the cellular level or exogenously
in cell cultures. Endogenous modification is based on modifying exosome components, such as
proteins, at the level of production of the cell from which they originate [206]. Exogenous modifications
are important in understanding the extent to which the contents and function of exosomes of different
biological origins could be manipulated. These exogenous modifications provide information on
how exosomes target and interact with tissue-specific microenvironments in vivo, which would allow
for new applications in diagnosis and therapy. The structure of exosomes allows for three types
of exogenous modifications: 1.-modifying exosome surface molecules to allow specific targeting
and monitoring of exosomes, 2.-loading hydrophobic therapies onto the membrane, and 3.-loading
hydrophilic drugs or therapeutic cargo into the nucleus. These modifications facilitate the use of
exosomes as nanomedicine approaches in immune-onco-therapy [202].

One of the described applications, it is based on the pre-existing surface receptors themselves,
which could be also adapted for use in therapeutic applications. In one recent study, it was shown that
mesenchymal stem cell (MSC) exosomes can transmit membrane and ligand receptors to attenuate the
function of self-reactive CD4 T cells isolated from mice with experimental autoimmune encephalitis.
The ligand PD-L1, TGF-f and galectin-1 were transferred to the T cells and decreased secretion of IL-17
and IFN-y by 50% by the T cells after treatment with the exosomes [212].

MSCs produce a greater number of exosomes than other cell types and this production is not
compromised in terms of quantity or quality thanks to the immortalization of these cells to generate
permanent cell lines that guarantee the reproducible and sustainable production of exosomes from
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MSCs [213]. These exosomes, in addition to surface markers CD9 and CD81, express adhesion
molecules that are also expressed on the MSC membrane, such as CD29, CD44 and CD73. MSCs recruit
and regulate T cells, either by cell to cell contact or paracrine. Cytokine secretion and ligand-receptor
inhibitory interactions are believed to be an important function of MSCs [203]. Exosomes derived
from these cells act as mediators that induce peripheral tolerance of self-reactive cells by carrying
MSC-specific tolerance molecules such as PD-L1, Gal-1 and TGE- 8. These exosomes have been shown
to inhibit the proliferation of self-reactive lymphocytes and promote the secretion of anti-inflammatory
cytokines such as IL-10 and TGF-$3, among others [214]. Therefore, MSC-derived exosomes are
mediators that induce peripheral tolerance and modulate immune responses, and could therefore
be used in the treatment of auto-immune diseases [81]. These exosomes have also been used in
graft-versus-host disease (GVDH), which has been shown to delay its appearance in mouse models
and to increase Tregs cells [215].

Another relevant study, described by Bo Yu et al., was based on the idea that MSCs have
different effects on tumour growth, as they may favor tumour initiation or inhibit the progression
of established tumours. Thus, exosomes released by MSCs also have varied effects [203]. One effect
is the increased incidence and growth of tumours induced by certain cell lines, which indicates that
MSC-derived exosomes promote tumour progression as do MSCs in vivo [216]. Another study showed
that MSC-derived exosomes suppress tumour progression and angiogenesis by negatively regulating
VEGEF expression in in vitro and in vivo tumours. The miRNA-16 is believed to be responsible for the
anti-angiogenic effect, as MSC-derived exosomes are enriched in this miRNA which targets VEGF [217].

Another exosome modification strategy is using in RNA administration mediated by in exosome.
Exosomes have the inherent ability to transmit mRNA and miRNA between cells [218]. Among other
methods, electroporation facilitates the loading of exogenous siRNA into exosomes. The efficiency of
electroporation depends on the concentration of exosomes and the applied voltage. Using this method,
Wahlgren et al. found that plasma-derived exosomes loaded with MAPK-1 siRNAs suppressed the
levels of MAPK-1 mRNAs in monocytes and lymphocytes [219].

Momen-Heravi et al. charged B-cell exosomes with the miRNA-155 inhibitor by electroporation.
When cells were stimulated with LPS, miRNA-155 increased their production of TNF-o.. Exosomes
loaded with the miRNA-155 inhibitor were able to reduce the production of TNF-« by LPS-treated
macrophages. This strategy allows reducing the negative inflammatory component in different
disease processes. The importance of choosing the correct exosome subpopulations for the therapeutic
application of interest is highlighted. In this case, the isolation of exosomes was performed using
anti-CD36 immunomagnetic microspheres [220]. This type of isolation and enrichment is very useful
to separate exosome subpopulations for biomarker studies [221].

Exosomes may also be used as immunotolerant nano-carriers for hydrophilic chemotherapeutic
load, such as doxorubicin [202]. Tian et al. designed immunotolerant immature dendritic cell iDC)
exosomes that expressed a chimeric Lamp2b fusion protein and the integrin-specific iRGD peptide a-V.
Electroporation was used to load doxorubicin into the exosomes and the encapsulation efficiency was
20%. The iDC exosomes were able to target and accumulate in breast tumours expressing x-V integrin
in mice and inhibit their growth. In contrast, free doxorubicin or untargeted doxorubicin exosomes
had no effect on tumour growth. In addition, tumour growth inhibition with iDC exosomes did not
result in observable toxicity and therefore the use of iDC exosomes as biocompatible nanoporters was
validated [222].

Another recent study, it has also been conducted with modified exosomes to treat NSCLC. Here,
exosomes loaded with paclitaxel were modified with PEG and AA (ligand) to increase blood circulation
time and attack lung metastases. In this way, the drug selectively targets the target cancer cells and
increases the survival rate of patients with lung cancer [223].

B-lymphocyte-derived exosomes have also been shown to have immunomodulatory function,
triggering specific CD4+ T-cell responses and thus performing a role as transporters of MHC class II
peptide complexes between immune cells [224]. In the case of DC-derived exosomes, they have been
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shown to express MHC class I, class II and co-stimulatory T-cell molecules and to suppress the growth
of T-cell-dependent murine tumours [225]. For this reason, these exosomes may begin to be considered
as cell-free “vaccines” in cancer immunotherapy [226].

Attempts are still being made to determine the endogenous function of the various exosome
subtypes and subpopulations. This is even more important in the design of nano-carriers with tumour
exosome subtypes that may have a pathogenic burden, which must be neutralized so that it does not
impede the therapeutic efficacy of these exosomes [206]. In contrast, tumour antigen retention may
also be beneficial for the development of tumour exosome-based immunotherapies [227]. The various
therapeutic applications will require the selection of the optimal exosome subtype for conversion to
nano-carriers and this requires an understanding of the normal function of exosomes and the ability to
predict the function of modified exosomes.

4.2.3. Artificial Antigen Presentation Cells (aAPC)

Artificial antigen-presenting cells (aAPC) deliver stimulation signals to cytotoxic T cells and are a
powerful tool for active and adoptive immunotherapy [228].

In fact, the induction of specific cytotoxic T cell (CTL) responses is a potent therapy against
pathogens and tumours. Specific CTLs produce robust responses and generate long-term memory [229].
As an active immunotherapy, CTLs can be activated in vivo.

Two signals are required from APCs for T cell activation, the first being a related antigenic peptide
presented on MHC molecules that binds to the TCR, and the second a series of co-stimulatory receptors
that modulate T cell response [230]. In immunotherapy, modified NPs that function as artificial
antigen-presenting cells (aAPCs) are being used to rapidly expand tumour-specific T cells from naive
precursors and responses to predicted neo-epitopes [231].

Naive tumour-specific precursors are rare and APC-based methods for the expansion of naive
tumour-specific cells will require continued stimulation during multiple tabletop sessions, followed by
T-cell selection and subcloning to generate the number of tumour-specific cells required for adoptive
immunotherapy. Therefore, the development of the ideal T-cell expansion platform is required,
which generates robust expansion, minimizing culture time and costs [231].

As an example, the study described by Karlo Perica et al., iron-dextran NPs were used and a
chimeric immunoglobulin-MHC dimer (MHC-Ig) loaded with a specific peptide is used to generate
signal 1 and B7.1 (natural T-cell receptor ligand CD28) or an activating antibody against CD28 is used
for signal 2. These molecules are chemically bonded to the surface of the microspheres to generate
these aAPCs. It was found that the aAPCs induced antigen-specific T cell expansion in vitro and
that both signals were essential for optimal expansion, and also induced anti-tumour activity in vivo.
In addition, the amount and density of antigen presented by APCs are known to influence T cell
behaviour, proliferation and cell death, and therefore are important parameters to consider in aAPC
stimulation [228].

The potential sites where aAPCs may be most effective are the lymph nodes, where the naive and
memory T cells are found, and the site of the tumour [228]. In addition, aAPCs may overcome one of
the major obstacles in cancer immunotherapy: the tumour’s immunosuppressive microenvironment.
This is because they deliver the immunostimulatory signal in situ [232]. aAPCs are known to activate T
cells by specific receptor-ligand bonds at the cell-sphere interface, but such interactions are not defined
at the nanoscale level [233].

Although nanoscale aAPCs have been shown to induce anti-tumour naive T-cell populations
in vivo, the ability of these nanostructures to mediate the rejection of established tumours in highly
immunosuppressive microenvironments has not been determined. It is not yet well-known whether
a local stimulating signal could overcome several stages of tumour immunosuppression, or even
whether aAPC-based stimulation could be enhanced by other immunomodulatory therapies such as
checkpoint blocking strategies [228].
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Although autologous APCs (DC, monocytes and activated B cells) have originally been used
to generate tumour-specific T cells in vitro, this requires regular access to patients” blood and, in
addition, the quantity and quality of each patient’s autologous APCs is variable. APCAs overcome
these problems, are easy to produce and allow reliable expansion of antigen-specific T-cell populations,
as we have already seen, making them a promising technology for cancer immunotherapy [234,235].

4.2.4. Tron Oxide NPs (IOPNs)

Currently, there is a growing requirement for image-guided cancer therapy to design personalised
therapies in cancer patients, for which advances in the translational development of IONPs may have
a significant impact on the clinical and prognostic outcome of these cancer patients [236]. Several
approaches based on IONPs have super-paramagnetic properties that are very useful in MRI and are
used as contrast agents for diagnostic applications [237].

In recent years, several studies have been conducted to improve the properties of magnetic
IONPs with the aim of making them suitable for human biomedical applications, in particular for
immunotherapies. One example is surface modifications to reduce non-specific absorption of IONPs
by macrophages in the reticuloendothelial system, such as polyethylene glycol (PEG) coating. To
increase the efficiency of delivery, magnetic IONPs have been conjugated with different targeting
ligands (antibodies, peptides, natural ligands, small molecules, etc.) directed to highly expressed
cell receptors on tumour vasculatures, stromal cells and tumour cells [236]. Many preclinical studies
have been performed with ligand conjugated IONPs targeting tumours with therapeutic agents for
disease detection and treatment applications [238], and the effects on tumour imaging of these types of
IONPs have been demonstrated in mouse models [239]. Appropriate targeting ligands and surface
modifications have been shown to result in improved accumulation of IONPs in tumour tissues in
animal models, while reducing nonspecific accumulation in the liver and spleen [240]. In contrast,
IONPs that have been approved by the FDA are untargeted IONPs, and they have been used in humans
as contrast agents in MRIs [236].

The properties of IONPs provide an enhanced effect of MRI contrast so that through this
methodology drug delivery can be controlled, treatment responses evaluated, and drug delivery
controlled by the external magnetic field [241]. Therefore, IONPs are a good candidate for the
development of new tumour imaging, targeted drug delivery, and image-guided therapy, which have
great potential in new clinical applications.

4.3. NP Biosafety: A Critical Aspect in Nanomedicine and Immunotherapy

To guarantee the effective and safe use of nanomaterials used in Nanomedicine, it is necessary
to characterise the interaction between a material and the biological system involved. These are
biocompatibility studies that have to be performed with a focus on the environment in which the
biomaterial will be administered [242]. To ensure the drug delivery, it is necessary to evaluate this
biocompatibility, ensuring the safe release of the medicine and minimizing its toxicity. For example,
NPs that have not been modified on their surface are absorbed by phagocytic cells, which can lead to
undesirable interactions with the immune system, decreasing the bioavailability of the drug [243].

Biocompatibility is defined as “the ability of a material to function with an appropriate host
response in a specific situation” [244]. The employed material has to fulfil its intended functions, the
reaction induced has to be appropriate to the intended application, and the nature of the reaction to a
material and its suitability may be different in different contexts. The high degree of compatibility is
achieved when a material interacts with the body without causing toxic, immunogenic or carcinogenic
responses [243]. Importantly, biocompatibility is anatomically dependent, so a biomaterial can cause
adverse effects in one type of tissue and will not cause the same response in another [245,246].
The half-life of exposure is also determinant and, therefore, the clearance of each NPs as well.
Biocompatibility is subjective, as it is based on the risk-benefit ratio.
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Currently, a few studies on biological processes in response to foreign materials or on the nature
of the methods available for biocompatibility, so there is a strong need to evaluate the biocompatibility
of each material individually and specifically for each tissue and application [243]. An example of this
type of studies is the analysis realized by Mikhail V. Zyuzin et al., who proved the immunocompatibility
of polyelectrolyte capsules synthesized by layer-by-layer deposition through the incubation of different
cell lines with this capsules [247].

NPs are delivered into the bloodstream and are therefore exposed to many biomolecules that
will give rise to a protein crown around them [248]. This causes NPs to undergo changes in
their physicochemical properties, and therefore it is necessary to study NP-protein interactions
in nanomedicine. Proteins in the biological environment are adsorbed to NPs by affinity and
protein—protein interactions [2]. The first proteins to bind are those found in high concentrations,
although they have low affinity, and are subsequently replaced by proteins with higher affinity that are
found in lower concentrations. This phenomenon is called the Vroman effect [249]. The protein crown
is classified into hard or soft crown depending on the duration of protein replacement. The hard crown
is formed by high affinity proteins with a long exchange time and is the innermost layer. The soft
crown is made up of proteins with low affinity and a rapid exchange of proteins [250].

Both the characteristics of NPs and protein concentration, and the biological environment will
determine the formation of the protein crown. Therefore, it is important to understand the relationship
between the properties of nanomaterials and the biological environment to understand the behaviour
and viability of the NPs used.

4.4. Immunogenic Cell Death: A Merge Point of Nanomedicine and Immunotherapy

The maintenance of homeostasis in the human body involves the continuous replacement of
different cell compartments, which does not activate the immune system under normal conditions.
Instead, the death of some pathogen-infected cells may generate a strong immune response, further
establishing a long-term immune memory. Conventionally, only the “self/non-self” model was used to
differentiate homeostatic from pathogen-associated cell death, respectively. However, in the 1990s
it was demonstrated that some endogenous entities were capable of initiating an immune response
in certain circumstances. This means that there would be another factor other than antigenicity that
would determine the immunogenic capacity of the different forms of cell death [251].

The Microbe-Associated Molecular Patterns, called MAMPs, are detected by multiple cells of
the innate immune system, such as monocytes, macrophages and DC, before the pathogens activate
the adaptive response [252]. MAMPs function as adjuvants, interacting with PRRs, which allow the
establishment of the first line of defense while generating favourable conditions to initiate the specific
immune response [253]. Signalling through PRRs is of great importance, since these receptors are
activated by Damage-Associated Molecular Patterns (DAMPs) (Table 1). DAMPs are produced by cells
that are in the process of dying and act as adjuvants, informing the body of the danger situation [254].
Under normal conditions, these DAMPs do not activate the adaptive immune response, but when
the dying cells are highly antigenic, this occurs, as new antigenic epitopes (“called neo-epitopes) are
detected that have not previously produced tolerance. These neo-epitopes can be expressed from
microbial genes or from mutated host genes, as in the case of oncogenesis [255]. Therefore, the other
factor determining cell death immunogenicity is adjuvancy, which involves MAMPs and DAMPs [251].
Thus, tumours with a high mutational load respond better to some types of immunotherapy, such as
immune checkpoint inhibitors (ICIs), than tumours with a low number of somatic mutations [156].
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Table 1. Molecules that act as Damage-Associated Molecular Pattern (DAMPs), associated pattern
recognition receptors (PRRs) and described biological functions.

Danger Signal PRR Function
CALR
HSP70 LRP1 Promotes the uptake of dead cell-asociated antigens.
HSP90
Extracellular ATP P2RX7/P2RY2 Favours the recruitment of APCs and their activation.
HMGBI1 TLR2/TLR4
dsRNA TLR3
Cellular RNA TLR3
LPS . TLR4 Activate the synthesis of pro-inflammatory factors
Flagellin TLR5 (type T TFNs)
ssRNA TLR7 ype LIRS
CpG DNA TLR9
Viral RNA RLRs
dsDNA CDSs
Type I TFNs IFNAR Promotes C?(CLlO secr.etlon by cancer cells and has
immune-stimulatory effects.
ANXA1 FPR1 Guides the final approach of APCs to dying cells.
CXCL10 CXCR3 Favours T cell recruitment.

Caption: ANXA1, annexin Al; APC, antigen-presenting cell; CALR, calreticulin; CDS, cytosolic DNA sensor;
CXCL10, CXC-chemokine ligand 10; CXCR3, CXC-chemokine receptor 3; ds, double-stranded; FPR1, formyl peptide
receptor 1; HMGBI, high-mobility group box 1; HSP70, heat shock protein 70 kDa; HSP90, heat shock protein 90
kDa; IFN, interferon; IFNAR, interferon «/B-receptor; LRP1, LDL receptor related protein 1; P2RX7, purinergic
receptor P2X7; P2RY2, purinergic receptor P2Y2; RLR, RIG-I-like receptor; ss, single-stranded; TLR, Toll-like recept.

In the past, cell death was classified only in apoptosis as a physiological process and in necrosis as

a pathological and immunogenic process. Nowadays, it is now known that these differences between
the two processes are not as clear, as regulated forms of necrosis are involved in tissue development
and homeostasis, and apoptotic cells can trigger antigen-specific immune responses [251]. ICD is
therefore a type of immune-stimulatory apoptosis that is characterised by the ability of dying cells to
elicit powerful adaptive immune responses to altered auto-antigens/neo-epitope derived from tumour
cells in the case of cancer [256]. Based on a specific panel of multiple DAMPs four types of ICDs have
been described (Figure 13):

1.

Pathogen-induced ICD: Itis defined as a defence mechanism against pathogens, such as obligatory
intracellular bacteria and viruses. After infection, the cells detect MAMPs through specific PRRs,
which will send danger signals to neighbouring cells. Intracellular hazard signalling is generated,
which will activate autophagy, and microenvironmental hazard signalling, which will induce the
secretion of pro-inflammatory cytokines, including TNF and type I interferons. The adaptive
immune response is activated when infected cells die and their bodies are internalized in APC,
which will present the various non-self-antigenic epitopes in MHC molecules, thus activating
CD8+ and CD4+ T cells [251].

ICD caused by chemotherapy and/or targeted onco-therapy: Exposure to certain chemotherapeutic
agents used in the clinic has been shown to produce ICD in mouse tumour cells [257]. This ICD
is based on elF2A phosphorylation-dependent exposure of endoplasmic reticulum chaperones
in the membrane of these tumour cells. Processes such as autophagy-mediated ATP secretion,
IEN type I activation, secretion of chemokine ligands such as CXCL10, etc. are also involved.
These processes also occur in human tumour cells after chemotherapy. Chemotherapeutic agents
that are unable to promote the release of DAMPs do not produce ICD. The degree of antigenicity
among tumour cells is very heterogeneous, which may condition the activation of adaptive
immunity after ICD. However, the lower level of mutational load associated with oncogenesis
has been found to be sufficient to activate this immunogenicity, which is due to the fact that
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tumour cells express neoantigens that are different from their own and are therefore not subject to
tolerance [251,258].

3. ICD activated by physical signals: There are three physical interventions that trigger ICDs:
irradiation, hypericin-based photodynamic therapy (PDT), and high hydrostatic pressure [251,258].
DCs loaded with irradiated tumour cells have been shown to produce strong immune responses
in mice and cancer patients [259]. ICD due to hypericin-based PDT or high hydrostatic pressure
shows exposure of ER chaperones on the plasma membrane, ATP secretion, and high-mobility
group box 1 (HMGB1) [260,261]. DCs exposed to cells suffering from these two types of ICDs
induce positive regulation of DC-activation markers and pro-inflammatory cytokine secretion,
resulting in priming of tumour-specific CD8+ T cells [251].

4. Necroptotic ICD: This is a form of programmed cell death, initiated by phosphorylation catalyzed
by the serine/threonine kinase 3 (RIPK3) protein, which activates the pseudokinase mixed lineage
kinase domain-like (MLKL) receptor, which forms oligomers that produce irreversible plasma
membrane permeation [262]. Necroptosis is highly pro-inflammatory and is also capable of
activating the adaptive immune system, generating a specific antigen response [251]. This has
been demonstrated in studies with the mouse cell lines TC-1 and EL4 of lung carcinoma and
CT26 of colorectal carcinoma, which were exposed to necroptosis inducers [263,264].
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Figure 13. Schematic representation of Immunogenic Cell Death (ICD) classification and their
associated DAMPs.

The characteristics of the ICD, such as the exposure of CRT and other ER proteins on the cell
surface, the release of HMGBI or the secretion of ATP, allow for the prediction of the capacity of
anti-cancer drugs to stimulate therapeutic immune responses by ICD [265].

For example, calreticulin (CRT) is an ER-associated chaperone involved in various functions, such
as MHC-I assembly or calcium homeostasis. Tumour cells that undergo chemotherapy-induced cell
death expose CRT on their surface, causing CRT to internalize tumour material and present tumour
antigens, activating tumour-specific cytotoxic T cells [265]. Tumours that do not properly expose
CRT have been shown to have reduced efficacy of chemotherapy, so this immunogenic signal is
necessary to obtain good immune responses [266]. In the clinic, CRT exposure is related to patient
survival. In patients with non-Hodgkin’s lymphoma, the therapeutic benefit of a pulsed DC vaccine
with primary lymphoma cells that undergo ICD is correlated with CRT exposure [267]. For patients
with acute myeloid leukemia, CRT exposure by tumour cells is known to predict anti-tumour T-cell
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responses and improve patient survival [268]. Colorectal cancers that do not express CRT have a worse
prognosis [269]. Therefore, the expression of CRT affects the immune responses to the cancer in an
important way.

Another important factor is that the tumours are competent in autophagy, since these tumours,
in response to chemotherapy, recruit macrophages, DC and T lymphocytes more effectively. This
is because autophagy is essential for the immunogenic release of ATP by dying cells, which is a
potent chemotherapeutic agent [265]. When autophagy is inhibited in cancer, the recruitment of
immune effectors to the tumour bed fails, so it may be an escape mechanism from immune surveillance.
Inhibiting enzymes that degrade ATP may improve antineoplastic therapies when autophagy is
deactivated [270].

In the case of HMGBI, it is a potent pro-inflammatory stimulus whose release can be induced
by most antineoplastic agents [271]. HMGB1 activates the release of pro-inflammatory cytokines by
monocytes and macrophages. It has been observed that its neutralization with antibodies prevents
cross-presentation of tumour antigens by DC in co-culture experiments, therefore its release is a critical
determinant of ICD [272].

The induction of ICD in vivo also generates a TME dominated by Th1 and Th17 cytokines [273],
which is expected to increase the efficacy of anti-tumour vaccines and therapies designed to reagent
TILs, such as ICI.

But once again, these approaches also encounter some obstacles in the tumour cells. Pathogenic
viruses and bacteria have developed different mechanisms to prevent the release or detection of
DAMPs to escape the immune response. To this end, they express functional orthopaedics of some
molecules and inhibitors of different processes that would be necessary for manifest pathogenicity,
mainly limiting adjuvancy. The same occurs with tumour cells, which although they present a high
antigenicity, control immunogenicity by acting on the adjuvancy, inhibiting the different processes
related to the emission of DAMPs, which impairs the efficacy of treatments such as chemotherapy or
immunotherapy [251].

Nanomedicine can also act at the level of ICDs and DAMPs (damage associated molecular
patterns), with the aim of restraining the immunogenicity of tumour cells. The NPs can be used to
enhance the “danger signals” that are released by these tumour cells. Adjuvant-charged NPs are used
and placed in the cells suffering from ICD, thus promoting the transmission of these signals [274].
Another application is the targeted delivery of ICD inducers by other NPs, in the form of discs, which
allow them to accumulate in the tumour and positively regulate the danger signals, thus enhancing
the response of T cells to neo-antigens, tumour-associated antigens and whole tumour cells [275].
Some NPs also have intrinsic properties to induce ICD, such as gold NPs, which release endogenous
immune-stimulatory molecules and facilitate DCs activation [276]. NPs combined with chemotherapy
and PDT can also be used to induce ICD or to capture TAAs that are released after radiotherapy, with
the goal of enhancing T-cell response when treated with ICIs such as anti-PD-L1 [277,278].

Therefore, the immunotherapeutic strategies described above could benefit from the concept of
ICD, avoiding some of the drawbacks that occur in the clinic and enhancing an effective immune
response, since the different molecules that determine ICD are involved in multiple processes of the
immune cycle against cancer. Pre-clinical and clinical studies have already been conducted that could
lay the foundations for the design of combined therapies that restore cellular immunogenicity [279,280].

The concept of ICD can also be used to identify biomarkers to predict therapeutic responses in
cancer patients. The distinctive features of ICD in tissues need to be identified and correlated with
immunological and clinical observations. It is also important to determine what changes in the immune
infiltrate of tumours are caused by the ICD and how they affect therapeutic responses.

5. Biomarkers in Onco-Immunotherapy

As we have already described, immunotherapies are one of the most promising approaches to
treat cancer patients, but despite the demonstrated success in a variety of malignant tumours, the

43



Nanomaterials 2020, 10, 1274

responses only occur in a minority of patients. Furthermore, these treatments involve inflammatory
toxicity and a high cost. Therefore, determining which patients would derive clinical benefit from
immunotherapy is an important goal. This requires the identification and validation of prognostic
biomarkers. The integration of multiple tumour and immune response parameters, such as protein
expression, genomics and transcriptomics, may be necessary to accurately predict clinical benefit.

5.1. Critical Role of Predictive Biomarkers in Oncology

Progress in the field of immune-oncology has changed traditional treatment models which also
the design in clinical trials in order to define objective responses to treatments. With the advent
of checkpoint inhibitors, subsets of patients with treatment-resistant metastatic cancers have had
long-lasting responses, although many patients still do not respond [281]. Objective responses among
patients treated with single-agent regimens are seen in less than half of the patients treated, and
combination checkpoint inhibitor therapy increases response rates but also toxicity and cost [282],
highlighting the need to identify predictive biomarkers for outcome [281]. The importance of identifying
these predictive biomarkers, and not just prognoses, lies in the need to optimise the selection of
appropriate tumour types and patients for treatment with immunotherapy, in order to increase efficacy
and to avoid unnecessary toxicities, high healthcare costs, etc. This can improve the selection of
tumour types and patients that will benefit from immunotherapy, as well as the determination of
which patients need a single therapeutic agent, several combined strategies or the development of
alternative treatment strategies [282]. Although progress in biomarker research has been rapid, only a
few biomarkers have proven to be clinically relevant, including PD-L1. These biomarkers are used to
select patients for FDA-approved therapies, but other biomarkers are not yet well-established [281].

Currently, the development of biomarkers in onco-immunotherapy is limited because many of
the targets are often inducible and with variability in time and location [282]. This is influenced by
the TME and immunoedition. In the TME, there are interactions between various types of infiltrating
immune cells (monocytes, granulocytes, DC, T and B cells, mast cells, NK, etc.), heterogeneous
tumour cells and tumour-associated stromal cells (macrophages, fibroblasts, endothelial cells).
In addition, there is a local variation in oxygenation, perfusion, electrolyte levels and tumour cells
that become resistant in conditions of anoxia and lack of nutrients, which generates “microniches”
within the tumour microenvironment itself. In addition, clones of tumour cells that are resistant
to selective pressure may appear due to incomplete immunoedition and immune escape [283].
The importance of tumour-infiltrating lymphocytes within the tumour microenvironment has been
established as containing prognostic value for cancer patients and predictive value for treatment with
immunotherapy [282].

Therefore, to target cancer therapy, the variety of biomarkers and trials required is wide. This is
due to the great diversity of immunotherapy agents with different mechanisms of action, to tumour
heterogenicity, including changes in antigenic profiles over time and the location of each patient, and
to the different immunosuppressive mechanisms that are activated in TEM. This complexity requires
a profile of the tumour immune interface using multiparametric technologies that encompass the
dimensionality and complexity of these interactions, in order to monitor and stratify cancer patients
according to individual therapeutic requirements. All this complexity in turn is a rich source of
biomarkers [284]. The types of potential biomarkers (Figure 14) and their possible relationship with
the tumour immune cycle are described below.
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Figure 14. Summary of available biomarkers for Immuno-Oncology.

5.2. Potential Biomarkers in Immuno-Oncology

The FDA defines the concept of biomarker as: “A characteristic that is objectively measurable and
evaluable as an indicator of a normal biological process, a pathogenic process, or a pharmacological
response to a therapeutic intervention” [285]. Biomarkers are all those molecules that are found in body
fluids in small quantities and that are associated with specific health and/or disease processes, and are
classified into three types according to their purpose: (1) diagnostic biomarkers: used to detect disease;
(2) prognostic biomarkers: used to predict the course of the disease; (3) predictive biomarkers: used
to predict the patient’s response to treatment. A single biomarker may meet the criteria for different
uses [286].

Depending on their nature or location, there are different types of biomarkers, such as soluble
factors, tumour-specific factors, host genomic factors, cellular biomarkers, or TME biomarkers [282].
The most important characteristics of the multiple types of potential biomarkers are described below.

5.2.1. Serum-Soluble Biomarkers

Potential biomarkers present in serum, plasma, or peripheral blood are more useful in the
clinic; because in general, they should be accurately measurable and reproducible, clinically feasible,
cost-effective, and prospectively validated in randomized clinical trials [282].

Soluble serum proteins as possible biomarkers were first suggested in studies of advanced
melanoma and colorectal cancer (CRC) patients with high doses of IL-2. High serum levels of IL-6 and
C-reactive proteins (CRP) were identified in pre-treatment as possible prognostic markers of treatment
failure and shorter overall survival in metastatic CRC after IL-2 therapy [287]. High serum levels
of pre-treatment CRP predict resistance to IL-2 therapy in patients with metastatic melanoma [288].
Subsequently, in patients with advanced melanoma, pre-treatment serum VEGF and fibronectin have
been shown to be inversely correlated with response to IL-2 treatment [289].

High levels of VEGF and CRP are also inversely correlated with the response of melanoma patients
treated with ipilimumab. Elevated serum LDH levels are also a negative predictive value in these
patients. If a decrease in LDH and CRP levels occurs during treatment with ipilimumab, at week 12 it
is associated with significant disease control [290].
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Another potential soluble biomarker is CD25, which has favourable results at low levels, but
resistance to treatment with ipilimumab at high levels. However, it is not clear whether this CD25 is a
predictive or prognostic biomarker [291].

Circulating predictive biomarkers are expected to include markers of increased type 1 immunity
and cytotoxic cell activity [292]. These include cytokines such as IFNy, IL-12, IL-2 and chemokines such
as CXCR3 and CCRS5 that are associated with tumour trafficking and stimulate cytotoxic functions [293].
Otherwise, the immunosuppressive pathways of MSD will be disrupted, with molecules such as IDO,
MDSCs will increase and immune-regulatory pathways will be stimulated [294].

These types of biomarkers are easily measurable and can be very useful in the clinic, so their
identification and validation are essential. So far, most published analyses of these types of biomarkers
in immunotherapy have been retrospective [282], although important information has been obtained
to determine the mechanisms of clinical benefit. Clinical trials with different approaches still need to
be designed to establish the use of these biomarkers in the clinic on a routine basis.

5.2.2. Cellular Biomarkers

Different types of cells in peripheral blood have been studied as prognostic and predictive factors,
including T cells, NK cells, DC, macrophages and tumour cells [282]. For example, high numbers
of neutrophils and monocytes in peripheral blood are associated with poor survival in metastatic
melanoma and serve as prognostic factors for overall survival in IL-2 treated melanoma patients [295].

Lymphocytes are the cells that have been most studied as a predictor of response to
immunotherapy [282]. Circulating tumour-reactive lymphocytes can be sampled by multiparametric
immunophenotypic analysis with a focus on biomarker development. Thus, immunophenotype
by multiparametric flow cytometry allows identification of biomarkers associated with persistence,
establishment of antitumour memory, and improvement of clinical outcomes [296,297]. The expression
of PD-1 by peripheral lymphocytes correlates with tumour load, which may serve as a biomarker for
the response to immunotherapy [298]. Initial lymphopenia and rebound lymphocytosis are known
to follow IL-2 treatment. There is a positive association between clinical response and the degree of
lymphocytosis following immunotherapy [282].

The presence of induced autoimmunity also serves to predict the response to immunotherapy.
In metastatic melanoma, spontaneous antibody formation occurs for several common tumour
auto-antigens, including gp100, MAGE-3, or NY-ESO-1 [282]. Patients who are HIV-positive for
NY-ESO-1 are most likely to benefit 24 weeks after treatment with ipilimumab [299].

5.2.3. Specific Tumour Antibodies

In the tumour of some malignant neoplasms, B cells are found, organised in germinal centers,
which results in the presence of plasma cells. Their function is not yet known, but it is assumed
that they are involved in a constant immune reaction at the site of the tumour. In cancer patients,
circular antigen-specific auto-antibodies (AAbs) derived from tumour can be detected, which helps to
determine immunogenic targets.

Ultimately, cancer sera contain antibodies that react against autologous cell antigens, AATs.
Auto-antibodies associated with a particular type of cancer target these abnormal cellular proteins that
are involved in tumour transformation, so autoantibodies can be considered as reporters that identify
aberrant cellular mechanisms in tumorigenesis [300]. By examining the sera of cancer patients, new
TAAs can be identified, such as p62 and p90 [301,302], which have already been identified with this
approach. The sensitivity and specificity of different antigen-antibody systems as markers in cancer
can also be evaluated to develop TAAs array systems for diagnosis, prediction, and follow-up in cancer
patients [300].

The detection of tumour-associated target-specific IgG could act as a substitute for the presence
of T cells [294]. 1t is difficult for these auto-antibodies to have a direct antitumour role, as most
of the antigens they target are intracellular [303]. In the example of checkpoint inhibitors, the
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presence of NY-ESO-1 specific autoantibodies are known to be associated with increased clinical benefit
in patients with advanced melanoma who are treated with ipilimumab [299]. This suggests that
tumour-specific antibodies may be an indicator of the presence of tumour-specific T cells in the tumour
microenvironment and patients with pre-existing ability to react to tumours would be favourably
disposed to immunomodulatory therapy [294].

The presence of tertiary lymphoid structures, consisting of germ-center-organised B cells, plasma
cells, and T cells, is highly predictive of progression-free survival and overall survival in solid tumours
such as melanoma and NSCLC [304,305]. These structures are close to the tumour tissue, so they
are believed to play an important role in local immunogenicity and infiltrating B and T cells are
known to have tumour specificity. When B cells isolated from NSCLC tumours differentiate in vitro
to plasma cells, they produce antibodies to tumour-associated antigens such as NY-ESO-1, TP53, or
XAGE-1 [305]. Therefore, these tumour antigen-specific B cells participate in immune mechanisms and
are potential targets for the application of immunotherapy. Associating the presence of local antibodies
with systemic humoral immunity will be key to establishing serology as a prognostic or predictive
marker [294].

For patients with breast cancer who present difficult to interpret mammography, Provista
Diagnostics has developed a kit called Videssa ® Breast that, through a blood extraction, allows a more
accurate and improved diagnosis, avoiding unnecessary biopsies. It is based on proteomic technology
to analyse multiple biomarkers of serum tumour proteins and tumour-associated auto-antibodies
(TAADs) associated with cancer. This kit incorporates nine serum proteins as biomarkers and 20 TAAbs.
It allows detecting the presence or absence of breast cancer in women between 25 and 75 years old,
with a sensitivity of 93.3% and a specificity of 63.8%. If this test is combined with image diagnosis,
100% of breast cancers can be detected. In all trials performed so far, all breast cancers were identified
at an early stage [306]. This demonstrates the importance of detecting specific AAbs for TAAs to
improve the diagnosis of patients with cancer.

5.2.4. Tumoral Microenvironment as Biomarker

Animportant biomarker within the TME is tumour infiltrating immune cells. Tumours with effector
T cell infiltration have an active immune microenvironment and respond better to immunotherapy [282].
Phenotypically, two classes of TME can be distinguished: those with a high prevalence of T cells and
those without T cells [307].

Inflamed T-cell tumours have large numbers of T cells in the tumour periphery, plus increased
expression of T-cell activation markers, type 1 interferons, and high levels of Th1 cytokines that recruit
T cells. Because the cells that promote antitumour immunity are CD8+ T cells, CD4+ Th1 cells, NK cells,
and mature DCs, tumours that have this predominant infiltration pattern respond better to antitumour
immunotherapy [282]. Although tumour infiltrating lymphocytes are sometimes dysfunctional, their
presence indicates that there is no inhibition of recruitment [294].

Tumours with a non-inflammatory T-cell microenvironment have few or no effector T cells, but
contain chronic inflammation with tumour-associated macrophages, MDSCs, CD4 + FoxP3 + regulatory
T cells, and Th2 cytokines, which form an immunosuppressed microenvironment that allows tumour
progression, which is associated with a poorer prognosis.

Factors that may mediate the type of phenotype presented by the TME include some soluble and
tumour-derived cell-membrane factors, but the mechanisms are not yet known [282].

The prognostic importance of T cells has been seen in some solid tumours, including colorectal,
hepatocellular, pancreatic, esophageal, ovarian, non-small cell lung, brain metastases, melanoma, and
head and neck cancer [282,294].

Antigen-specific T-cell recognition by MHC class I tetramer staining in situ or analysis of TCR’s
V3 repertoire are used to characterise MSD T cells for their specificity [308,309]. Advances in multiplex
IHC technologies in tumour tissue also provide information on the nature of immune infiltration
into the tumour, depending on the type, number and qualitative characteristics of the immune cells
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present, and their interaction with tumour and stromal cells, which is related to disease progression and
prognosis [294]. In biopsies from patients who respond favourably to checkpoint inhibition, they have
a higher number of proliferating CD8+ T cells associated with high levels of expression of PD-L1 as
assessed by ITHC and higher expression of IFNy as determined by the gene expression profile [310,311].

5.2.5. Immunocheckpoints (ICs) as Biomarkers

Other important biomarkers being worked with are PD-1 and PD-L1. PD-1 is expressed on most
tumour infiltrating T cells, including antigen-specific CD8+ T cells. PD-1 is expressed after T-cell
activation and results in the elimination of T cells after they have exerted their function. PD-1 is
therefore a checkpoint and serves as a marker for T-cell depletion. Its ligand, PD-L1, is expressed
in melanoma tumour cells, non-small cell lung cancer, CRC, bladder cancer, gastric cancer, ovarian
cancer, B-cell lymphoma, Merkel cell carcinoma and Hodgkin’s lymphoma. If the interaction between
PD-1 and its ligand is inhibited by antibodies, the T cells will remain active, mediating antitumour
activity [282,312].

Tumour infiltrating immune cells that express PD-1 or PD-L1 are predictive biomarkers for
tumours that may respond to T-cell checkpoint blocking. Tumours that have low levels of expression
of these molecules have a low response rate to this treatment [282].

Expression of PD-L1 before treatment in tumour cells and immune cells correlates with improved
response rates, progression-free survival, and overall survival in pembrilizumab-treated melanoma
patients [281].

But the use of PD-1 and PD-L1 still has some drawbacks, such as the expression of PD-L1 is
heterogeneous and dynamic within each individual, and even its expression may be induced by
activated tumour specific T cells. Its expression may also vary between the primary lesion and
its metastasis. In addition, other cell types present in the tumour may express PD-L1, including
lymphocytes and macrophages [282,313].

5.2.6. Tumoral Genomics Biomarkers

Effective immune responses to T-cell checkpoint inhibitors in some cancers correlate with the
mutational load on the tumour cell [152,314]. Many of these mutations are likely to be transient and
will be influencing the process of immunoedition by exerting selective pressure on the immune system.
Mutational load or the emergence of neoantigens could be predictive biomarkers for the tumour
response to immunotherapy agents if this hypothesis is ultimately established [282].

In one study, the entire exome was sequenced to analyse the effect of cancer genomes on the response
to ipilimumab in melanoma patients. A high mutational load and the number of non-anonymous
mutations per exome were found to correlate with improved overall survival. Inaddition, they identified
101 motifs of tetrapeptides in nonameric peptides located in the peptide-binding cleft of MHC class
I molecules. These tetrapeptides were shared exclusively by patients who had long-term clinical
benefit [315]. In another study, the exome of non-small cell lung cancer treated with pembrolizumab
was sequenced and a high burden of non-synonymous mutations in the tumours was seen. Clinical
response correlates with the molecular signatures of tobacco-related carcinogenic mutations, increased
neoantigen load, and mutations in the DNA repair pathway. Pembrolizumab improved the reactivity
of neo-antigen-specific CD8+ T cells and is associated with tumour regression [152].

With expression microarray technologies, genes that play an important role in immune cell biology
and are highly expressed in the tumour expression profiles of some patients have been identified.
These genes reflect the relative abundance of different populations of tumour-infiltrating leukocytes.
From this, robust and reproducible associations between immune gene signatures in solid tumours
and clinical outcomes have been identified, providing prognostic information [294]. For example, high
gene expression reflecting T, B, and NK cell involvement in metastatic melanoma is associated with
prolonged overall survival and survival without metastasis [316].

48



Nanomaterials 2020, 10, 1274

Immune genes have predictive potential in the context of immunotherapy. These genes include T
cell surface markers (CD3, CD277, CD27, CD38), cytotoxic factors (GZMB), and tissue-rejection-related
cytokines (CXCL9, CXCL10, CCL4, CCL5) [294,317].

5.3. Tumour Mutational Burden as Biomarkers

In different clinical studies, a high tumour mutation burden (TMB) has been associated with better
response rates and improved survival of patients treated with immunotherapies such as ICI. Therefore,
TMB is beginning to be used as a biomarker of response to these immunotherapy agents [318].

TMB is the total number of somatic mutations in a defined region of a tumour genome and varies
by tumour type and among patients [319-321].

The mutational load of a tumour contributes to its immunogenicity. Tumours that have high
TMB, such as melanoma and lung cancers, are thought to be more likely to express neoantigens
and induce a stronger immune response after treatment with ICI [322]. Highly mutated tumours
(“hot” tumours) have a histological immune signature of depleted immunosuppressive cells and
high expression of immune inhibitory molecules. Less mutated tumours (“cold” tumours) have
amplified immunosuppressive cells, negative regulation of MHC molecules, and low expression of
immune inhibitory molecules. The adaptive immune response is very accurate in predicting patient
outcome [294], so it is important to identify whether the presence of effector T cells in MSD is related
to antigen-specific T cells [152,323]. For some tumours, this parameter may be a suitable clinical
biomarker for making immunotherapy treatment decisions [324,325]. STM is a quantifiable measure
of the number of mutations in a tumour, which is an advantage over neoantigens, since not all
mutations result in immunogenic neoantigens and it is difficult to determine which mutations may
induce these neoantigens, thus new techniques and strategies are required to discover new TAAs as
biomarkers [156,320].

Neo-antigens are currently more easily identified by complete exome sequencing. The sequencing
of new generation tumours allows the identification of mutations and, using computer algorithms, the
identification of mutated peptides that bind to MHC molecules, which helps in the choice of targets to
improve the response of T cells [294].

Antigenic peptides are the result of abnormal transcription, translation of alternative open reading
frames or post-translational modifications. This diversity of peptides also involves the mechanism
of peptide splicing by the proteasome [326]. A variety of human leukocyte antigens are involved in
the processing of antigenic peptides [156]. O-glycosylation of cancer-associated aberrant proteins can
modify antigenic processing and the immune response [327], and phosphopeptides associated with
MHC class I are targets of memory immunity. Phosphopeptide-specific immunity has an important
role in tumour recognition and control [294,328].

TMB was first determined using complete exome sequencing, but this method is expensive and has
a long response time, so panel-specific sequencing is now used. The implementation of TMB implies a
solid clinical and analytical validation. In addition, bioinformatic analysis is also important for its
successful implementation in the clinic, since the measurement of BTM is based on new generation
sequencing (NGS) techniques [329].

For ICI therapy, expression of PD-L1 correlates with an increased response to therapy and may be
a predictor [330]. In contrast, not all patients who express PD-L1 respond well to ICI treatment [331].
Therefore, other MSD factors, such as LIL, also play an important role [332].

In the study by Yu-Pei Chen et al., it was proposed to classify the different types of tumour
microenvironments according to the expression of PD-L1 and the presence or absence of LILs, in order
to design appropriate combination immunotherapies for cancer [322,333,334]. This study attempted
to establish a classification model based on analysis of mRNA expression of PD-L1 and CD8A, and
evaluated the applicability of this classification to predict response to ICI treatment, i.e., its correlation
with mutation load and number of neoantigens, using RNA-seq [322].
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PD-L1 positive MSDs with LILs were generally associated with high BMT or number of neoantigens
in multiple tumours, so these cancers would benefit from anti-PD-1/PD-L1 therapies, as these tumours
have evidence of pre-existing intra-tumoral T cells being inactivated by compromised PD-L1 [322,334].
In contrast, MSDs that have low expression of PD-L1 and little infiltration of LILs will have a worse
prognosis, as no immune reaction is detected. Combination therapy to attract LILs to MSDs, along
with ICI, may be a good option in these cases [335]. For MSDs with high expression of PD-L1 but low
infiltration of LILs, radiotherapy- mediated immunogenic cell death to release antigens and induce
T-cell responses, together with ani-PD-1/PD-L1 inhibitors, may also be a beneficial approach [322,336].

In recent years, studies evaluating TMB as a predictive marker have increased significantly for
the response to ICI, demonstrating the importance of this approach in selecting patients to benefit
from immunotherapy.

5.4. TCR diversity and MHC Molecules

Thanks to the diversity of the TCR, T cells can recognise a multitude of different epitopes through
TCR-MHC interaction, which is associated with effective control of viral infections, other pathogens
and tumour cells. This diversity is generated by a complex mechanism based on genetic recombination
of DNA, leading to different antigenic specificities [294].

Following immunotherapy based on checkpoint inhibitors, there has been increased interest in
analysing TCR diversity, as it allows for a better understanding of the patient’s immune system. TCR
diversity is estimated to be 103-10'° and can be evaluated by NS, spectrometry, qPCR multiplex or
immune phenotyping. The impact and clinical outcome of immunotherapy has been shown to be
related to the diversity of TCR in peripheral blood [294]. Blocking CTLA-4 with tremelimumab has been
shown to diversify the peripheral T cell pool, highlighting the effect of this class of immunomodulatory
antibodies [337].

The effective response generated by antigen-specific T cells after recognition of tumour antigens
expressed on MHC class I molecules can be affected by germline and somatic MHC class I genotype
variations [281]. Patients with advanced melanoma and NSCLC treated with checkpoint inhibitors
who were heterozygous at the MHC class I locus had better overall survival than those who were
homozygous [338]. This is associated with increased clonality of TCR and clonal expansion of T cells
following the use of this immunotherapy. The somatic loss of MHC class I heterozygosity in these
patients results in poor outcome, which is associated with impaired recognition of neo-antigens by
CD8+ T cells due to structural changes at the class I locus [281].

It is necessary to analyse the diversity of TCR and MHC molecules and their interactions in
order to achieve a personalised and beneficial immunotherapeutic treatment for each type of cancer,
as it has been shown that the basal diversity of TCR in peripheral blood is associated with clinical
outcomes [294,339].

5.5. Neoantigens as Biomarkers

There is clear evidence that human tumour cells express antigenic determinants (epitopes) that
are recognised by patients” autologous T cells. The short peptides that enable this recognition and
the specific removal of the tumour cells occur on MHC molecules and are called immunopeptidomes.
T-lymphocytes target epitopes that are formed by epigenetic, translational and post-translational
alterations of tumour cells. These TAAs have been exploited for therapeutic purposes, as we have seen,
with good but controversial results [340].

It was later shown that tumour cells have mutated endogenous proteins that distinguish them
from other cells and can be processed into peptides, presented on the cell surface and recognised by
the immune system in vivo, which recognizes them as foreign. These proteins are what are called
neoantigens. Neoantigens are very specific, so targeting them would allow for immune cells to
distinguish tumour cells from normal ones, thus preventing autoimmunity [340].
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Results in mice and humans show that CD8+ and CD4+ T cells are reactive against neoantigens [341—
344]. Central T cells are not tolerant of these neoantigens because they are tumour-specific; in fact,
these neoantigen-specific T cells have a high functional avidity. In contrast, the reactivity of T cells to
autoantigens is reduced and is only achieved when tolerance to these antigens is not fully developed.
It has been shown that in cancer patients, TAAs are recognised by T cells with reduced functional
avidity [342]. In the case of neoantigens, T cell responses will not produce autoimmune toxicity against
healthy tissues, so therapeutic vaccination with neoantigens may be very promising. The problem is
that neoantigens are patient-specific and it is unlikely that a vaccine targeting neoantigens shared by
large groups of patients can be developed with current knowledge [345].

Neoantigen-reactive T cells have been identified in human cancers such as melanoma, leukemia,
ovarian cancer, and cholangiocarcinoma [342,343,346]. For melanoma and NSCLC, TMB was correlated
with clinical outcome after anti-CTLA-4 and anti-PD-1 immunotherapy, respectively [152,323].
In addition, the frequency of neoantigen-specific T cells increased in patients who responded to
therapy, which correlated with a favourable clinical outcome [342,343,346]. This indicates that the
recognition of neoantigens is an important factor in the response to clinical immunotherapies.

Mass sequencing can identify the spectrum of individual tumour mutations (mutanome) with
great accuracy and speed. These sequencing data hold great promise for identifying unique targets and
designing customized immunotherapy strategies to enhance adaptive mutation-specific immunity [340].

In the post-genome era, bioinformatic technologies and tools have been developed to identify the
mutanome. Neo-epitopes can be identified by different means. Neural network algorithms, such as
NetMHC, are commonly used to predict in silico the affinity of neo-epitopes derived from mutated
sequences that patients bind to MHC class I molecules [341]. The predicted peptides can be synthesized
and are used for dilution of patient immunity. This is called reverse identification and can generate
large numbers of candidate neo-epitopes that can be further selected by bioinformatic tools based on
other parameters. Currently only peptides presented in MHC-I can be predicted, as prediction of CD4
T cell epitopes by algorithms is still limited [347]. Another limitation of reverse identification is that it
is not known whether neoepitopes are presented by tumour cells.

Thus, direct identification by MHC ligandome analysis of tumour cells is possible. This requires
elution of the peptides presented in MHC molecules derived from the patient’s tumour tissue,
reverse-phase HPLC fractionation and mass spectrometry. This approach allows the identification of
CD8+ and CD4+ T cell neo-epitopes, although validation with exome and transcriptome sequencing
data is still required. Although the sensitivity of neoantigen identification by this method has not yet
been improved, it is likely to be a very important tool in antigen discovery in the near future [340].

To demonstrate the potential of candidate peptides for neoantigens, experimental validation of
their immunogenicity using autologous T cells from the patient is necessary. Functional assays of T
cells can be performed with short peptides predicted in silica for CD8+ T cells, or long peptides and
mRNA for CD8+ or CD4+ T cells. Several studies have detected neoantigen-specific CD4+ T cells
whose induction can control the tumour and, in murine models, the spread of antigen [344].

One strategy for identifying neo-antigens from immunogenic T cells is based on transfecting
autologous APCs with RNA or DNA encoding a 12-amino acid mutated gene sequence. The APCs are
incubated with autologous T cells (TILs) and the responding T cells can propagate. It is important
to define the minimum length of T-cell epitopes and their MHC restriction. For this purpose, APCs
expressing only one MHC molecule must be used and pulsed with predicted synthetic peptides.
The problem is that large quantities of autologous T cells are required and a massive expansion of
these cells.

There are currently several active clinical trials of cancer vaccines targeting neoantigens following
different strategies, including poly-epitopic RNA and peptide vaccines based on high-throughput
sequencing (HTS) and in silico prediction for metastatic melanoma, peptide vaccines based on HTS
data with MS data in glioblastoma and poly-epitope plasmid DNA and RNA vaccines in triple-negative
breast cancer.
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Mutated T cells are an important component of TILs that spread in vivo and can be used for ACT
in patients with melanoma. In addition, neoantigens can be used in passive immunotherapy strategies.
Neoantigen-specific T cells can be isolated and expanded to re-infuse into patients. Genetically
modified T cells with neoantigen-specific CRT or CAR may also be used [340].

Despite these advances, this type of personalised immunotherapy, which targets unique mutations,
has limitations. Most of these mutations are unique to each specific tumour and must be identified and
validated in each patient, which requires the development of massive methodologies. Later on, in
silico analysis will overcome the need for massive peptide screening. Another important factor is to
identify driver mutations, which are the ideal targets for cancer immunotherapy, since they are critical
for tumour development, but in most tumours these mutations have not yet been identified. Therefore,
the identification of neo-antigens is one of the great challenges of current immunotherapy to develop
effective personalised treatments.

5.6. Microsatellite-Unstable Tumours

As described above, it is believed that the set of neoantigens in a tumour is highly individual.
This characteristic is what differentiates them from tissue-specific antigens, tumour-associated antigens
(TAAs) or other tumour-selective antigens that are considered to be shared. The exception to this is
some cancers that possess a high mutational load, including microsatellite-unstable tumours, which
have shared neo-antigens due to preferential mutations of several genetic regions called microsatellites.

Cancers with hereditary defects in genes involved in DNA repair have high frequencies of
non-synonymous mutations, resulting in a wide variety of tumour neoantigens. In some cases,
insertions and deletions also accumulate in DNA hot spots that are prone to mutations with repeating
base-pair sequences, called microsatellite instability (MSI). This has made it possible to identify genes
with a high mutation frequency in patients with MSI. These recurrent neoantigens can be prime targets
for immunotherapy, particularly frame-shifting mutations containing multiple new epitopes that are
recognised by several MHC haplotypes [348]. Patients with these types of defects are highly mutational
and therefore form immune escape variants. Defects in antigenic presentation by MHC molecules and
in molecules associated with MHC expression have been found in patients with MSI tumours [349].
Unstable microsatellite tumours are recognised as a subset of tumours with different prognostic and
predictive characteristics.

5.7. Immunopeptidome as Biomarkers

The presentation of peptides in MHC molecules is a mechanism that allows the adaptive immune
system to differentiate healthy cells from cancerous or infected cells.

Both MHC class I and MHC class II molecules present peptide antigens to T cells, but structurally
and functionally they are different. MHC-I is constitutively expressed on all nucleated cells, including
tumour cells. Despite this, some tumour cells may lose the expression of MHC-I as an immune escape
mechanism. Loss of MHC-I expression is usually a trigger for NK-mediated cell death, but many
tumours can still evade immune-vigilance without MHC-I expression [350]. Loss of MHC-I expression
has also been reported as a mechanism of resistance to anti-PD-1 therapy [351]. Some of the tumours
that lose expression of MHC-I, maintain expression of MHC-II, but their functional significance in these
cases is unclear [352]. In addition, some melanoma cell lines that do not express MHC-II have high
levels of MHC-I expression [353]. This suggests that MHC-I and MHC-II are independently regulated
in cancer and their expression may have different implications for cancer immunotherapy [350]. In this
review we will only consider the peptide load presented by MHC molecules, regardless of possible
changes in expression of these molecules.

The antigenic processing machinery is complex and flexible, so predictions using binding motifs
or binding affinities for the deduction of MHC-restricted peptides are complicated. MHC peptidomics
data based on mass spectrometry and training of prediction algorithms have led to improvements in
MHC binding prediction. The precise identification and selection of new MHC peptides as targets
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for cancer immunotherapy must be an integrated, comprehensive and deep mapping analysis of
MHC binding in both healthy and pathological tissues of all types (Figure 15). The depth of the
analysis is important since antigen-specific immunotherapies are restricted to certain MHC haplotypes,
reducing the fraction of detected ligands that will bind to the same MHC. Once the possible ligands
have been defined, their tumour specificity must be confirmed in vivo. Neoantigens already fulfil this
characteristic in themselves [354].
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Figure 15. Schematic representation of tumour neoantigen screening: non-synonymous mutations
determined by whole-exome or genome sequencing of tumour. These mutations can then be filtered by
expression (RNA sequencing) or presentation (immunopeptidomics). In silico algorithms are used to
predict and filter optimal neoepitope candidates.

When these targets are selected and validated, predictive biomarkers need to be defined that allow
for the identification of positive target patients with the aim of personalizing therapy and treating
only those patients who can obtain clinical benefit [355]. This is performed by quantifying mRNA
expression using qPCR, since it is assumed that MHC peptide presentation and mRNA expression are
correlated. It has been shown that very abundant transcripts generally result in a greater number of
MHC class I peptides bound [356], but this is not necessarily true for each peptide-mRNA pair [357].
Mass spectrometry is used to establish the association between peptide presentation and mRNA
expression for individual peptides. In addition, this association can be translated from LC-MS/MS
to RNA-seq for qPCR data, with the aim of defining predictive biomarkers that allow for precision
medicine through the personalised analysis of immunopeptidome-guided mRNA expression, as shown
in the study by Jens Fritsche et al. [354].

Briefly, mass spectrometry allows in-depth analysis of human immunopeptidome, expanding
the number of targets available for immunotherapy. In addition, it allows the identification of
predictive biomarkers based on mRNA, which can be used as complementary diagnostics to gPCR to
define positive populations for the target peptide, being able to establish a personalised peptidomic.
These biomarkers will improve the efficacy of precision treatment in cancer immunotherapies.

As mentioned above, MHC peptidomes have been studied to identify cancer-specific peptides, for
the development of tumour immunotherapies and as a source of information on protein synthesis and
degradation patterns within tumour cells. However, it is also known that the levels of soluble MHC
class I molecules (sMHC-I) are increased in serum of people affected by pathologies such as cancer,
autoimmunity, allergy or viral infections. In the study by Michal Bassani-Sternberg et al. [358] it was
postulated that if a significant proportion of sSMHC molecules in plasma are released from diseased
cells (multiple myeloma, acute myeloid leukaemia and acute lymphoblastic leukaemia) and also carry
their original peptide load, analysis of sSMHC peptidomes may be an ideal source of biomarkers in
various diseases, considering that sMHC peptidomes are similar to membrane MHC peptidomes.
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It has been concluded that sSMHCs carry defined sets of peptides derived primarily from tumour
cells. sSMHCs are released from healthy and pathological cells, so it is expected that as the patient’s
tumour load increases, larger fractions of SMHC peptidomas will originate in plasma from tumour
cells. Tumour cells release more sMHC into the circulation than healthy cells, possibly to evade the
T-cell immune response. Diseased cells are expected to contribute differently to sMHC peptidomas,
depending on the size of the tumour, its type, and its tendency to release sSMHC into the circulation.
An escape mechanism from immune surveillance related to elevated sMHC levels has also been
described, and this characterisation would help to identify peptides involved in this mechanism [359].
Finally, analysis of sMHC peptidomas resulted in the identification of thousands of peptides, including
potential biomarkers of disease that would need to be validated clinically [358].

Following this line, the Human Proteome Organization initiated the Human Immuno-Peptidome
Project (HUPO-HIPP) in 2015 as a new initiative of the Biology/Disease-Human Proteome Project
(B/D-HPP) with the final goal of mapping the entire repertoire of peptides presented at MHC, using
mass spectrometry. In addition, this analysis is intended to be accessible to any researcher. The basis of
this project is the development of methods and technologies, standardization, effective data exchange
and education [360].

Currently there are already multiple databases that collect data on the immunopeptidome
presented at MHC analysed by mass spectrometry. One of these is the SysteMHC Atlas (https:
//systemhcatlas.org), which contains raw immunopeptidomics MS data. They are processed through
bioinformatic tools to identify, annotate and validate the peptides in MHC. This generates libraries
with the lists of MHC peptide ligands and allele and sample specific peptide spectra. Each project is
labelled as HIPP, being a sub-project of B/D-HPP [361].

The aim of this type of database is to allow basic scientists and clinicians to access a large catalogue
of MHC-associated peptides to obtain new ideas about the composition of the immunopeptidome;
to allow computational scientists to use this data to develop new algorithms for immunopeptidomic
analysis; and to allow access to these libraries to facilitate analysis by next-generation MS [361].

Peptide binding affinity prediction tools allow for the detection of peptides in silica for the purpose
of identifying T cell epitopes that match MHC-II molecules from a particular host. One of these
tools are NetMHCII and NetMHClIIpan [362,363], which are based on ensembles of artificial neural
networks that are trained on quantitative peptide binding affinity data from Immune Epitope Database
(IEDB) [364]. These types of tools can improve MHC-II binding predictions and reduce experimental
costs in epitope-based vaccine design. Understanding peptide-MHC interactions is key to the cellular
immune response.

5.8. TAAs as Biomarkers

Autoantibodies are useful biomarkers in clinical diagnosis and are biological agents used to isolate
and study the function of intracellular molecules that are self-antigens targets [365]. In other words,
they make it possible to characterise their related antigens and clarify the pathogenic mechanisms.
These autoantibodies are found in autoimmune diseases but also in cancer [366]. Antibodies to
tumour-associated antigens (TAA) in cancer are similar to autoantibodies detected in systemic
autoimmune diseases, as these anti-TAAs also have the potential to be diagnostic markers in cancer.
The identification of these TAAs in cancer patients allows the study of the mechanisms by which
molecular and other alterations of intracellular proteins drive autoimmune responses. Many of the
TAAs identified by the autoantibodies of cancer patients have important cellular biosynthetic functions
that may be related to carcinogenesis [367]. In addition, there are autoantibody profiles that are unique
to each type of cancer and other antibodies are shared. These profiles may serve as diagnostic markers
in cancer [365,368].

An example is autoantibodies to p53, which report early carcinogenesis [369]. Anti-p53 has been
detected in chronic obstructive pulmonary disease [370], which is prone to the development of lung
cancer, as well as in workers exposed to vinyl chloride, who have the same predisposition [371].
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Autoantibodies to TAA have also been found in hepatocellular carcinoma [372]. Chronic hepatitis
and liver cirrhosis are precursors of hepatocellular carcinoma [367]. After collecting samples from
patients with these diseases, the target antigens for antibodies associated with malignancy have
been detected. These autoantibodies are usually antinuclear antibodies, and in this case the antigens
detected were topoisomer II DNA-« and -f [373]. In addition, in cases where antigens have been
identified, these were molecules involved in cell proliferation and gene regulation. Therefore, the
patients” immune system appears to be reacting to these factors involved in carcinogenesis [367].

One of the characteristics of TAAs is that they have functions involved in proliferation,
transformation and other processes associated with malignancy. Although these molecules are
present in most cell types, any alteration of their normal state will only be detectable in malignant cells.

In order to understand how these TAAs acquire immunogenicity, studies have been performed
with different TAAs identified, such as p53, p62 or cyclin B1 [367,374]. p62 auto-antibodies to these
molecules were detected in patients with hepatocellular carcinoma and their expression was also
studied in patients with liver cirrhosis, normal liver biopsies and fetal liver samples. What is observed
is that p62 is developmentally regulated and expressed in the fetal liver, but not in the adult, except
in malignant liver cells, where it is expressed aberrantly, suggesting that this TAA is an oncofetal
antigen [367]. Cyclin B1 has been identified as TAA in patients with hepatocellular carcinoma because
it is present in both B-cell and T-cell immune responses and is known to play an important role in the
progression of the cell cycle from G2 to M [375].

The importance of TAAs and their autoantibodies in cancer has been seen in both diagnosis and
surveillance and in therapy. Many approaches therefore focus on identifying a large number of TAAs,
including proteomic approaches such as protein microarrays [367].

To track and understand human autoantigens and to conduct basic and translational research
on their functions, databases of human autoantigens have been created. These include AAgAtlas 1.0
(http://biokb.ncpsb.org/aagatlas). This database provides an interface to explore and download human
autoantigens and their associated diseases. Human autoantigenic proteins are involved in major
diseases, such as the immune system, hypersensitivity reaction or cancer, so these databases are an
effective tool to investigate the functions of these proteins and to develop future immunotherapies [376].

Autoantibodies have been integrated as biomarkers with different proteins and are the first
protein-based blood test that allows the early detection of cancer after the development of the Videssa®
Breast Kit, as discussed above, for breast cancer [306].

Ultimately, cancer immunotherapy is based on the use of peptide antigens derived from amino
acid sequences of tumour antigens, focusing on modulating the response of T cells [377]. One of
the problems is selecting candidate peptides, since they must be strongly immunogenic to induce
the desired response by T cells. To do this, it is important to identify regions of AAD that are
recognised by the patient’s immune system in order to indicate realistic targets in vivo and to design
an immunotherapy that targets these auto-epitopes [367]. These T cell auto-epitopes can be identified
from MHC class I molecules [378].

5.9. Techniques for Biomarkers Discovery, Verification and Validation

As we have seen, mass spectrometry is a powerful technology in biological research and allows
the characterisation of the plasma proteome in great depth. This has been performed using “triangular
strategies”, which aim to discover unique biomarker candidates in small cohorts, followed by classical
immunoassays in larger validation cohorts. Currently, a “rectangular strategy” is proposed, in which
the proteome patterns of large cohorts are correlated with their phenotypes in health and disease.
The methodologies developed for biomarker detection are described below [351].

Mass spectrometry (MS) measures the mass spectra and fragmentation of peptides derived from
protein digestion very precisely. These sequences are unique, so proteomics is very specific, unlike
enzymatic colorimetric tests or immunoassays [379]. In addition, MS allows the analysis of the entire
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proteome and the quantification of post-translational modifications (PTM). The discovery of PMTs is
important as they can form the basis of diagnostic tests.

So far, none of the laboratory tests routinely performed are based on proteins that have been
identified by MS and only small molecules (drugs, metabolites) have been used in MS technology [380].

MS has improved its performance in dynamic range and sensitivity, making it optimal for the
study of biomarkers. Currently, plasma proteins are the type of molecules most frequently analysed
in the clinic, using enzymatic reactions or antibody immunoassays. These methods are the ones
selected in the clinic because the time required for the analysis is a few minutes. The main advantage
of MS-based proteomics is that it is not necessary to assume the nature or number of potential
biomarkers. This strategy allows all possible biomarker studies to be combined for each disease and
their relationship to each other [351].

A “triangular strategy” has been proposed to identify biomarkers. This strategy is composed of
different steps, in which the number of individuals is increased and the number of proteins is gradually
decreased [380]. The first step is to identify peptides following the workflow for hypothesis-free
discovery proteomics: enzymatic digestion of proteins by HPLC and peptide analysis by MS/MS,
followed by the use of proteomics software platforms to identify and quantify these peptides. The second
phase of the strategy triangulates the verification of candidates. In this case, a low number of candidate
proteins are tested, selecting a set of peptides, in a larger cohort. Multiple reaction monitoring methods
(MRM) are used and only those peptides chosen are fragmented, so that they can be quantified
with high sensitivity and specifically. In the third phase, validation with sandwich immunoassays
is performed, as they are very specific and have high sensitivity. In this case, only a few candidate
biomarkers are validated in a cohort that may consist of thousands of patients [351].

Thanks to the improvements in the LC-MS/MS system and the robustness of bioinformatic analysis,
and with the aim of developing a fast and automated workflow that quantifies in depth the plasma
proteome in a large number of samples, a “rectangular strategy” has been proposed. In this case, the
aim is to measure as many proteins as possible for all possible individuals and conditions. For this
purpose, the initial cohort would be much larger and would allow for the identification of significant
differences in the proteins. Cohort discovery and validation can be measured by shotgun proteomics,
allowing both cohorts to be analysed at the same time. This strategy has the advantage of being able to
discover and validate protein patterns characteristic of specific health or disease states and unique
biomarker candidates [351].

The goal in proteomics is to achieve sufficient depth in a short time, without exhaustion and with
a robust workflow, to allow for the identification of unique biomarkers that can be used in the clinic.

6. Conclusions and Perspectives

The development of anti-cancer drugs has focused on strategies that kill cancer cells directly,
such as surgery, radiotherapy, chemotherapy, targeted therapy and immunotherapy. Immunotherapy
is based on the recognition of tumour cells as foreign by the immune system. For good results,
immunotherapy has to activate and expand tumour-specific T cells. Various approaches have been
used for this purpose: direct activation of anti-tumour immunity by means of cancer vaccines (tumour
antigens), recombinant cytokines or the infusion of tumour-specific cells. However, these methods
did not guarantee that the tumour-specific T cells could nest or perform their function within the
tumour. This is due to the existence of tumour-induced immunosuppressive mechanisms in the
tumour microenvironment, which prevent the breakdown of immune tolerance to cancer. With the
approval of the checkpoint inhibitors, it was demonstrated that an anti-tumour immune response can
be initiated by targeting the immune system to break the tolerance to cancer. In contrast, a significant
clinical response was only obtained in a few patients with solid tumours such as melanoma, non-small
cell lung cancer, kidney or bladder cancer. This is because the response to this treatment depends
on the presence of pre-existing tumour-specific CD8 T cells, which correlates with the presence of
neoantigens derived from tumour mutations. Because of this relationship, different approaches have

56



Nanomaterials 2020, 10, 1274

been tested that allow for the expansion of anti-tumour T cells along with checkpoint inhibition.
These combination therapies have been successful in clinical trials, but the current focus is on targeted
therapies to target neoantigens derived from tumour mutations, as the number of mutations in
each tumour correlates directly with the efficacy of checkpoint inhibitors. Therefore, it is necessary
to establish combined therapies in cancer, among which small molecule inhibitors also stand out.
These combination approaches are key to understanding the relationship between the established
tumour and the immune system [381]. Combination therapies are useful in inhibiting tumour growth
and changing or restoring the TME. Among the most explored are combinations of checkpoint inhibitor
(anti-PD1) and targeted (antibody or small molecule) therapies. Rapid lysis of tumour cells with
targeted therapies can generate an environment of acute inflammation that enhances tumour immunity,
making these therapies additive [73].

On the other hand, programmed physiological cell death, usually in the form of apoptosis, has
always been considered a non-immunogenic or even tolerable process. In contrast, the concept of
“programmed cell death” (PCD) has assigned immunogenic capabilities to apoptosis. This type of
apoptosis is characterised by the ability of dying cells to trigger adaptive immune responses against
the altered autoantigens/neo-epitopes derived from cancer, in the case of tumour cells. In addition to
antigenicity, adjuvancy, conferred by DAMPs, is necessary.

The pathways that induce ICD can be used to design new therapeutic tools in immunotherapy, to
reduce the tumour burden and improve the immunogenic capacity of dying tumour cells, provoking
adaptive immune responses in the long term. Various immune-based therapies can benefit from
ICD, such as antibody-based therapies, adoptive cell therapy (TIL, NK cell or CAR-T), checkpoint
inhibitors, tumour vaccines and combination immunotherapy strategies [256]. One of the most
promising strategies is to exploit the ICD concept to obtain highly immunogenic antigen sources for
the development of “next generation” DC-based vaccines [382]. ICD inducers can be used to generate
immunogenicity in dying tumour cells and to load DC, enhancing their ability to stimulate effector
cells and improve T-cell responses to cancer in vivo [99]. This may improve general immunity or
create an immune-friendly tumour microenvironment [256]. A number of chemotherapeutic agents
are ICD inducers, meaning that many therapeutic strategies have known immunomodulatory or
immune-stimulatory effects that should be further investigated to determine if they are associated
with the release of DAMPs. The characterisation of new DAMPs may open up new therapeutic targets
for targeted chemotherapy [383]. Understanding the molecular pathways involved in these processes
would allow for the identification of a new set of potential prognostic biomarkers, but more research is
needed to understand the true impact of ICD therapy and exposure to DAMPs [256].

The immune system of the cancer patient detects abnormalities in structure, function, intracellular
location, and other cellular alterations during tumorigenesis, which may manifest themselves in
humoral or cellular immune responses, which may be the earliest sign of carcinogenesis. The current
aim is to use cancer autoantibodies as diagnostic biomarkers, but there is also the possibility that they
may be used as monitors of the therapeutic response. If an anti-TAA antibody is detected in the patient,
changes in the levels of these antibodies may reflect the status of the tumour, its changes or its tumour
load in relation to therapy [367].

Cancer immunotherapy relies heavily on the use of peptide antigens derived from amino acid
sequences of tumour antigens and modulates the response of T cells. The problem here is that the
peptides selected must be strongly immunogenic and induce a T cell response. Therefore, it would be
important to identify the regions of the TAAs that can be recognised by the patient’s immune system,
which would confirm that they are real targets in vivo and allow for the design of immunotherapies
directed to these auto-epitopes. Such auto-epitopes must be able to be identified and isolated from
MHC class I molecules [367].

In this sense, T lymphocytes x3 detect alterations in the host’s cellular components, which
may be induced by infectious pathogens, chemical or physical damage or oncogenic transformation.
The T-lymphocytes generated in the thymus each have a clonally restricted T cell receptor (TCR) [384].
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Human tumours contain a high number of somatic mutations, and if peptides containing these
mutations occur on MHC class I molecules they may be immunogenic and recognised by the adaptive
immune system, which recognizes them as “non-self” neoantigens. Mutant peptides can serve as T
cell epitopes [385]. During immune surveillance, each T cell receptor recognizes a different foreign
peptide attached to MHC molecules. MS technology allows for the identification of epitopes relevant
to different tumours. Molecular CCR cloning methods allow for the molecular quantification of
TCR-pMHC interactions [384,386]. This is a major challenge, since MHC-bound peptidoma consists
of thousands of different peptides with relevant non-self-antigens often embedded in low numbers,
among them the self-peptides, which occur in a greater order of magnitude [384].

In immunogenic tumours, the sequencing of the complete exome and transcriptome of individual
tumours, together with mass spectrometry, allows for the identification of mutant peptides to develop
vaccines on an individual basis for each patient [385]. In non-immunogenic tumours, the induction of
the expression of multiple neoepitopes can direct a polyclonal CTL attack against a cancer. One goal of
therapeutic antitumour vaccines is the targeting of CTLs on MHC-bound peptides restricted to cancer
cells, increasing the CTLs of high avidity at the site of the tumour [386].

In contrast, few mutant epitopes have been described, as it requires the exploration of the
patient’s tumour infiltrating lymphocytes based on their ability to recognize antigen libraries created
after sequencing of the tumour exome. This requires the use of mass spectrometry combined with
transcriptomical or exome sequence analysis to identify neo-epitopes [385].

In short, a large part of the antigens that drive the effectual responses of antitumour CD8 T cells
remains unknown. These antigens can be classified into tumour-associated autoantigens and antigens
derived from tumour-specific mutant proteins. The presentation of autoantigens in the thymus may
result in the elimination of highly avid T cells, thus mutant neo-antigens will be more immunogenic.
In contrast, these neoantigens evade identification by mass spectrometry because this method relies
on sequence clarification with proteomic databases that do not contain patient-specific mutations.
By using transcriptomics and exome sequence analysis to identify mutations, together with the use of
MHC class I binding prediction algorithms, too many candidate mutant peptides are detected to be
evaluated. Mass spectrometry would allow for the selection of peptides with sufficient expression and
presentation by MHC class I, which would be the most immunogenic. By combining both tools, it is
possible to identify mutated peptides associated with tumours that present in MHC class I [385].

The immunogenicity of neoepitopes is correlated with the affinity for peptide binding by MHC
class I, but other factors such as the interaction of the mutated amino acid with the TCR also play a
role, as this is essential for the recognition of the mutated peptide as a stranger [387].

The analysis of MHC peptidoma allows for the identification of peptides derived from the
proteolysis of proteins that are generally short-lived in tumour tissues and therefore cannot be identified
by conventional proteomic methodologies. One of the current challenges is to find differences between
MHC peptidomas from healthy patients and cancer patients, since MHC peptidomas have large
amounts of different peptides. Most of these peptides will be from the cellular proteome but also small
amounts of cancer-related peptides will be present, which will be different even among different patients
presenting the disease. Ultimately, such analysis would allow for the identification of thousands of
peptides, including some potential biomarkers of disease. Furthermore, these cancer-related MHC
peptides could be used to design patient-specific immunotherapeutics. In other words, the final goal
would be to use the MHC peptidoma data to personalize treatments. Mass spectrometry analysis
would be a good tool for this purpose, as it is becoming less expensive and faster and can be used in
clinical diagnosis on a routine basis [358].

In conclusion, the identification of epitopes that induce the immune response in cancer is necessary
to understand and manipulate the immune responses of CD8 T cells for clinical benefit. Tumour-specific
mutations are important in shaping the antitumour response, but their identification remains a challenge.
The identification of neo-epitopes by combining whole exome sequencing, transcriptome and mass
spectrometry analysis strategies, together with a structural prediction algorithm to predict peptide
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immunogenicity in MHC class I would facilitate the monitoring of tumour-specific T cells, which
would be useful in the prognosis of cancer patients, as well as the development of new vaccines [385].

Cancer immunotherapy is undergoing a major transition from traditional approaches that activate
systemic immune responses based on understanding the processes of immune activation to more
effective and less toxic treatments that target immune normalization in the tumour microenvironment
based on tumour-induced immune escape mechanisms [73].

NPs play an important role in these improvements in immunotherapeutic treatments.
Nanomaterials applied to nanomedicine would make it possible to increase the effectiveness and reduce
the toxicity of practically all the immunotherapeutics described. There are very varied nanoparticle
designs that can serve as immunotherapy delivery platforms, allowing for specific and targeted
delivery. In addition, NPs can also be designed to enhance the immune response of the host. Due
to their great potential, research into these nanomaterials in combination with drugs is necessary
to ensure their biosafety and determine their specific functions and applications based on their
biocompatibility. Improving these approaches would make it possible to overcome some of the
drawbacks of immunotherapy and initiate a new path in cancer treatment.
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Abstract: According to the global cancer observatory (GLOBOCAN), there are approximately
18 million new cancer cases per year worldwide. Cancer therapies are largely limited to surgery,
radiotherapy, and chemotherapy. In radiotherapy and chemotherapy, the maximum tolerated dose is
presently being used to treat cancer patients. The integrated development of innovative nanoparticle
(NP) based approaches will be a key to address one of the main issues in both radiotherapy and
chemotherapy: normal tissue toxicity. Among other inorganic NP systems, gold nanoparticle (GNP)
based systems offer the means to further improve chemotherapy through controlled delivery of
chemotherapeutics, while local radiotherapy dose can be enhanced by targeting the GNPs to the
tumor. There have been over 20 nanotechnology-based therapeutic products approved for clinical use
in the past two decades. Hence, the goal of this review is to understand what we have achieved so far
and what else we can do to accelerate clinical use of GNP-based therapeutic platforms to minimize
normal tissue toxicity while increasing the efficacy of the treatment. Nanomedicine will revolutionize
future cancer treatment options and our ultimate goal should be to develop treatments that have
minimum side effects, for improving the quality of life of all cancer patients.

Keywords: gold nanoparticles; radiation; chemotherapy; radiosensitizer; drug delivery system;
chemoradiotherapy

1. Introduction

According to American Cancer Society statistics in 2020, there will be an estimated 1.8 million new
cancer cases diagnosed and 606,520 cancer deaths in the United States alone. Cancer is an abnormal
growth of cells caused by multiple changes in gene expression leading to deregulation of the balance of
cell death and proliferation, ultimately leading to an evolving population of cells that can invade tissues
and metastasize to other sites [1]. The main types of cancer treatments include surgery, chemotherapy
and radiotherapy according to the Canadian Cancer Society [2]. The treatment plan of each cancer
patient will vary depending on the type of cancer and the advancement of cancer [2,3]. Radiotherapy
is one of the most widely used treatment approaches, being used in approximately 50% of all cancer
patients. In radiotherapy, a high dose of ionizing radiation is delivered to the tumor site, which interacts
with and excites the atoms inside the cancer cells, causing damage to important structures, ultimately
killing the cell [4]. Currently, the clinic mainly employs gamma or X-ray photons, ion-based electrons,
or protons as radiation sources in the treatment [5,6]. While radiotherapy is widely used in many
different types of cancers, a major issue still present is the normal tissue toxicity [7]. A photon beam
will irradiate some of the surrounding healthy tissue no matter how well shaped or conformed the
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beam is to the dimensions of the tumor, and this dose to normal tissue limits the amount of radiation a
patient can receive [8].

Chemotherapy is also used to eradicate micro-metastases and to improve local control of the
primary tumor [9]. In chemotherapy, anticancer drugs are administered either orally or intravenously
to disrupt the rapid overgrowth of malignant cells [10,11]. Similar to radiotherapy, the side effects
caused by anti-cancer drugs remain as one of the important limitations in the advancement of cancer
treatment [12,13]. Therefore, we need to improve the bioavailability of the drug in the tumor region,
while confining them to this target, to reduce the amount of the drug needed, and thus the number,
and severity, of side effects [14]. Some nanoparticle (NP)-based therapeutic systems have already been
introduced into the pharmaceutical market. For example, Doxil, a polyethylene glycol (PEG)-liposome
containing Doxorubicin, is approved for AIDS-related Kaposi’s sarcoma, ovarian cancer, and multiple
myeloma [15,16]. Liposomal drugs and polymer drug conjugates account for most of the FDA (Food
and Drug Administration, Tulsa, OK, USA)-approved systems so far [17]. However, in radiotherapy,
NP-driven radiosensitization strategies that use inorganic high-Z (atomic number) materials have
been pursued to improve the local radiation dose and minimize the damage to surrounding healthy
tissue [18]. The interaction of high-Z materials with therapeutic X-ray photons results in an increase in
the production of cell damaging species, such as free radicals and low energy electrons [19,20]. Inorganic
NP systems such as gold nanoparticles (GNPs), silver NPs, gadolinium-based NPs, lanthanide-based
NPs, and titanium oxide nanotubes have been reported as radiosensitizers [21-27]. Gadolinium-based
NPs offer an innovative approach because of their capacity to act as a radiosensitizer as well as
a powerful contrast agent in magnetic resonance imaging [26]. The high Z-nature of silver-based
NPs along with their antimicrobial properties made them a good candidate in radiotherapy [27].
However, GNPs are the most widely used NP system in radiotherapy due to their ease of production,
high Z-nature, advantageous surface chemistry, and biocompatibility [25,28-30].

There are different gold-based nanotherapeutic systems available, such as spherical GNPs,
gold nanorods, gold nanoshells, gold nanoclusters, and GNP-incorporated liposomal nanoparticles,
with many new anisotropic geometries being developed regularly. Spherical GNPs are the most
commonly used gold-based nanotherapeutic, as their production is relatively simple and alteration of
size and surface chemistry, such as conjugation with polyethylene glycol, is easily achieved [31,32].
Further, GNPs are heavily studied for use in the treatment of cancer through X-ray irradiation and
as an anticancer drug carrier [33]. The use of gold nano-rods and gold nanoshells for the treatment
of cancer involves the induction of hyperthermia, due to their larger cross-section at near-infrared
(NIR) frequencies [34,35]. A comprehensive review of the use of gold-based nanomaterials such
as gold nanoshells and gold nanorods in photothermal therapy has been described previously
by Vines et al. [36]. It has also recently been shown that gold-based nanotherapeutics can absorb
radiofrequency (RF) frequencies and generate heat, opening an avenue to treat more deep-set tumors
with the use of gold and hyperthermia-based options [37]. Although more research must be completed,
the use of RF waves with gold nanomaterials is very promising. Furthermore, due to the surface
plasmon resonance effect present in GNPs, visible light irradiation can also allow for hyperthermia via
photothermal therapy, recently shown by Mendes et al. with a green laser light in combination with
14 nm GNPs and doxorubicin [38]. However, the penetration depth of green light is even less than
NIR and is thus limited in applicability [39]. Due to their theranostic benefits, such as imaging and
biosensing, along with therapeutic properties such as drug delivery, gold nanoclusters have emerged
as a useful tool [40,41]. The use of gold nanoclusters can allow for molecular imaging, improving
diagnostics and imaging in the future [42]. Ultrasmall gold nanoclusters have also emerged as a useful
technology due to their near 100% renal clearance, allowing for the improved probing of disease when
utilized as a biosensor [43]. Lipid-based nanoparticles are an avenue that is being explored due to their
ability to encapsulate GNPs for radiosensitization purposes and simultaneously act as a drug delivery
platform [44]. Utilizing liposomal nanoparticles as a ‘smart’ drug carrier can allow for controlled
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release of the internalized cargo, such as in response a NIR light source, allowing more control over the
treatment process [45].

GNP-based platforms are being researched and have been tested extensively in the field of cancer
nanomedicine [46]. For example, a novel nanomedicine that conjugated human tumor necrosis factor
alpha (thTNF) and thiolated PEG onto the surface of colloidal GNPs (named CYT-6091) has been
tested in phase 1 clinical trial in cancer patients [47]. The results from the CYT-6091 trial showed that
doses up to 600 ug/g of thTNF were administered without encountering dose-limiting toxicity and
was less toxic than a treatment with just rhTNE, as evidenced by a lack of hypertension in patients.
Furthermore, the GNPs had gathered in the tumor and mostly avoided healthy tissue. Other phase
1 clinical trials involved the use of PEGylated gold nanoshells around a silica nanoparticle, called
AuroLase®, in head and neck, lung, and prostate cancer, with laser irradiation [48-50]. Results have,
however, not translated to an effective treatment outcome. Another early phase 1 clinical trial involves
the use of NU-0129, a platform consisting of nucleic acids attached to the surface of spherical GNPs [51].
The goal of this study is to use the conjugated nucleic acids to bypass the blood-brain barrier and target
the BcL2L12 gene present in recurrent glioblastoma. If successful, this platform could supress this
gene, which would lead to reduced proliferation and containing the spread of the tumor. However,
translation of GNPs to the clinic is still in progress, and further optimization of protocols will have to
be elucidated before the majority of research can move out of the preclinical stage, as described in the
extensive review by Schuemann et al. [52].

For patients with locally advanced disease, a combination of treatments, such as surgery with
chemotherapy and/or radiotherapy is being used. A combination of chemotherapy and radiotherapy
(referred to as chemoradiation) is a logical and reasonable approach that has greatly improved the cure
rates of solid tumor [8,53]. This combined treatment modality provides local control of the primary
tumor mass through radiation while tumor metastasis is suppressed through anticancer drugs [8].
One of the major limitations of chemoradiation as a treatment option is the normal-tissue toxicity, as
either radiotherapy or chemotherapy can cause major normal tissue toxicity, as described previously.
In order to overcome the normal tissue toxicity in current cancer treatment modalities mentioned
previously, NPs are being used to enhance either the local radiation dose or improve delivery of
anticancer drugs, or both, as seen in Figure 1. GNPs are one of the materials extensively tested for
both radiotherapy and chemotherapy. Therefore, this review article will be focused on prospects of
GNP-mediated cancer therapeutics.

Radiotherapy \ Chemotherapy

= GNPs
= e
0

&=
Combined Chemoradiotherapy

Figure 1. Gold nanoparticle-based cancer therapeutics. Radiotherapy and chemotherapy are the
two main modalities, besides surgery, in treating cancer. However, normal tissue toxicity in both
methods remains a large issue in limiting the effective dose to the tumor. Thus, gold nanomaterials
have been introduced to improve the locally deposited dose into tumors and act as a drug delivery
system. The combination of radiotherapy and chemotherapy, called chemoradiotherapy, allows for an
optimum platform for eradicating the tumor and improving cancer therapeutics.
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Due to the large amount of recent interest in GNPs as a therapeutic agent, there have been many
reviews on the topic [33,36,37,52,54-61]. Beik et al. have a recent, extensive review on the use of
GNPs in various different modalities, including radiotherapy and chemotherapy, with a larger focus
on photothermal therapy and combined treatment options [56]. However, the focus on radiotherapy
is limited mainly to kV energy ranges, where GNPs have the largest differential in absorption cross
section compared to soft tissue. To be clinically relevant in a larger variety of cancers, the efficacy
of GNPs at an MV energy range needs to be explored. As previously mentioned, recent reviews
on the use of irradiation in the NIR and RF range with gold nanomaterials for hyperthermia have
shown promise [36,37]. Despite continuing research, however, irradiation involving X-rays dominate
clinical treatment schemes, occurring in greater than 50% of patients [62]. Of all the gold nano-based
therapeutics, spherical GNPs are extensively tested for both radiotherapy and chemotherapy. Therefore,
this review article will be focused on prospects of GNP-mediated cancer therapeutics with clinically
relevant radiotherapy, chemotherapy, and with a combined modality. This includes information
that is necessary in order to improve efficacy, such as an understanding of GNP uptake at a cellular
level, and how the size, shape, and functionalization of the GNPs alters effectiveness. In order to
better understand the application of GNPs in cancer treatment, an introductory section is presented to
understand the behavior of GNPs at a single cell level.

2. Intracellular Fate of Gold Nanoparticles Based on Their Physicochemical Properties

There are different methods of entry into cells for NPs, including clathrin-mediated endocytosis,
clathrin-caveolin independent endocytosis, and caveolae-mediated endocytosis [63]. Most NPs,
including GNPs, enter the cell mostly via clathrin-mediated, or receptor-mediated, endocytosis
(RME) [46,64-68]. The efficiency of the RME process depends on the interaction between molecules on
the NP surface (ligands) and the cell membrane receptors. As illustrated in Figure 2A by Jin et al.,
cell surface receptors bind to molecules on surface of NPs, causing membrane wrapping of the NP with
a corresponding increase in elastic energy [64,68]. The receptor-ligand binding immobilizes receptors
causing configurational entropy to be reduced. More receptors diffuse to the wrapping site, driven by
the local reduction in free energy, allowing the membrane to wrap completely around the particle [69].

RME is therefore an energy dependent process where the path of the NPs within the cell is
explained in Figure 2B. NPs first reach the cell membrane and connect with the cell membrane
receptors, which are mobile on the surface. Internalization of NPs occurs via invagination of the
membrane, which then get trapped in endosomal vesicles. These internalized NPs are sorted inside the
vesicle and eventually fuse with lysosomes, which can be seen within the cell as shown in Figure 2C
by Ma et al. [70]. NPs are then excreted out of the cell. This intracellular path of NPs was further
confirmed by Liu et al. by using a NP complex tagged with a fluorophore [71]. This group suggested
that NPs are eventually transported to lysosomes by observing the co-localization of the fluorescently
tagged NPs and lysosomes stained with lysotrackers.

The RME is also dependent on the size, shape, and surface properties of NPs. Chithrani et al.
investigated the effect of both size and shape on GNP internalization (see Figure 3A,B) [66]. Among the
size range of 10-100 nm, bare GNPs of diameter 50 nm had the highest uptake. They also found that
the cellular uptake of rod-shaped NPs was lower than their spherical counter parts. This outcome was
explained as a result of balance between energy needed for membrane wrapping of NPs and kinetics of
receptor diffusion along the cell membrane [67,68]. They used citrate-capped NPs for the study which
were not functionalized, where the RME process of the NPs was facilitated via non-specific binding of
serum proteins on the NP surface once they were introduced to the tissue culture media [72]. However,
it is important to optimize NPs properly for efficient in vivo delivery to the tumor.

There are many factors to consider when optimizing GNPs for use in an in vivo environment.
For example, the administration route of the GNPs affects their absorption, toxicity, and tissue
distribution [73,74]. Oral and intraperitoneal routes of administration had the largest toxicity,
while a tail vein injection had the least, suggesting that an intravenous injection is most promising.
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Upon administration, the pharmacokinetics of the GNPs is another factor that must be optimized.
GNPs exhibit very complex and varying pharmacokinetics, due the vast number of options in size,
shape, and functionalization. Avoidance of opsonization and the reticuloendothelial system (e.g., liver
and spleen), while also targeting the tumor, are important goals in nanotechnology [75].
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Figure 2. Uptake of GNP by receptor-mediated endocytosis. (A,B) Schematic illustrating pathway of
citrate-capped GNP uptake into the cell. (A) Describes the entry and sort mechanism for a single NP
and multiple NPs, while (B) describes the entire flow of internalization and excretion. Once GNPs are
attached to the receptors on the surface of the cell, membrane invagination occurs followed by budding
into the cell, forming a vesicle. The internalized GNPs are sorted inside the vesicle and eventually
fuse with lysosomes. GNPs are then excreted out of the cell. (C) Transmission electron microscope
images of rat kidney cells treated with three different sizes of GNPs. Scale bar is 2 um. Reproduced
with permission [68,70]. Copyright American Chemical Society, 2009, 2011.
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Figure 3. Effect of size and shape on cellular uptake of gold nanoparticles. (A) Dependence of gold
nanoparticle cellular uptake as a funtion of their diameter. (B) Comparison of uptake of rod-shaped
nanoparticles (aspect ratios 1:3 and 1:5) and spherical nanoparticles (1:1). Reproduced with permission
from [66]. Copyright American Chemical Society, 2006.

83



Nanomaterials 2020, 10, 1671

Prolonged in vivo residency time and preferential localization in tumors are key features of an
efficient NP system [76]. If not functionalized properly, the opsonin protein in the blood plasma
will attach to the NP surface, leading to the removal of the NP from the circulatory system by
macrophages [77,78]. Furthermore, the protein corona that can form from interactions of the GNPs
with blood, as a result of size, shape, charge, and functionalization, can alter the behavior of the
nanoplatform [79]. Therefore, surface modifications of GNPs are performed to protect the particle from
the environment and to target the particle to a specific cell or tissue type. This is critical, because the
GNPs need to be present long enough for the process of accumulation within a tumor through its leaky
vasculature, known as the enhanced permeability and retention (EPR) effect [80]. Previous studies have
shown that the addition of PEG molecules to the surface of NPs increases blood circulation time [80-82].
The process of PEGylation allows for the ethylene glycol to form associations with water molecules,
allowing for the formation of a protective hydrating layer, which in turn hinders protein adsorption and
clearance by macrophages [83]. The stability of GNPs functionalized with PEG molecules was done by
Zhang et al. in Figure 4A, who showed that PEGylated GNPs maintain stability over time, compared to
bare GNPs who aggregate quickly [82]. GNPs functionalized with PEG molecules have also shown the
capacity to evade the immune system and remain in the blood undetected by macrophages [76]. Further,
Zhang et al. showed that GNPs maintained a large blood concentration over time for 20 nm and 40 nm
PEGylated GNPs, as seen in Figure 4B [82]. However, the drawback of PEGylating the NP surface
is that RME is very much retarded. To overcome this lower uptake of NPs, researchers have added
targeting moieties to overcome the reduced NP uptake. One approach was to add a peptide containing
arginine-glycine-aspartic acid (RGD) sequence, as performed by Cruje et al. in Figure 4C [77]. The RGD
sequence can recognize the integrin «v33 that is highly expressed by several solid tumors and has
demonstrably higher uptake than GNPs functionalized with just PEG [76,84]. Depending on the size
of the PEG molecule and GNP, the uptake dynamics shown in Figure 4D was changed. For example,
it was shown that smaller GNPs had a higher uptake compared to GNPs of diameter 50 nm [76,85].
The peptide and PEG molecules were on the order of 2 kDa and smaller NPs were able to maximize
the ligand-receptor interaction of RGD peptide using their higher surface curvature [76,85].

Various factors can affect the pharmacokinetics of the GNPs. Depending on the size, the GNPs
will have a different fate in vivo [86]. Smaller PEGylated GNPs of sizes 4 nm and 13 nm had high blood
levels for 24 h and were cleared after 7 days, while larger GNPs (100 nm) were completed cleared after
24 h. Furthermore, the accumulation of smaller GNPs in the liver and spleen was peaked after 7 days,
and in the mesenteric lymph node after a month, followed by clearance after 6 months. Larger GNPs
were taken up into the liver, spleen, and mesenteric lymph node within 30 min. In general, larger
GNPs concentrate in the kidney and spleen, and smaller GNPs are found throughout more organs [87].
Ultrasmall GNPs (<10 nm) have been studied due to their improved capabilities to be cleared from the
reticuloendothelial system [88]. Further, Bugno et al. showed that that smaller GNPs (2 nm) have a
three-fold increased tumor penetration compared to their larger counterparts (4 nm) [89]. As hypoxic
regions far from capillaries tend to be the driver for treatment resistance, the ability to reach these
regions with GNPs to increase local damage is a very important goal [90]. However, due to the large
surface of curvature, despite surface coating with moieties like PEG, ultrasmall GNPs can have gaps
that can be filled with blood proteins such as fibrinogen. As a result, smaller GNPs can contribute to
an inflammatory response, due to their interactions with these proteins, highlighting the necessity
for proper functionalization [91]. Another factor that impacts biodistribution is the surface charge,
which can be controlled by various surface conjugations, such as with PEG [92,93]. The addition
of PEG to 20 nm glucose-functionalized GNPs has been shown to increase the half-life period from
1.23 h to 6.17 h [94]. Furthermore, Geng et al. found that the functionalization of the GNPs lead to
20 times higher concentration in tumor tissue compared to normal tissue in the same organ, leading to
an increase in damage to tumor following radiation [94]. This highlights the importance of proper
functionalization to properly target GNPs to the tumor.
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Figure 4. Effect of functionalization on cellular uptake of gold nanoparticles. (A) Diameter as
measured using dynamic light scattering of GNPs functionalized with different PEG moieties, compared
to bare GNPs. (B) Pharmacokinetics of different sized PEGylated GNPs expressed as a percentage of
injected dose per gram of tissue in mice. (C) GNPs can be functionalized with PEG for stability and a
peptide containing integrin binding domain RGD for targeting. (D) The use of the RGD functionalized
GNPs allowed for improved uptake into tumors cells compared to GNPs functionalized with solely
PEG. Reproduced with permission from [76,82]. Copyright Elsevier, 2009; Copyright Royal Society of
Chemistry, 2015.

Other functionalization methods have also been tested to effectively target GNPs to tumors. In a
variety of different epithelial cancers, epidermal growth factor receptors (EGFRs) can have significantly
higher expression on cancer cells compared to normal cells [95]. Cetuximab (C225) is an antibody
that allows for EGFR targeting, and has been shown to be effective at improving uptake compared
to PEGylated GNPs in-vitro and in-vivo, by Kao et al. [96]. Another method involves the use of
aptamer-based targeting. Aptamers are short single-stranded DNA or RNA oligonucleotides that are
capable of binding to biological targets [97]. Aptamer-based GNPs can allow for specific targeting as
well as aid in diagnostics [98]. Transferrin is a serum glycoprotein that can also be used to target GNPs
to tumor cells, as there is an upregulation of receptors on metastatic and drug-resistant malignant
cells [99]. The use of transferrin coated GNPs have been shown to improved uptake and allow for
specific targeting to improve delivery of therapeutic agents [100]. Folic acid is another targeting
molecule that can be employed, as the folate-receptor can be upregulated on human tumors while
being minimally expressed on most normal tissue, as evidenced by Zhang et al. [99,101]. While there
are many different functionalization modalities that can be employed, it is very important to test the
efficiency of functionalized NP systems by varying their size, shape, and surface properties to optimize
their internalization within tumor cells to cause the maximum damage. No matter what system that is
employed, careful consideration of the functionalized GNPs with the protein corona that can form
in vivo can allow for proper targeting and a predictable fate. [102] GNPs have also been associated
with anti-inflammatory responses [103]. Thus, the toxicity of GNPs is an important factor that has
been explored.
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A number of groups studying GNP cytotoxicity concluded that GNP biocompatibility depends on
size, surface properties and concentration [104,105]. Many experimental works reported that GNPs are
non-toxic. For example, Connor et al. found various sizes (4, 12, 18 nm) and capping agents (citrate,
cysteine, glucose, biotin, and cetyltrimethyl ammonium bromide) were nontoxic to K562 human
leukemia cell line up to micromolar concentrations based on MTT assays [105]. Steckiewicz et al.
found that the shape and concentration of the GNP complexes impact toxicity, with spheroidal GNPs
(14 nm) imparting the least toxicity [106]. Sukla et al. observed lysine capped 35 nm GNPs did not
show detectable cytotoxicity up to 100 uM concentration in RAW265.7 macrophage cells based on MTT
assays [104]. It has been shown that PEGylated 12.1 nm sized GNPs incubated in HeLa cells had an ICsj
of 0.477 mM [107]. Despite the many reports on non-toxicity of GNPs, contradictory research results
are also present [108,109]. The lack of general consensus on NP toxicity is due to different experimental
methods employed, incubation conditions (concentrations and exposure time), variability of sizes and
functionalities of GNPs, variability of cell lines, and different measures and assays for toxicity [108,110].
However, most current research platforms are working in conditions that have previously been shown
to be non-toxic, and future work should focus on maintaining this important constraint.

3. Gold Nanoparticles as Radiosensitizers

The use of high atomic number (Z) material to enhance radiation dose has been studied for
more than 50 years. The interest in using high-Z material stems from the production of secondary
electrons, such as photoelectrons, Auger electrons, and Compton electrons. These secondary products
are effective at damaging DNA as well as ionizing surrounding water molecules, forming free
radicals [110]. While the atomic number of tissue is approximately Z~7.5, materials with a higher
atomic number used in the past such as Iodine (Z = 53) and gold (Z = 79) have a larger cross-section
for absorption of radiation. For example, it was demonstrated in vitro that incorporating iodine into
cellular DNA using iododeoxyuridine enhanced radiosensitivity at keV ranges by a factor of three [111].
The outcome of the in vitro study was also seen in an in vivo study, where an intratumoral injection
of iodine and 200 kVp X-ray radiation suppressed the tumor growth by 80% [112]. In addition to
having a great difference in mass attenuation between gold and soft tissue, gold has been shown to be
biocompatible, simple, and economical to manufacture in many different shapes and sizes [113].

Radiation dose enhancement due to GNPs was first demonstrated using 1.9 nm GNPs in a
mouse model, in one of the pioneering studies in GNP-mediated radiation dose enhancement by
Hainfeld et al. [29]. A radiation dose of 30 Gy with 250 kVp X-rays to subcutaneous tumors in mice
resulted in a significant decrease in tumor volume. However, the concentration of gold in this study
was considerably high, at 2.7 g Au/kg body weight, which is not clinically feasible. Furthermore,
the use of kV energies, while allowing for prominent photoelectric absorption in gold, is hindered
due to the reduced penetration for deep-set tumors. Thus, as previously discussed, optimization of
the internalization of the GNPs into the tumor cells, both in-vitro and in-vivo, is required for ideal
efficacy. Whenever gold was internalized in vitro, radiosensitization was achievable at MV energy
ranges, at concentrations as low as 1 ng/g [25,114-116]. This was demonstrated by Chithrani et al. in
Figure 5A-C, which found a 17% increase in radiosensitization at 6 MV with 50 nm spherical GNPs [25].
When moving to an in vivo environment, radiosensitization was seen at a delivered dose of 10 ug/g of
body weight [117]. This was accomplished by Wolfe et al. using targeted GNRs, as seen in Figure 5D-F,
where there was a 36% increase in radiosensitization in vitro in PC3 cells, and a significantly enhanced
tumor-growth delay when treated in vivo [117]. The treated dose is a ~1 X 10° improvement over the
original treatment seen in Hainfeld’s pioneering study. The addition of targeting and improvements
in the optimization of uptake has allowed significant progress in facilitating the progress of gold
nanomaterials to the clinic.

86



Nanomaterials 2020, 10, 1671

(A) (B) ©

Survival fraction

YH2AX-Au 538P1-Au

® ______®

5.0 [ Notsatment
1.00 - & RT
g as PANR . .
E ey
°
] s
H 5
L o010 E
s -
£ 3
@ N
P ®
Rk 3 &MV beam - REF,,_: E
B) gAuNRs oo R 2
:ggo':,'{,', o 1 2 3 4 5 & 0 4 8 12 16 20 24 28 32 36
Dose (Gy) Days after treatment

Figure 5. Radiosensitization due to gold nanoparticles. (A-C) Spheroidal GNPs improve radiosensitization
in vitro, with the largest effect occurring with 50 nm GNPs, as they have the optimum uptake. This can be
seen both through clonogenic assays as well as through imaging of double strand break foci with confocal
microscopy. (D-F) GNRs displayed increased radiosensitization when targeted towards prostate cancer
celllines both in vitro through a clonogenic assay as well as in vivo through tumor volume measurements
in a mouse model. Reproduced with permission from [117]. Copyright Elsevier, 2015.

GNPs localized intracellularly increases the probability of ionization events leading to local
enhanced deposition of energy causing more damage to tumor cells [25]. The physical mechanism of
GNP radiosensitization, seen in Figure 6A, occurs within the first nanoseconds of exposure, and is
based on the difference in mass energy absorption coefficients between gold and soft tissue, enabling
dose enhancement. The range of electrons released from GNPs is short, only a few micrometers, causing
highly localized ionizing events. Thus, to achieve any enhancement from GNPs in radiation therapy,
GNPs must be delivered and internalized specifically by tumor cells.

(B)

Figure 6. Radiosensitization and radiobiological effects. (A) Schematic showing chemical mechanism
of GNP radiosensitization. While the radiation causes direct and indirect damage (yellow and red
stars, respectively), there can be induction of secondary electrons and reactive oxygen species through
gold nanoparticles. This can lead to damage to the DNA as well as secondary parts of the cell, such as
the mitochondria. (B) GNPs can influence the cell through generation of reactive oxygen species,
DNA damage, as well as cell cycle and bystander effects. Reproduced with permission from [110,118].
Copyright Springer Nature, 2016, 2017.
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The chemical mechanism of GNP radiosensitization occurs through the radiochemical sensitization
of DNA by increasing catalytic surface activity and increasing radical generation from the GNP
surface [60]. Despite the prevailing notion that GNPs are chemically inert, there is a growing body of
evidence that, due to the electronically active surface of GNPs, they are capable of catalyzing chemical
reactions [119]. Catalysis by GNPs occurs mainly through surface interaction with molecular oxygen,
generating free radicals [60]. This seems more evident in small GNPs (<5 nm in diameter) where
surface to volume ratio is greater [120]. When combined with irradiation, the catalytic effects appear to
be enhanced, with smaller GNPs with larger surface areas yielding more ROS [121]. However, it has
been shown that at all energy levels, the dose enhancement observed cannot be simply explained by
physical or chemical mechanisms [122]. To explain this, a radiobiological effect must be occurring.

The main radiobiological mechanisms involved in the cell’s response to irradiated GNPs results
are the production of reactive oxygen species (ROS), oxidative stress, DNA damage induction, potential
bystander effects, and cell cycle effects, as explained by Rosa et al. in Figure 6B [118]. Oxidative stress
can cause cellular damage to the cell, including the oxidation of lipids, proteins, and DNA, which can
result in apoptotic and necrotic cell death [123]. The mitochondria do appear to play a role, and the data
indicate loss of function due to high intracellular ROS levels. It has been shown that the use of 1.4-nm
triphenyl monosulfonate (TPPMS)-coated GNPs resulted in a loss of mitochondrial potential through
elevated oxidative stress, resulting in necrotic cell death [122]. There have also been studies suggesting
that GNPs may cause cell cycle disruptions and induce apoptosis. Radiosensitivity varies throughout
the cell cycle with S phase being where a cell is most radioresistant and G2/M phase being most
sensitive [124]. This could also depend on cell type, expression of cyclin kinases, and NP characteristics
such as coating and size. For example, the use of 1.9 nm GNPs in DU-145 and MDA-MB-231 resulted
in an increase in sub-G1 population in DU-145 population but not in MDA-MB-231 [125].

The biocompatibility of GNPs has already been tested in a phase I clinical trial. Furthermore,
both in vitro and in vivo studies have shown the possibility of using GNPs as a radiosensitizer at
clinically feasible concentrations, as discussed previously. Radiotherapy can also be combined with
chemotherapy (chemoradiation) in cases where the tumor is not localized anymore, but metastasized
as well, or to reduce potential micro-metastases spread. We will discuss the recent research conducted
towards adding GNPs to this chemoradiation protocol in the next section.

4. Rationale for Gold Nanoparticles in Chemoradiotherapy

Radiotherapy is mainly used to control the tumor locally as discussed previously. Chemotherapy
is used to control the tumor metastasis. Therefore, a combination of chemotherapy and radiotherapy
(chemoradiation) is being practiced in the clinic to treat patients with locally advanced disease.
Considering the variety of drugs available for cancer treatment, the possible choice of sequencing of
combined chemotherapy and radiation therapy is countless, and the treatment plan differs between
each patient. The standard treatment sequence refers to chemotherapy regimen before a traditional
external beam radiation therapy treatment [53]. Chemotherapy used prior to irradiation is expected
to cause maximal tumor regression for locally advanced tumors. The major limitation of combining
chemotherapy and radiation therapy is normal tissue toxicity, since either modality can cause major
normal tissue toxicity [8]. The main problems currently associated with chemotherapy are the
biodistribution of pharmaceuticals, the lack of drug-specific affinity towards the tumor, limited plasma
half-life, poor solubility and stability in physiological fluids, and nonspecific toxicity [126]. GNPs,
due to their high surface area-to-volume ratio, as well as a large number of surface bio conjugation
possibilities, are an ideal platform for delivering pharmaceutics for chemotherapy [46,127-129]. The use
of GNPs as drug delivery system (DDS) can improve the pharmacokinetics, the pharmacodynamics,
and the biodistribution of various drugs, as well as allow for improved targeting to reduce normal
tissue toxicity. Beyond being an effective radiosensitizer, GNPs allow for a 100- to 1000-fold increase in
ligand density compared to that of liposomal or polymeric DDSs [55]. Thus, the combination of the
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GNPs with radiotherapy and chemotherapy is part of the natural progression of the exploration of
GNPs as a complete treatment modality.

The conjugation of moieties such as chemotherapeutic agents to the surface of the GNPs can be
done using various techniques. The most common method is through the use of thiol group-containing
biomolecules [130]. The use of thiolated biomolecules allows for functionalization of the GNPs with
various agents, such as DNA, peptides, antibodies, and proteins [131,132]. This is a very robust
method, as the majority of anticancer drugs can be thiolated, so as to be compatible with GNPs as a
DDS [133,134]. Furthermore, capping agents, such as carboxyl terminated PEG molecules, with a thiol
bond can allow for further functionalization techniques [131,135]. A general overview of various drug
loading techniques using GNPs was explored by Fratoddi et al. [136]. GNPs, due to their favorable
surface chemistry, are a suitable drug carrier for use in chemotherapeutics, and may be available for
use in a wide range of drug delivery applications.

GNPs have been conjugated to a large variety of cytotoxic, anticancer drugs, and combined with
radiation for improved efficacy. This includes paclitaxel, methotrexate, gemcitabine, doxorubicin,
docetaxel, bleomycin, and platinum-based drugs like cisplatin [133,137-141]. Many different drugs can
be used for different purposes, a few of which we will expand on. For instance, the antitumor activity
of cisplatin was first discovered by Rosenberg and co-workers in 1960s, when they were examining
whether electrical currents affect cellular division [142]. The researchers discovered that the inhibition
of cellular division observed in the study was not due to electrical current, but platinum hydrolysis
products formed from platinum electrodes. They reported that cis-tetrachlorodiammineplatinum
(IV), cis-[PtCly (NH3),], was the potent agent responsible for the inhibition. Cisplatin is now used to
treat various types of cancers (i.e., cervical cancer, non-small-cell lung cancer, ovarian cancer, germ
cell tumors, osteosarcomas, etc.), with a cure rate as high as 90% in testicular cancer [143]. However,
long term cisplatin usage results in drug resistance [144]. To counteract this resistance, very high
systemic doses of cisplatin should be administered, which results in severe systemic toxicity and
poor patient compliance, limiting its clinical use [144-146]. It was shown recently that GNPs can
be used to enhance damage caused by platinum-based anticancer drugs [147,148]. Comenge et al.
conjugated cisplatin to GNPs and tested the efficacy of this DDS compared to the free drug along,
as shown in Figure 7A—C [147]. They found that the use of GNPs led to 300 times more platinum
being encapsulated in A549 cells in vitro, and while moving to in vivo, found similar efficacy but
largely absent normal tissue toxicity. Yang et al. instead used free cisplatin along with GNPs in a
combined chemoradiotherapy modality in vitro, seen in Figure 7D-F [116]. An additive relationship
was discovered when treated with GNPs, cisplatin, and radiation in MDA-MB-231 cells. The use of
GNPs may be an important avenue to explore when integrating cisplatin into chemoradiation protocols.

Another chemotherapy agent that is limited due to high normal tissue toxicity is docetaxel (DTX).
DTX is a cytotoxic member of the taxanes and is an effective antimicrotubular agent that is effective
in the treatment of multiple different types of cancers including head and neck, breast, prostate, and
non-small-cell lung cancer [149-152]. Docetaxel’s mechanism of action is primarily through the ability
to enhance microtubule assembly and stabilize free microtubules within the cytoplasm, thus preventing
their depolymerization during normal cell division [153]. This has many consequences for the fate
of the cell, including inhibition of progression through the cell cycle and inevitably death via mitotic
catastrophe, depending on the dose [154]. Francois et al. tested DTX-conjugated GNPs on MCF7 and
HCT15 cells and found a 2.5 times more efficient response compared to free DTX [139]. DTX has also
been shown to block the cell cycle at the G/M phase [155]. This is critical because the G/M phase
has shown special sensitivity to the ionizing radiation, causing more cell death [156]. Moreover, by
arresting tumor cells in the M phase of the cell cycle, it synergizes the lethal effects of radiotherapy,
thereby serving as an ideal radiosensitizer. Both in vitro and in vivo studies have demonstrated the
synergistic effects of DTX when combined with radiotherapy [157,158]. Furthermore, it has been
shown that the uptake of NPs, including GNPs, is increased when the cell population is synchronized
in the Gy/M phase [85,159]. This suggests the use of DTX concomitantly with other drugs or radiation,
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which was tested by Bannister et al. as seen in Figure 8 [160]. DTX used as a synchronizing agent when
paired with GNPs lead to higher uptake, a higher localization of the GNPs to the nucleus, and a larger,
synergistic response to radiotherapy.
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Figure 7. Cisplatin and gold nanoparticles. (A-C) Cisplatin conjugated GNPs lead to an increased
deposition of platinum into A549 cells compared to the free drug in vitro, which led to less side effects
in vivo with similar efficacy. Scale bar is 4 um. (D-F) The use of free cisplatin to synergize with GNPs
in a chemoradiation modality in vitro lead to a synergistic effect. Scale bar is 40 um. Reproduced with
permission from [116,147]. Copyright Public Library of Science, 2012; Copyright Multidisciplinary
Digital Publishing Institute, 2018.
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Normal tissue toxicity is an issue in escalating current dose regimes in many tumors. However,
in pancreatic cancer, despite advancements in chemotherapy and radiotherapy, the current 5 year
survival rate is only 9% [161]. Gemcitabine is a pyrimidine analog that is a mainstay treatment of
adenocarcinoma of the pancreas, but is also used for treatment of bladder and non-small cell lung
cancer [162-164]. Upon cellular encapsulation, gemcitabine is phosphorylated to its active diphosphate
and triphosphate metabolites, which inhibit RR and DNA synthesis, respectively [165]. Despite its
prominent use in the clinic, only a small portion of the drug is converted to its active forms. Up to 90%
of the injected dose is collected from urine one week after treatment, with 75% of that being in the first
24 h [166]. The use of gemcitabine-conjugated GNPs could be an avenue for both improved uptake of
the drug as well as improved efficacy in the very deadly pancreatic disease. It has been shown that
20 nm GNPs by themselves can sensitive pancreatic cell to the effects of gemcitabine by Huai et al. [167].
This is explained by showing that GNPs inhibited epithelial to mesenchymal transition and reduced
cancer cell stemness—possible causes of anticancer drug resistance [168]. Furthermore, Pal et al.
showed in Figure 9 that gemcitabine-conjugated GNPs that specifically target pancreatic cancer cells
with a plectin-1 peptide have improved efficacy in situ compared to the free drug alone [169]. The use
of gemcitabine with radiotherapy has also been shown to be more effective than the drug alone through
clinical trials [170]. Thus, in the future, the addition of gemcitabine-conjugated GNPs to a radiotherapy
protocol may prove highly beneficial.
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Figure 9. Gold nanoparticle mediated delivery of Gemcitabine. (A) Gemcitabine-conjugated GNPs
showed a significant increase in efficacy when treating mice, as measured through volume. (B) KI67,
a marker for proliferation, also showed reduced proliferative cells when treated with the GNP complex
compared to the free drug alone, signifying improved efficacy. Black = vehicle, Red = GNP, Blue = Gem
and Purple = GNP-Gem. * and ** denote p < 0.05 and p < 0.01 compared to vehicle-treated group
respectively. Reproduced with permission from [169]. Copyright Royal Society of Chemistry, 2017.

The use of GNPs as chemotherapeutic DDSs is increasing, and the combination of chemotherapy
with radiotherapy remains one of the most effective treatment modalities available in the clinic. A brief
summary of recent studies, no older than 2016, involving the use of GNPs with chemotherapy and
radiotherapy, can be seen in Table 1. The use of GNPs in combination with anticancer drugs and
radiation is still limited in literature; however, the published work thus far shows a trend of improved
dose response to the tumor coupled with reduced normal tissue toxicity. Further studies need to be
completed, however, before translation to the clinic.
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5. Future Considerations

A large issue that is plaguing nanotechnology in general is that a very low (~0.7%) portion of the
administered dose is being delivered to the tumor [177]. While Wilhelm et al. describe the issue as
improving understanding of the processes present in the body that inhibit the uptake of NPs, and then
optimizing those processes, a more personalized approach could be introduced. Personalized medicine
involves the analysis of a patient’s genetic code in order to have a better understanding of the potential
response to treatment [178]. This is a very important avenue to explore, as it has been estimated
that any class of anticancer drug used is ineffective in 75% of patients [179]. This is a result of no
two cancers from different patients being the same. Beyond using genomic information to improve
each individual’s cancer treatments, the use of an in vitro model that can better mimic the in vivo
environment present in a patient may allow for the actual testing of treatment prior to administration.
This can be achieved through the use of three-dimensional organoid models [180].

Organoid models have many advantages if implemented into a personalized medicine protocol.
The use of a patient’s own cells, as described in Figure 10 by Fan et al., allows for the maintenance of the
heterogeneity present [181]. Furthermore, normal spheroids can be engineered to have similar genetic
alterations present in a patient, as discovered using their genomic information, through the use of
gene-editing [182]. There are many other advantages as well, including low-cost generation, and quick
(~4 weeks) results can be obtained. The capability of organoids to enable drug screening in an in vitro
environment is being widely explored [180]. Furthermore, the use of organoid models has recently been
tested on a chemoradiotherapy treatment of advanced rectal cancer and was able to accurately predict
the response [183]. In the future, the use of organoids to screen chemoradiotherapy protocols with
GNPs may enable an accurate assessment of response and allow for tailored, personalized medical care.
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Figure 10. Organoid models toward personalized medicine. Patient-derived cancer organoids can
be derived from surgically resected/biopsied tissues and circulating tumor cells. Furthermore, using
gene-editing, normal spheroids can be mutated into tumor organoids. Reproduced with permission
from [180]. Copyright Springer Nature, 2019.

Spheroids, and patient derived organoids, should be seen as avascular tumors, with limitations.
To move towards personalized medical care with GNPs—using organoids as an assessment tool—certain
strategies will have to be employed and obstacles overcome [184]. First, many more preclinical studies
will have to be undertaken involving the use of GNPs with spheroids and their ability to accurately
predict tumor response. This will have to be a large expanse of research, with many different types of
treatment options including chemotherapy and radiotherapy as well as combined modalities. Second,
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scalability is very important: a high throughput method of testing efficacy of drugs and radiation
modalities will have to be elucidated, as well as producing the organoids in a large-scale manner.
Work is under way to improve production of spheroids as well as protocols for high throughput
drug and radiation testing [185-187]. However, translation to the clinic will require more work at the
bio—nano interface.

The use of GNPs in this workflow has limited published work, with most research focusing
on individual treatment modalities, and not overall high throughput methods for translation to
personalized medicine. Towards this, cheap and efficient GNP systems that can be easily functionalized
with various moieties such as anticancer drugs or targeting ligands need to be designed for mass-scale
production. Furthermore, comparisons of GNP-treated spheroids and organoids with in vivo models
must be undertaken for improved confidence for translation to the clinic. Finally, it must be accepted
the spheroids are a simplistic model when compared to an in vivo environment and will not be able to
predict everything. However, despite this, the use of GNPs with organoid models for personalized
medicine may be able to help save lives and improve the quality of lives in the future.

6. Conclusions

In the pursuit of improved cancer therapeutics, the use of GNPs offers the potential of improving
on many different facets of the treatment process. Despite progress, the translation of GNPs to
clinical practice has been limited due to the lack of coordination between researchers and clinicians.
Many advances covered in this review aim to address issues that have arisen in the past, including
targeted therapy, and the combination of radiotherapy and chemotherapy paired with GNPs for
improved efficacy. However, it is still important to improve upon the current research so that
translation to the clinic can be expedited.
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Abstract: Use of multicellular spheroids in studies of nanoparticles (NPs) has increased in the last
decade, however details of NPs interaction with spheroids are poorly known. We synthesized AuNPs
(12.0 + 0.1 nm in diameter, transmission electron microscopy (TEM data) and covered them with
bovine serum albumin (BSA) and polyethyleneimine (PEI). Values of hydrodynamic diameter were
17.4 +0.4;35.9 + 0.5 and +125.9 + 2.8 nm for AuNPs, AuBSA-NPs and AuPEI-NPs, and Z-potential
(net charge) values were —33.6 + 2.0; —35.7 + 1.8 and 39.9 + 1.3 mV, respectively. Spheroids of
human hepatocarcinoma (HepG2) and human embryo kidney (HEK293) cells (Corning ®spheroid
microplates CLS4515-5EA), and monolayers of these cell lines were incubated with all NPs for
15 min—4 h, and fixed in 4% paraformaldehyde solution. Samples were examined using transmission
and scanning electron microscopy. HepG2 and HEK2893 spheroids showed tissue-specific features
and contacted with culture medium by basal plasma membrane of the cells. HepG2 cells both in
monolayer and spheroids did not uptake of the AuNPs, while AuBSA-NPs and AuPEI-NPs readily
penetrated these cells. All studied NPs penetrated HEK293 cells in both monolayer and spheroids.
Thus, two different cell cultures maintained a type of the interaction with NPs in monolayer and
spheroid forms, which not depended on NPs Z-potential and size.

Keywords: AuNPs; AuPEI-NPs; AuBSA-NPs; electron microscopy; ultrastructure of HepG2 cells
and spheroids; ultrastructure of HEK293 cells and spheroids; penetration of NPs into monolayer
and spheroids

1. Introduction

Gold nanoparticles have a number of unique physical and chemical properties that, together with
a good biocompatibility, makes them a promising tool for nanomedicine. Advantages of using gold
nanoparticles (AuNPs) and their various modifications in the treatment and diagnosis of diseases are
being actively studied; a number of comprehensive detailed reviews is devoted to this issue [1-6].
Similar to other NPs, AuNPs are studied in cell cultures and in laboratory animals; and in last decade a
new experimental model has been developed: multicellular spheroids or micro-tissues (cell cultures
in 3D-form); the advantages of spheroids are described in details [7-10]. Spheroids that mimic the
structure and functions of various tissues have shown their suitability for studies of different problems
in modern biomedicine, including the effects of drugs, drug damage to the liver, toxicity of chemical
compounds, and human hepatocarcinoma (HepG2) spheroids are considered in such studies as a
practically adequate replacement of primary hepatocytes [11-15]. The advent of commercially available
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devices for cultivation of spheroids has transformed their obtaining from "high art" into affordable
technology, which expanded the scope of their application. Various approaches for obtaining spheroids
are reported, which roughly can be divided to scaffold-based and scaffold-free; see reviews [8,12,16-18].

The number of published works on cellular spheroids is already in the thousands, but many
details of their structure remain unknown, including the structure of their external surface and the
morphological substrate of contact with the environment. Meanwhile, structure of the region adjacent
to spheroids surface determine the nature of interaction not only with the culture medium, but also with
soluble preparations and NPs containing in that medium. Morphological changes in spheroids treated
with NPs or chemical compounds are studied mainly in transmitted light and various fluorescence
methods [9,19-21]. The use of electron microscopy is rare and mostly is limited to registration of
NPs presence in a cell [22-24] or TEM-illustration of NPs used in a study [9,15,21,25,26]. However,
the size of NPs requires studying their interaction with cells at subcellular level, which is realized in a
transmission electron microscopy (TEM) of ultrathin sections.

In this work, we examined and compared the morphology of HepG2 and human embryo
kidney (HEK293) cell monolayers and spheroids with TEM and scanning electron microscopy (SEM),
because we found out an insufficiency of published data. Both cell lines are epithelial in nature;
however, HepG2 is well-differentiated line, which possesses structural and morphologic characteristics
of hepatocytes, while morphology of HEK 293 cell line does not show tissue-specific features. In this
work, we describe structural organization of the spheroids and point out the features specific for each
cell type.

It was interesting to find out how HepG2 and HEK293 epithelial cell lines interact with the same
NPs in monolayer and spheroids. We incubated the cells in monolayer and spheroids with synthesized
AuNPs and their modified variants coated with protein (bovine serum albumin, BSA) or polymer
(polyethylenimine, PEI). Here, we present data on features of the penetration of these NPs into HepG2
and HEK?293 cells and compare those in spheroids and monolayer.

In common, in this work we present new comparative data on morphology of HepG2 and HEK293
cells in monolayer and spheroids, and their interaction with AuNPs, AuPEI and AuBSA-NPs.

2. Materials and Methods

2.1. Reagents

All used reagents were analytical grade. Ultrapure water of 182 MQ-cm at 25 °C
(Simplicity 185 system, Millipore, Burlington, MA, USA) was used in all processes of NPs preparation.

2.2. Preparation of AuNPs, AuBSA-NPs and AuPEI-NPs

AuNPs were synthesized similarly to [27]. In brief, the solution of NazCsH507-3H,0 (5 mL,
38.8 mM) (Fluka, Charlotte, NC, USA) was added under stirring to the boiled solution of HAuCly-3H,O
(45 mL, 1 mM) (Aurat, Moscow, Russia). The mixture was intensively stirred for 20 min and kept
at room temperature for 24 h, and then filtered (pore size of 0.45 um, MDI, Ambala Cantt, India).
Extinction coefficient of resultant suspension was €69 = 8.78 X 105 M~ cm™! (Shimadzu, Kyoto, Japan),
which corresponds to a concentration of 3.6 x 10~ M of Au [28]. The suspension was stored at 4 °C.

AuPEI-NPs were prepared by layer-by-layer approach. Initially, the reaction mixture (695 uL)
containing AuNPs (3.6 nM) and 0.72 uM oligodeoxyribonucleotide (ON) was incubated for
30 min at 56 °C to prepare non-covalent AuON-NPs serving as an intermediate compound [29].
Oligodeoxyribonucleotide (5’-TTT TTT TTT TTT TTT TTT TTT TTT TT-3’) was synthesized on
an ASM-800 (Biosset, Novosibirsk, Russia) by the solid-phase phosphoroamidite protocol using
phosphoramidites from ChemGenes (Wilmington, MA USA). The ON was purified by reversed phase
high performance liquid chromatography (HPLC) on an Agilent 1200 Series (Santa Clara, CA, USA)
using a Zorbax 5 pm Eclipse-XDB-C18 80 A column (150 x 4.6 mm?) by Agilent (Santa Clara, CA, USA).
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The AuON-NPs were washed with 0.5 mL of 4 mM NazC¢H507 solution and precipitated by
centrifugation for 30 min at 13,200 rpm. The precipitate was diluted with 0.57 mL of 4 mM Na3;C¢H507
solution, and pH of the suspension was adjusted to 10 with 12.5 uL of 1 M Nay;HPO4 (AlfaChem
Plus, Saint Petersburg, Russia). Solution of 100 uL of 0.8% 1l-mercaptoundecanoic acid (MUA)
(Sigma-Aldrich, St. Louis, MO, USA) in 10% ethanol (Kemerovo Pharmaceutical factory, Kemerovo,
Russia) was added with shaking (1400 rpm) to AuON-NPs, and the mixture was incubated for 30 min
at 25 °C to obtain AuON-MUA-NPs. The product was washed with 0.6 mL of 1 mM NaCl (Panreac,
Barcelona, Spain), and precipitated by centrifugation for 10 min at 13,200 rpm. The precipitate was
diluted with 0.25 mL of 1 mM NaCl. The final step was carried outin several tubes (Eppendorf, Hamburg,
Germany). The AuON-MUA-NPs (50 uL) were added with shaking (1400 rpm) to 50 uL of 0.1%
branched polyethylenimine (PEI) in each tube. The PEI (-NHCH,CH;-)«x(-N(CH,CH,NH;)CH,CHs-)y,
10 kDa of molecular weight, was 99% of purity (Alfa Aesar, Ward Hill, MA, USA). The mixture was
incubated for 30 min at 25 °C. Resulting product was washed with 0.5 mL of 1 mM NaCl, and then
precipitated by centrifugation for 10 min at 13,200 rpm. The precipitate was diluted in 50 puL of 1 mM
NaCl. The concentration of AuON-MUA-PEI-NPs (further designated as AuPEI-NPs) in the resulting
suspension was 10 nM of AuNPs.

AuNPs coated with BSA were obtained by incubation of 250 pL 3 nM AuNPs with 50 pL of 10%
BSA (Sigma, St. Louis, MO, USA) for 24 h on a Multi-rotator Multi Bio RS-24 at 10 rpm (Biosan, Riga,
Latvia) [30]. The resulting AuBSA-NPs were washed with 1 mL of PBS (Sigma-Aldrich, St. Louis,
MO, USA) and separated from the excess BSA by centrifugation for 30 min at 13,000 rpm on a
Heraeus Biofuge pico (Thermo Fisher Scientific, Waltham, MA, USA). The AuBSA-NPs precipitate was
suspended in PBS and the volume was brought to a concentration of AuNPs 10 nM. The stability of the
AuBSA-NPs was confirmed by the absence of color changes when adding an equal volume of 3 M
NaCl. The preparation was stored at 4 °C.

2.3. Physicochemical Characterization of Nanoparticles

All prepared NPs were examined in transmission electron microscope (TEM) (see Section 2.6).
Optical extinction spectra were recorded on a Clariostar plate fluorimeter (BMG, Labtech Ortenberg,
Germany) in the range of 400-800 nm according to manufacturer’s instructions.

Hydrodynamic characteristics of the NPs were evaluated by method of photon correlation
spectroscopy on a Malvern Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern, UK).
The measurements were performed at least 5 times for each sample.

All prepared NPs were subjected to agarose gel electrophoresis. Samples containing 5 pL
(0.5 pmol) of each kind of NPs and 1 uL glycerol/water (1:1, v/v) were loaded into the wells of 0.8%
agarose (Lonza Rockland, ME, USA) in Tris-Glycine buffer (250 mM glycine, 25 mM Tris, pH 8.3).
The electrophoresis was carried out for 30 min at 5 V cm™'. Images were scanned using Epson
Perfection 4990 Photo scanner (Seiko Epson Corporation, Suwa, Japan).

2.4. Cell Cultures and Spheroid Production

Cell cultures of human hepatocarcinoma (HepG2) and human embryo kidney (HEK293) cells
were obtained from the Russian collection of cell cultures (Institute of Cytology RAS, Saint Petersburg,
Russia). The monolayers were cultured in IMDM (HepG2) or DMEM (HEK 293) media, containing 10%
embryonic calf serum (Thermo Fisher Scientific, Waltham, MA, USA) and 100 u/mL of penicillin and
streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) in an atmosphere of 5% CO, at 37 °C.

To obtain spheroids (3D culture), Corning ® spheroid microplates 96 well black/clear bottom round
ULA (Ultra-Low Attachment surface) (CLS4515-5EA) (Corning, Corning, NY, USA) were used. Cells of
the HepG2 and HEK 293 lines were seeded at a dose of 300 and 600 cells, correspondingly, per well.
The spheroids were cultured for 7 days with daily imaging using a ZEISS Axiovert 200 m microscope
(Carl Zeiss AG, Oberkochen, Germany), equipped with an AxioCam MRm camera (Carl Zeiss AG,
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Oberkochen, Germany) and a CO, Incubator XL-3 (PeCon GmbH, Erbach, Germany). Measurements
of spheroids were performed using AxioVision program.

2.5. Incubation of Cells and Spheroids with the NPs

Cells of the HepG2 and HEK293 lines were sown in Petri dishes (40 mm diameter, TPP Techno
Plastic Products AG, Trasadingen, Switzerland), 10° cells per dish. After reaching 70% coverage,
the monolayers were washed with a culture medium, and AuNPs or AuBSA-NPs, or AuPEI-NPs
suspended in an IMDM (for HepG2) or DMEM (for HEK293) were added to cells. Final concentration
of AuNPs in the medium was 1 nM.

The cells were incubated for 15 min, 30 min, 1, 2 and 4 h in a medium without serum. Then the
cells were rinsed three times with PBS, removed with trypsin, sedimented by centrifugation (5 min at
3000 rpm), and fixed with 4% paraformaldehyde for TEM studjes.

Seven-day spheroids of HepG2 and HEK 293 cells cultured in 96-well plates were washed
with a culture medium. The AuNPs or AuBSA-NPs or AuPEI-NPs were added to spheroids in
an IMDM (HepG2-spheroids) or DMEM (HEK293 spheroids); final concentration of AuNPs was
1 nM. The spheroids were incubated with NPs for 1, 2 and 4 h without serum, and then fixed with
4% paraformaldehyde.

2.6. TEM Studies of NPs

Suspension of AuNPs was adsorbed on formvar-coated copper grids for 1 min, then liquid excess
was removed by a filter paper, and the grid was air dried. Suspensions of AuNPs-PEI and AuNPs-BSA
also were adsorbed on a grid for 1 min, and after removing of liquid excess were contrasted with
2% phosphotungstic acid (EMS, Hatfield, PA, USA), pH 0.5. The samples were examined with a
JEM 1400 TEM (JEOL, Japan) equipped with a Veleta digital camera (EM SIS, Muenster, Germany).
iTEM program, version 5.2 (EM SIS, Muenster, Germany) was used for direct measurement of NPs sizes.

2.7. TEM studies of Cell Cultures and Spheroids

All reagents for microscopic studies were purchased from EMS (Hatfield, PA, USA).

Samples of fixed cell cultures and spheroids were washed from paraformaldehyde with Hank’s
balanced solution and were postfixed with 1% osmium tetraoxide solution for 1 h, dehydrated in
ethanol and acetone according to the standard method, and then embedded in an epon-araldite mixture
to obtain hard blocks.

Ultrathin and semithin sections were prepared on an ultramicrotome EM UC7 (Leica, Wetzlar,
Germany) using a diamond knife (Diatome, Nidau, Switzerland). The semithin sections of spheroids
were stained with Azur II and were examined in a Leica DM 2500 light microscope (Leica, Wetzlar,
Germany) to choose an area for ultrathin sectioning. Ultrathin sections were contrasted with
2% water solutions of uranyl acetate and lead citrate and examined in a JEM 1400 TEM (JEOL, Japan).
Digital images were collected using a Veleta side-mounted camera (EM SIS, Muenster, Germany).

2.8. Scanning Electron Microscopy

The seven-day spheroids of HepG2 and HEK 293 cells were fixed with a 4% paraformaldehyde
at 4 °C for 24 h. Fixed spheroids were rinsed with PBS (Sigma-Aldrich, St. Louis, MO, USA),
dehydrated using a graded ethanol series (50%, 70%, 80%, 90%, 96% and 100%) and then immersed
to mixture of ethanol and hexamethyldisilazane (HMDS; Sigma-Aldrich, St. Louis, MO, USA) in a
ratio 1:1 for 10 min, and then to 100% HMDS for 10 min. Spheroids were fixed on a sample stand
using double-sided carbon tape and dried overnight in air. Spheroids were sputter coated with
10 nm gold/palladium and analyzed using a scanning electron microscope EVO 10 (Carl Zeiss AG,
Oberkochen, Germany) at an accelerating voltage of 10 kV.
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3. Results

3.1. Physicochemical Characteristics of the NPs

We prepared AuNPs and covered them with PEI or BSA for cell studies. Values of polydispersity
indexes evidenced that NP preparations represent well dispersed aqueous suspensions (Table 1).
Examination in TEM revealed spherical naked particles of high electron density (d = 12.0 + 0.1 nm) in
sample of AuNPs, and the same particles surrounded with “corona” of PEI or BSA having middle
electron density, in the samples of AuPEI-NPs and AuBSA-NPs (Figure 1A).

Table 1. Physicochemical characteristics of AuNPs, AuPEI-NPs and AuBSA-NPs.

Sample Zeta-Potential (mV)  Polydipersity Index Hydrodynamic Diameter (nm)
AuNPs -33.6 £2.0 0.145 + 0.006 174+04
AuMUA-NPs -53.8 +3.4 0.288 + 0.001 46.0+22
AuMUA-PEI-NPs 399 +13 0.258 + 0.008 1259 +2.8
AuBSA-NPs -357+1.8 0.212 + 0.008 359 +0.5
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Figure 1. Physicochemical characterization of the NPs. (A) TEM images of AuNP (top),
AUuPEI-NP (middle) and AuBSA-NP (bottom). Negative staining with phosphotungstic acid.
Bars correspond to 10 nm. (B) Image of the gel after electrophoretic analysis of AuNPs, AuMUA-NPs,
AUuPEI-NPs and AuBSA-NPs. (C) Optical extinction spectra of AuNPs, AuMUA-NPs, AuPEI-NPs and
AuBSA-NPs in water. We used samples with different concentrations to separate the curve maximums

for clear visualization.

To prepare AuPEI-NPs we modified previously described layer-by-layer method, which uses
MUA for stabilization of AuNPs [31]. We introduced a step of AuNPs preliminary incubation with
ON (anyone with length 20-30 n.) [29]. This ON layer allowed to increase colloid stability of the NPs
at subsequent stages of interaction with MUA and PEI The resulting AuPEI-NPs had a positive net
charge, unlike AuNPs and AuBSA-NPs, which have a negative net charge (Zeta potential) (Table 1).
Optical extinction spectra did not critically change after covering of AuNPs with PEI or BSA (Figure 1C).

Thus, we obtained three types of well dispersed NPs to study their interaction with cells: AuNPs,
AuPEI-NPs and AuBSA-NPs, similar by size, and differing in the magnitude of net charge (Table 1,
Figure 1B). Detailed presentation of physico-chemical properties of NPs, similar to studied in this work
could be found in our previous studies [32,33]. Absence of noticeable cytotoxicity of all studied NPs
was shown in our previous work using two different cell cultures [32].
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3.2. Cell Experimental Models

3.2.1. Monolayer Cell Cultures

The well-differentiated hepatoma cell line HepG2, which has a wide set of properties inherent to
human hepatocytes in vivo, has been actively used for about 40 years in various studies exploiting
organ-specific features of the line [10,11,34-37]. Morphology of HepG2 cells was shown to keep main
features of the hepatocytes: tight junctions separate apical and basolateral plasmalemma providing
formation of bile capillaries and blood-biliary barrier; ultrastructural observations were supported by
immunohistochemical and biochemical studies [38,39]. Based on current knowledge about the role
of tight junctions in hepatic physiology and pathology, it is possible to claim that formation of these
structures by HepG2 cells evidences for high levels of differentiation [40].

Our examination of HepG2 cells on ultrathin sections revealed formation of bile capillaries that
carry microvilli on the surface and had tight junctions between the cells; desmosomes connecting cell
lateral surfaces were occasionally observed (Figure 2A,B). The cells were filled with granular cytoplasm
containing mitochondria and cisternae of endoplasmic reticulum covered with ribosomes. Relatively
small Golgi apparatus usually was located in perinuclear region. Many cells contained lipid droplets
of medium electron density. Basolateral cell surfaces were mostly flat, some small outgrowths of
cytoplasm of various shapes were observed (Figure 2A,B). Our study clearly showed that monolayer
HepG2 cells retain characteristics of hepatocyte unique polarity, which differ from those in other types
of epithelia [39,41].

HEK 293 cell line also was used in various studies for about 40 years for examining molecular
characteristics of different cellular processes, endocytosis, gene expression, for transfection and
production of proteins and lentiviral vectors for pharmaceutical industry and science [42-44].
HEK293 cells were obtained from human embryo kidney [42] and have “columnar” polarity, which is
typical for non-hepatic epithelia [39,41].

HEK293 cells in monolayer were arranged in a disordered manner, tight junctions were not
observed (Figure 2C,D). Cell surface was covered with numerous outgrowths; some of them were
long and evidenced for macropinocytosis. On the sections, extended areas of cell close contact
were observed, the distance between cell surfaces was about 10 nm, however, no interdigitations
and tight junctions were present, which indicates absence of cell integration into “epithelial” layer.
The cytoplasm contained numerous polysomes; mitochondria and endoplasmic reticulum cisternae
were scarce (Figure 2C,D). In contrast to HepG2 cells, HEK293 monolayer cells did not possess signs of
organ specialization.

3.2.2. Spheroids of HepG2 and HEK293 Cells

Previously published studies showed changes in the shape and compactization of HepG2
spheroids during their development; early, middle and late stages of spheroid growth were identified,
the duration of which varied in different works and mainly depended on the dose of cell seeding.
Common recommendation was to work with HepG2 spheroids at middle stage (beginning from days
4-5 after cell seeding) which is characterized by active function of spheroid cells and absence of cell
destruction [10,14,45]. Amount of published studies using HEK293 spheroids is incomparably less
than studies with HepG2 spheroids; however, authors noted a very fast compactization of HEK293
cells on a non-adhesive surface and regular spherical shape of the spheroids [46,47].

To examine interaction of AuNPs, AuPEI-NPs and AuBSA-NPs with HepG2 and HEK293 cells
in 3D-culture we used corresponding spheroids cultured for 7 days with daily monitoring and
photographing. In the first three days after cell seeding HepG2 spheroids looked loose and had an
irregular shape, while HEK293 spheroids became spherical within a day. The spheroids showed
differences in shape and rate of growth (Figure 3A-D). HepG2 spheroids always had somewhat
irregular shape and surface with various recesses and ledges, as it is clearly seen on SEM image
(Figure 3E). In contrast, HEK293 spheroids had a shape very close to spherical and relatively smooth
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surface (Figure 3F). We did not set out to study the growth features of HepG2 and HEK293 spheroids,
since they are sufficiently described in literature, and we present here brief information on the growth
and "appearance" of spheroids only to confirm the adequacy of our 3D models with published data.

Figure 2. Cell cultures in monolayer: (A,B)—HepG2, (C,D)—HEK293. Inserts: (A) cisternae of
endoplasmic reticulum; (B) tight junction and desmosome between cells at apical pole. 1—"bile
capillaries”, arrows show microvilli; 2—nucleus; 3—lipid droplet; asterisks show mitochondria;
arrowheads show basolateral membranes; dotted arrow shows area of “simple” contact of two cells;
oval shows site of macropinocytosis; tick arrows show cell surface with many outgrowths.

3.2.3. Electron Microscopic Features of HepG2 and HEK293 Spheroids

All published studies with HepG2 spheroids describe the “general appearance” of entire spheroids,
noting the irregularity of shape and surface. Control of spheroids growth and analysis of their changes
is carried out by means of light-optical observation of intravital characteristics as the perimeter length
and square of spheroids, their roundness and compactness. Routine staining of paraffin sections mostly
is used to show absence or presence of necrosis. Immunohistochemistry and fluorescence methods are
increasingly introduced in recent years [11-15,45]. Published TEM data are scarce and usually present
small portions of HepG2 cells [14,48]. Here we describe the ultrastructure of HepG2 spheroids with an
emphasis on cell relationships and structure of spheroid outer surface and adjacent areas. We used a
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semithin section of each spheroid to choose a location for the pyramid, so we knew exactly which part
of the spheroid was being explored in the TEM.
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Figure 3. Characteristics of spheroids in culture. Representative light microscopic images of HepG2
spheroids (A) and HEK293 spheroids (B), days 2-7 after seeding. Bars correspond to 200 pm. Growth
curves of spheroids square: (C) HepG2, (D) HEK293. Representative images of 7-day HepG2 (E) and
HEK?293 (F) spheroids obtained with SEM.

SEM examination of the HepG2 spheroids revealed an uneven surface resembling a “lunar
landscape” with some bulging cells and "craters" extending into the interior of spheroid (Figure 4A).
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“Craters” looked as openings between spheroid cells and were randomly located on spheroid surface.
Surface of the cells was covered with many small outgrowths.

Figure 4. Ultrastructure of HepG2 spheroids. (A) Representative SEM image of spheroid surface.
1—bulging cells; arrows show openings on spheroid surface; (B-D) HepG2 spheroid periphery;
(E) area at a distance of 50 um from the surface; (F) bile capillary with microvilli. 1—nucleus;
2—cytoplasm; 3—lumen of cross-sectioned psedosinusoid; asterisks show external space; ovals show
bile capillaries; yellow arrows show a space between hepatocytes (openings in SEM); black arrows
show a space between lateral surfaces of neighboring cells; red arrows show microvilli; a frame shows
desmosome between cells, and insert shows this desmosome at high magnification. (B-F) Ultrathin
sections, TEM.
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Analyzing the results obtained by light microscopy, SEM and TEM we found that the openings are
expansions of the space between the lateral surfaces of neighboring cells, serving as an “entrance” into
the spheroid (Figure 4B,C and Figure S1). This “entrance” continued in the form of a space expanded
up to one um between the lateral surfaces of cells, covered with cytoplasmic outgrowths of different
lengths and shapes. It should be noted that these outgrowths were distinctly different from microvilli
on the surface of bile capillaries (Figure 4C-F). The openings were not formed by all cells: the “entrance”
between the lateral cell surfaces could be closed with desmosomes (Figure 4D). Observed patterns
suggest that cell basal membranes form outer surface of HepG2 spheroids contacting with culture
medium and receiving the nutrients and external influences. Presence of the “pores” on surface of
HepG2 spheroids were noted in SEM and TEM earlier [48].

Hepatocytes are epithelial cells with unique type of polarization, which sets a direction of their
morphology and function, determines formation of bile capillaries by the apical surface, and retrieval
of metabolites and other substances from sinusoid blood by basolateral surfaces [11,49]. In the
liver, sinusoids formed by endothelial cells provide blood flow that is cleared by hepatocytes.
Inside the spheroids we observed empty spaces between HepG2 cells resembling the sinusoids up
to 2-2.5 pm width (Figure 4E and Figure S2). This similarity allowed us to designate these spaces as
“pseudosinusoids”. It is unknown whether pseudosinusoids form a common network that permeates
the spheroid; a special research is required to establish this.

Bile capillaries (bile canaliculi) formed by hepatocyte apical plasmalemma are bright morphological
feature of hepatic tissue [11]. Bile capillaries are clearly visible in groups of HepG2 cells in
monolayer (Figure 2A,B) and in ultrathin sections of HepG2 spheroids (Figure 4B,E,F and Figure S3).
These structures are easily differentiated by the presence of microvilli on their surface, and could be
found in various parts of spheroid, there are no visible ordering in their location. Analysis of the
data obtained by TEM, SEM and light microscopy, clearly indicates that bile capillaries never come
to the surface; they are "hidden" inside the spheroids. Correct identification of bile capillaries in
HepG2 spheroids by TEM was reported in [14], and some published TEM studies of HEpG2 spheroids
demonstrated pseudosinusoids instead bile capillaries [48,50].

Thus, the spheroids formed by HepG2 cells maintain typical for liver histology parameters:
separation of the plasmalemma into apical and basolateral parts, formation of bile capillaries
and pseudosinusoids. It is important that HepG2 spheroids face the environment with cell basal
plasmalemma, which provides contact of hepatocytes with blood components in the liver. This feature
of HepG2 spheroids should be taken into account when studying the effects of various preparations,
including nanoparticles.

Examination of HEK293 spheroids in a SEM revealed a significantly flatter surface than those
in HepG2 spheroids due to absence of “craters” (Figure 3EF, 4A and 5A). Thin flat folds of
plasmalemma indicating macropinocytosis were visible between bulging cell bodies. Small cytoplasm
protrusions were present on cell surface in different amount, some cells had smooth surface
(Figure 5A). Different appearance of cell surface could reflect different functional state of the cells in
HEK?293 spheroids.
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Figure 5. Ultrastructure of HEK293 spheroids. (A) Representative SEM image of spheroid surface.
1—cell body; 2—cell surface with small microvilli; 3—flat cell surface; white arrows show flat folds.
(B-F) Cells at the periphery of spheroid, ultrathin sections. 1—nucleus; 2—cytoplasm; asterisks show
external space; circle shows a conglomerate of apical outgrowths; arrows show outgrowths protruding
in external space; yellow arrows show narrow space between lateral cell surfaces. (D1) Outgrowth
conglomerate at higher magnification, the insert shows desmosomes; (D2) this photo presents a
structure similar to apical tight junction.

HEK293 cell were isolated from human embryo kidney and transformed with sheared
DNA of adenovirus type 5 [42]. The obtained cell line was considered as epithelial cells.
Presence of morphologically visible tight junctions in HEK293 monolayer were not reported [51,52],
although expression of markers of epithelial tight junctions (zonula occludens) including ZO-1
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and occludins was detected [53]. We did not observe tight junctions in monolayer HEK293 cells
(Figure 2C,D).

Ultrathin sections of HEK293 spheroids showed groups of pyramidal cells (Figure 5C,E) connected
to each other with narrow apical parts, which formed a conglomerate of interlaced cytoplasmic
outgrowths bound by desmosomes and structures similar to tight junctions (Figure 5(D1,D2)).
The conglomerates were observed throughout entire thickness of spheroids, not only at the periphery.
On the ultrathin sections, these conglomerates looked like a disheveled skein of ribbons with ends
sticking out in different directions. The center of conglomerate looked solid; there were no signs
of a lumen formation, as in bile capillaries or glandular acini. We propose that apical cytoplasmic
conglomerates organize HEK293 cells into groups, reflecting non-complete (without a lumen) formation
of epithelial tube, determined by “columnar” polarization typical for of non-hepatic epithelia [39,41].
Thus, it is clear that cultivation of HEK293 cells in the 3D system induced formation of typical for
epithelia structures (tight junctions and desmosomes) that were absent in the monolayer of these cells.

Surface of HEK293 spheroids was formed by basal plasmalemma of the cells, which was flat or
covered with small protrusions. Some cells showed large outgrowths protruding in external space
usually located near cell lateral borders (Figure 5B,E,F). It is obvious that formation of these structures
is associated with the ability of HEK293 cells to macropinocytosis, which we noted on a monolayer
culture. Similar structures were not observed in cells of HepG2 spheroid.

The lateral surfaces of spheroid cells were usually smooth and separated by narrow gaps led deep
into the spheroid, widening of these gaps were observed in area of apical conglomerates (Figure 5B,C,E).
Lateral plasmalemma of neighboring cells did not form interdigitations.

The results we obtained showed that cultivation of HepG2 and HEK293 cells in non-adhesive
conditions in full media and without scaffold provide formation of spheroids; their morphological
characteristics reflect structural polarization of epithelium in maternal organ. While HepG2 cells form
bile capillaries and pseudosinusoids, HEK293 cells in these conditions are unable create complete
structural units of epithelium with “columnar” polarization. Interestingly, the cells of both cultures
were exposed to the culture medium by their basal plasmalemma, and the apical parts of the cells were
inside spheroids.

3.3. Interaction of AuNPs, AuPEI-NPs and AuBSA-NPs with HepG2 and HEK293 Cells

3.3.1. Ultrastructural Features of NPs Interaction with the Cells in Monolayer

Study of NPs uptake by HepG2 and HEK293 cells were performed in culture medium without
serum during 4 h to prevent “corona” formation by serum proteins, because “corona” forms differently
on differently charged NPs, and it can alter their behavior by unknown way [54,55].

First, we examined interaction of AuNPs with HepG2 cells and unexpectedly found that all
AuNPs remained on cell surface, no signs of the NPs penetration into cells were observed during 4 h of
incubation (Figure 6A). In contrast, HEK293 cells readily internalized the same AuNPs, which were
observed in structures associated with endocytosis after 15 min of incubation, and accumulated in cells
up to 4 h (Figure 6B). At the same time, HepG2 cells actively engulfed AuNPs covered with PEI or
BSA, as HEK293 cells did (Figure 6C—F). The accumulation of AuBSA-NPs was detected later than
AUuPEI-NPs (first AuBSA-NPs were found in both cell cultures after 2 h of incubation, the particles were
dispersed in endosomes, and this reflects endocytosis of single particles (Figure 6C,D). The cells are
able to accumulate many AuBSA-NPs in late endosomes (Figure S4), and it is easy to imagine the huge
amount of NPs accumulated inside the cell, remembering that one ultra-thin section is about 70 nm
thick, and the cell diameter is more than 10 microns. Previously long-term flotation of AuBSA-NPs
was observed on HeLa cells [32], what is similar to current observation and obviously associated with
particle negative net charge (Table 1). Penetration of AuPEI-NPs into both cell lines visually was
highest, and numerous particles were found in endosomes after 15 minutes of incubation (Figure 6 E,F),
obviously due to their positive net charge (Table 1). It is interesting, that all kinds of the NPs had
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different behavior inside endosomes of HepG2 and HEK293 cells: AuNPs formed loose aggregations
of various shape, AuBSA-NPs localized individually; and AuNP-PEI formed compact aggregations or
were located separately (Figure 6).

Figure 6. Representative TEM-images of NPs uptake by cells. (A) AuNPs on HepG2 cell surface
are shown with arrows; inserts show AuNPs aggregations on plasmalemma at high magnification.

4 h incubation. (B) Penetration of AuNPs into HEK293 cells. Arrows show endocytosis-associated
structures containing AuNPs; left insert shows two enlarged endosomes; right insert shows early
endosome containing AuNPs. 30 min incubation. (C) AuBSA-NPs inside late endosomes of HepG2 cells.
4 h incubation. (D) AuBSA-NPs inside HEK293 cells. 4 h incubation. (E) AuPEI-NPs in endosomes
of HepG2 cells; insert shows enlarged particles inside endosome, PEI looks as grey material around
gold core. 1h incubation. (F) AuPEI-NPs in endosomes of HEK293 cells; insert shows aggregates of
AuPEI-NPs inside endosome. 1 h incubation. Bars in inserts correspond to 100 nm.

Undoubtedly, most interesting of our findings is absence of AuNPs uptake by HepG2 cells in
contrast with active internalization of the same AuNPs covered with BSA or PEI. We did not find
any study confirming or neglecting our results. Uptake of AuNPs (20 nm) by HepG2 cells was
detected by inductively coupled plasma mass spectrometry [26], however, this method did not provide
reliable results because it operates with a whole mass of the cells dissolved in 3% HNOS, so it is
impossible say were AuNPs inside the cells or were they adsorbed on cell surface [25]. The TEM
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of ultrathin sections is the only method that unambiguously demonstrates the penetration of metal
NPs into cells and allows identification of cell structures without a special labeling. Most published
studies skip TEM examination of cell-NPs interaction. A number of studies provide images of the
final stages of NPs accumulation in cells after several days of incubation; such data only confirm the
presence of NPs in cells without bringing details of their penetration and interaction with cellular
structures [22,23]. Meanwhile, understanding of the pathways of NPs internalization is necessary for
biomedicine and nanotoxicology, current knowledge in the field is comprehensively analyzed in recent
reviews, which noted advantages of TEM: possibility of direct and simultaneous visualization of NPs
and cell structures on ultrathin sections [4,55,56].

Our examination of ultrathin sections in TEM revealed that clathrin-mediated endocytosis is
main way to enter both HepG2 and HEK293 cells for all studied types of NPs. Figure 7 demonstrates
sequential steps of clathrin-mediated endocytosis: adsorption, transfer by vesicle to early endosome
and accumulation in late endosomes. All types of NPs were observed only in membrane-bound
structures (endosomes and lysosomes); no signs of NPs cytoplasmic localization were detected during
4 h of incubation. Our previous studies showed that AuNPs stay inside late endosomes and lysosomes
of HeL a cells at least for 72 h [32].

HEK293 cells also showed the signs of macrpinocytosis of all studied NPs, cells developed
long outgrowths and macropinocytic cups (Figure 7], K). Morphological signs of macropinocytosis in
HEK293 cells were identical to earlier published TEM data on this type of endocytosis, the authors
noted independence of macropinocytosis and clathrin-mediated endocytosis [57-59].

Clathrin-mediated endocytosis was examined in HepG2 cells incubated with AuNPs coated
with human ferrotransferrin (8 nm) or asialoorosomucoid (20 nm) in TEM and the data showed all
subsequent steps of the endocytosis [60], identical to our images, however, author did not study
interaction of HepG2 cells with AuNPs.

3.3.2. Features of NPs Interaction with Spheroids Cells

Examination of ultrathin sections of HepG2 spheroids incubated with AuNPs showed inability
of these cells to internalize these NPs, which were localized only on spheroid surface during 4 h
(Figure 8A-C). At the same time, ultrathin sections of HEK293 spheroids showed signs of both
clathrin-mediated endocytosis and macropinocytosis of AuNPs which were found mostly in late
endosomes starting from 1 h of incubation (Figure 8D-H). HEK293 cells containing AuNPs were
located in spheroid external zone (about 35-40 um from the surface).

Thus, both HepG2 and HEK293 cultures in form of spheroid (3D-culture) kept the character
of interaction with AuNPs observed in their monolayers. The same phenomenon occurred during
incubation with AuBSA-NPs: ultrathin sections of both HepG2 and HEK293 spheroids showed
adsorption of NPs on plasmalemma and presence of individual particles in late endosomes (Figure 9).
The cells containing AuBSA-NPs were located in external zone (about 3540 pum from the surface) of
HepG2 and HEK293 spheroids.

AuPEI-NPs were observed on basal plasmalemma of cells forming outer surface of HepG2 and
HEK?293 spheroids, and in the spaces between lateral cell surfaces, and in pseudosinusoids of HepG2
spheroids (Figure 10A-D). As in the case of a monolayer, AuPEI-NPs more actively penetrated the
cells than other studied NPs and accumulated in late endosomes of both HepG2 and HEK293 cells
(Figure 10D,E). AuPEI-NPs visually were more abundant in a tissue of HepG2 and HEK293 spheroids
than AuBSA-NPs, however, their penetration depth was similar: 35-40 um. Thus, positive net charge
of AuPEI-NPs did not influence the depth of NPs penetration into spheroids, although it increased
their accumulation inside spheroids, as well as in monolayer HepG2 and HEK293 cells.
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Figure 7. Representative images of NPs penetration into monolayer cells. Adsorption of single
AuBSA-NP (A) and small cluster (B) of AuNPs on plasmalemma (HepG2); (C) coated pit containing
AuNP and (D) coated vesicle containing AuPEI-NP (HEK293); (E) endocytotic vesicle containing
AuBSA-NPs (HepG2). (F) Early endosome receives AuNP in vesicle; arrows show vesicles fusing
with endosome body (HEK293). (G) AuNPs in endosome cavity, arrow shows NP in tubule (HEK293).
(H) AuPEI-NPs in late endosome and a vesicle (HepG2). (I) AuNPs in late endosome (HEK293).
(J,K) Macropinocytosis of AuPEI-NPs (HEK293). TEM, ultrathin sections. Bars correspond to 100 nm.

119



Nanomaterials 2020, 10, 2040

Figure 8. Interaction of AuNPs with cells of different spheroids. (A-C) adsorption of AuNPs on
plasmalemma (HepG2 cells). (D-H) Penetration of AuNPs into HEK293 cells. (E) Adsorption of AuNPs
on plasmalemma; (F) Macropinocytosis of AuNPs; (G,H) AuNPs in late endosomes. 1—cytoplasm;
2—Ilate endosome; asterisks show external space and arrows show plasmalemma. Bars correspond to
100 nm.
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Figure 9. Interaction of AuBSA-NPs with cells of different spheroids. (A-D) Penetration of AuBSA-NPs
into HepG2 cells. (A,B) adsorption of NPs on plasmalemma, insert shows NP adsorption at high
magnification. (C,D) AuBSA-NPs in late endosomes. (E,F) Penetration of AuBSA-NPs into HEK293
cells. (E) NPs on plasmalemma and in late endosome. (F) AuBSA-NPs in late endosomes and in
a vesicle. 1—cytoplasm; 2—late endosomes; 3—cell outgrowths; asterisks show external space and
arrows show plasmalemma. Bars correspond to 100 nm.
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Figure 10. Interaction of AuPEI-NPs with cells of different spheroids. (A) Adsorption of AuPEI-NPs
on HepG2 cell plasmalemma. Images in insert, (B,C) show NP adsorption at high magnification,
HepG2 cells. (D) AuPEI-NPs in late endosomes of HepG2 cells. (E) Penetration of AuPEI-NPs into
HEK293 cell, insert shows NPs in late endosome at high magnification, yellow arrows show NPs
between spheroid cells. 1—cytoplasm; 2—late endosomes; asterisks show external space and arrows
show plasmalemma. Bars correspond to 100 nm.

4. Discussion

HepG2 cells cultured in 2D- and 3D-forms are used as experimental model in various studies related
with hepatic functions and pathology, drug delivery and safety, toxicology and others [11,12,14,15].
Such a wide range of applications is due to the unique properties of this cell line, which reproduces
structural and functional features of the liver, in particular, in 3D-form (spheroids), which is reviewed
in [7,9,11]. Liver hepatocytes and HepG2 cells possess unique structural and functional polarity, it was
interesting to compare their features with another cell line, representing “standard columnar” polarity,
and we used HEK293 cell line for that. Using the TEM, we compared not only morphology of HepG2
and HEK293 cells in monolayers and spheroids, but also their interaction with three types of gold NPs
differing by a coating nature, hydrodynamic size, and net charge.

In monolayer, HepG2 cells formed bile capillaries with typical microvilli and tight junctions,
thereby showing liver-specific features. In contrast, HEK293 cells did not show any tissue-specific
signs. In spheroids, both HepG2 and HEK293 cells formed outer surface by basal plasma membrane,
which contacts with exterior environment (culture medium), and this finding can be important
for understanding of the mechanisms of experimental influences. Our data show that spheroids
consist of structural blocks, formation of which is specified by bile capillaries in case of HepG2 cells,
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and conglomerates of cell apical parts in case of HEK293. In HepG2 spheroids, blocks are separated by
pseudosinusoids and intercellular spaces formed by lateral membranes, but more research is needed to
find out whether pseudosinusoids form a common network within the spheroid. More research is
also needed to understand how the blocks interact with each other; nevertheless, at present we can
definitely say that the cells do not form shaped layers in HepG2 and HEK293 spheroids.

AuNPs are considered a promising platform for development of targeted nanomedicines and are
extensively explored; however, there are many unknown details in their interaction with a cell [1-6].
We examined internalization of positively charged AuPEI-NPs, and negatively charged AuNPs and
AuBSA-NPs with HepG2 and HEK293 cells in monolayers and spheroids to learn more about the
mechanisms of their internalization. To our surprise, AuNPs did not penetrate HepG2 cells either in
the monolayer or in the spheroids. Published TEM studies of AuNPs penetration into HepG2 cells
were conducted in presence of serum [23], which contains proteins forming corona and so change a
pattern of AuNPs interaction with a cell. However, our data corresponded to published TEM data that
AuNPs (10 nm) did not penetrate hepatocytes in mouse liver, their uptake was detected in Kuppfer and
endothelial cells (in contrast to AgNPs which penetrated the hepatocytes [4]. More research is needed to
explain why hepatocytes and HepG2 cells "ignore" AuNPs, but an important point following from this
observation is that cells can possess a selectivity for at least one type of the NPs. In connection with the
selectivity of cells, it is pertinent to note the known effect of the size of AuNPs on penetration into cells.
Thus, size-dependent accumulation of AuNPs (2-15 nm) coated with tiopronin was shown for MCF-7
breast cancer cells and their multicellular spheroids, and tumors in mice [61]. Different penetration
rates were also reported for AuNPs (50 and 100 nm) coated with thiopronine in the same experimental
MCEF-7 cell models [62].

Interest to penetration of a drug into spheroid tissue is related with known block of the diffusion in
tissue of solid tumors in vivo influencing drug effect [63]. Published studies show that the penetration
of various NPs into HepG2 and other spheroids is limited to a depth of 20-50 um, despite a fairly long
incubation (for 24-72 h) [10,15,64]. The same values of penetration into HepG2 spheroids were reported
for sorafenib [14]. Examination of MCF-7 spheroids treated with doxorubicin, revealed a dependence
of penetration on spheroid sizes and ability of the drug to completely penetrate into the small-size
spheroids [65]. Ability of doxorubicin for complete penetration into C3-HepG2 spheroid during 24 h
was shown using confocal microscopy [45]. Our study showed that all studied NPs penetrated to a
depth of 3040 um into HepG2 and HEK293 spheroids during 4 h of incubation. Limited penetration
of NPs into spheroids is a “good” feature when a research is devoted to antitumor drugs, however,
it may influence the results of toxicological and other studies.

Obviously, the use of spheroids in NPs research will expand and the methods of their cultivation
and study of experimental effects will be increasingly improved. Presently, direct visualization of a NP
in a cell and identification of cell structures is possible only by TEM of ultrathin sections. Currently,
electron microscopy is overshadowed by other methods, faster and sometimes simpler, however, do not
allowing to see directly nanoparticles in cells. Application of TEM allowed us to obtain a new data
about features of HepG2 and HEK293 morphology in monolayer and spheroids, and clarify details of
AuNPs, AuBSA-NPs and AuPEI-NPs uptake by these cells.

5. Conclusions

We compared ultrastructure of epithelial cells, which possess hepatocyte-type of polarization
(HepG2) and columnar polarization (HEK 293) cultured in 2D- and 3D-forms (monolayer and spheroids).
Monolayer HepG2 cells showed hepatic epithelia-specific morphological features, while HEK293 cells
in monolayer did not show signs of epithelial tissue.

Cultivation of HepG2 and HEK293 cells on non-adhesive conditions led to formation of spheroids,
a common feature of which was formation of spheroid outer surface by basal cell plasma membrane.
This finding should be taken in account in experiments on drug delivery.
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To examine interaction of different NPs with cells in monolayer and spheroids, we synthesized
AuNPs (12.0 £ 0.1 nm in diameter, TEM data) and covered them with BSA and PEIL Values of
hydrodynamic diameter were 17.4 + 0.4; 35.9 + 0.5 and 125.9 + 2.8 nm for AuNPs, AuBSA-NPs
and AuPEI-NPs, and Z-potential (net charge) values were -33.6 + 2.0, —-35.7 + 1.8 and
39.9 £ 1.3 mV, respectively.

TEM study revealed inability of AuNPs uptake by HepG2 cells both in monolayer and spheroid
form, while AuPEI-NPs and AuBSA-NPs were actively internalized via clathrin-mediated endocytosis,
and this is an evidence for selectivity of HepG2 cells in respect to different NPs. At the same time,
AuNPs actively penetrated the HEK293 cells in monolayer and spheroids.

Our data showed that the presence of a protein or polymer corona affects the behavior of NPs in
endosomes after their endocytosis: AuBSA-NPs remained dispersed, while AuPEI-NPs were fused
and formed aggregates. These features could influence drug release from an endosome, and so deserve
attention when studying efficacy of drug delivery.

We did not observe appreciable distinctions in mechanisms of all studied NPs interaction with
HepG2 and HEK293 cells in monolayer and spheroids. This observation is important for planning of
different experiments because allow choosing cell monolayers or spheroids as experimental model,
depending on a task. Thus, to know a depth of drug penetration, only spheroids are suitable,
and for studies of drug-cell interaction mechanisms monolayers can be used. Undoubtedly, the use
of multicellular spheroids as a 3D model of tumors and organs provides additional and “useful”
opportunities for studying nanomedicine preparations in comparison with the cell monolayer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/2040/s1,
Figure S1: “Openings” on surface of HepG2 spheroids in SEM and semithin sections, Figure S2: Pseudosinusoids in
ultrathin sections of HepG2 spheroids, Figure S3: Periphery of HepG2 spheroid, Figure S4: Accumulation of
AuBSA-NPs in HepG2 cells.
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Abstract: Gold nanoparticles offer the possibility to combine both imaging and therapy of otherwise
difficult to treat tumors. To validate and further improve their potential, we describe the use of
gold nanostars that were functionalized with a polyethyleneglycol-maleimide coating for in vitro
and in vivo photoacoustic imaging (PAI), computed tomography (CT), as well as photothermal
therapy (PTT) of cancer cells and tumor masses, respectively. Nanostar shaped particles show a high
absorption coefficient in the near infrared region and have a hydrodynamic size in biological medium
around 100 nm, which allows optimal intra-tumoral retention. Using these nanostars for in vitro
labeling of tumor cells, high intracellular nanostar concentrations could be achieved, resulting in
high PAI and CT contrast and effective PTT. By injecting the nanostars intratumorally, high contrast
could be generated in vivo using PAI and CT, which allowed successful multi-modal tumor imaging.
PTT was successfully induced, resulting in tumor cell death and subsequent inhibition of tumor
growth. Therefore, gold nanostars are versatile theranostic agents for tumor therapy.

Keywords: gold nanostars; photothermal therapy; photoacoustic imaging; computed tomography;
nanoparticles; cancer; theranostic agents

1. Introduction

‘Nanotheranostics'—referring to the use of nanotechnology for combined imaging and treatment
of diseases—is currently an active research field as combining diagnosis with therapy has several
advantages. The knowledge of the biodistribution of therapeutic agents through imaging can improve
the guidance and initiation of cancer therapy. This can, for example, help to decide on the best time
point for applying photothermal therapy. In addition, therapy success can be assessed at earlier time
points and follow-up of therapy efficiency can be improved drastically. In the clinic, this will ultimately
result in earlier intervention, better patient management, and improved prognosis [1]. Within the field
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of nanotheranostics, especially gold nanoparticles (AuNPs) that show a localized surface plasmon
resonance (LSPR) can have a significant impact, as the LSPR effect can be used for both imaging and
therapy [2]. The LSPR effect can be explained by the collective oscillation of the conduction band
electrons due to light. This collective oscillation induces an enhanced absorption and scattering of
the light [3]. The scattering properties of the light can be exploited by several imaging techniques
including surface enhanced Raman scattering [4,5] and darkfield microscopy [2]. The light energy that
is not scattered by the particles but absorbed, is converted into heat. This specific heat generation is the
basis for both photoacoustic imaging (PAI) and photothermal therapy (PTT) [6,7].

PAT is based on the acoustic waves generated by the thermo-elastic expansion that occurs when
a specific compound absorbs a pulsed electromagnetic wave [8]. Exogenous contrast (e.g., carbon
nanotubes, AuNPs) have shown to generate higher PAI contrast compared to endogenous molecules
(e.g., hemoglobin) [9]. Due to the negligible scattering of ultrasound in tissue compared to light,
a relatively high imaging depth of approximately 5 cm is possible with PAI [10]. PTT on the other
hand is also based on the heat conversion of AuNPs during irradiation with a continuous laser [11].
Since cancer cells are more sensitive to heat than other cell types, a temperature increase above 43 °C is
lethal due to the inability to remove the heat in poorly vascularized tumor tissue [12].

For PAland PTT, the ratio between the light scattering and absorption properties per AuNP is crucial.
Hereto, several shapes of AuNPs have been studied ranging from nanorods, nanoshells, nanocages
to nanostars [8]. Usually, nanostars have higher absorption vs. scattering coefficients compared to
nanorods and nanoshells, but similar to nanocages [11,13]. This higher absorption coefficient is the
crucial parameter for efficient heat conversion, important for PAland PTT. Several studies have examined
the use of gold nanorods as a contrast agent for PAI in tumors [14-18]. For nanostar-shaped AuNPs,
mainly non-quantitative in vitro data [19] and in vivo mapping of the lymphatic system and first results
on tumor imaging have been shown [20,21]. We have recently demonstrated their tumor-targeting
ability using PAI [22]. For PTT of tumors, several groups have reported on nanostars as an effective
in vitro PTT agent [13,19,21,23,24], but many questions remain regarding the PTT efficiency using these
nanostars in vivo [23,25].

Alternatively, AuNPs can also be imaged with computed tomography (CT), since they absorb X-rays
more efficiently compared to frequently used contrast agents such as iodine-based compounds [26,27].
In general, heavy atoms are frequently used as a contrast agent for X-ray based CT for diagnostic imaging
in the clinic and for preclinical research [26]. Nonetheless, relatively high local AuNP concentrations are
needed to generate sufficient contrast for CT, in particular for small voxel sizes as required for preclinical
imaging applications [28]. AuNPs, such as nanorods or spheres, have shown their effectiveness as
blood-pool and tumor-targeting contrast agent using CT [26,29]. However, for nanostars, quantitative
in vitro and in vivo studies regarding their potential as contrast agents for CT are lacking [19].

Several routes have been explored to administer AuNPs as a theranostic agent against cancer,
but many questions remain. Intratumoral administration is the most straight forward way for theranostic
application, while i.v. injection has shown mixed results in terms of tumor accumulation [30,31].
Few reports showed reasonable tumor accumulation where the charge of the nanoparticles played a
crucial role for tumor targeting [26,32]. Even functionalizing the nanoparticles with biological ligands
gave different outcomes in terms of intra-tumor accumulation [33,34]. Active targeting, suggested to
overcome problems with low intra-tumor accumulation after intravenous delivery, may have no influence
on tumor uptake but does on the distribution within the tumor [33]. To improve biocompatibility and
active targeting, AuNPs are frequently coated through an Au-S-bond. These non-covalent bonds are
subject to potential thermal instability, releasing part of the coating material [35].

AuNPs have to fulfill some essential requirements to be applicable for in vivo theranostic
photothermal approaches. First, the absorption band of the AuNP must be tuned to the near infrared
region (NIR) frequency range for having maximal contrast generation and therapy efficiency due to its
relative high depth penetration [36]. Second, the diameter of the AuNPs has to be around or below
100 nm to cross leaky blood vessels and being retained in the tumor. Third, charged particles are

130



Nanomaterials 2020, 10, 2112

favored since such particles show better retention after intra-tumor injection because of immediate
interaction with the tumor cells [37].

Exploiting the advantage of the specific high absorption capacity of nanostars, we have studied
the potential of nanostars for PAI/CT and PTT in vitro and in vivo. In this study, we first optimized
the synthesis and functionalization of nanostars for efficient uptake by tumor cells and assessed their
PAI and PTT capabilities in vitro using an ovarian cancer cell line (SKOV3). For in vivo validation,
gold nanostars were intratumorally injected in a xenograft mouse model and their local distribution in
the tumor assessed with CT and PAL Finally, photothermal therapy was performed and evaluated
using bioluminescence imaging (BLI), magnetic resonance imaging (MRI), and histology.

2. Materials and Methods

2.1. Synthesis and Chemical Functionalization of Nanostars

Gold nanostars were prepared based on the procedure described by Hao et al. [38] and further
optimized by Van de Broek et al. [39]. In brief, 2 mg bis(psulfonatophenyl) phenylphosphine dihydrate
dipotassium (BSPP; Strem Chemicals, Newburyport, MA, USA) and 100 uL H,O, (30% v/, Air Products,
Vilvoorde, Belgium) were added to 50 mL of a 6.8 x 1073 M aqueous sodium citrate solution
(Acros Organics, Geel, Belgium). In a next step, 100 uL of 0.075 M HAuCly (Acros Organics) was
added slowly under constant stirring at room temperature. By using an Atlas Syringe Pump (Syrris,
Ruisbroek, Belgium) a slower addition rate of 12.5 puL/min was used in comparison to previously
published articles in order to achieve the desired shape and size [36]. The 50 mL AuNP suspension was
centrifuged at 4500 rpm for 1 h and the pellet was re-suspended in 10 mL of water. The star-shape of the
AuNPs was stabilized using a disulfide molecule, according to Lin et al. [40]. Hereby, 1 mL of an 1.2 mM
disulfide (S-(CH3)11-(O-CH;-CHy;)s-O-CH,-CO-NH-(CH;),-maleimide), (Prochimia, Sopot, Poland)
solution was added to 10 mL of the AuNP suspension mixed with 100 pL 0.5 M NaOH (Merck, Overijse,
Belgium). After 90 min of shaking, the mixture was centrifuged at 4000 rpm for 60 min and re-suspended
in water resulting in an optical density of ~1 at their maximum plasmon band. These nanostars
were characterized in water and cell culture medium using UV-Vis absorption spectroscopy (Shimadzu
UV-1601PC, Brussels, Belgium), dynamic light scattering (DLS; Malvern Nanosizer, WR, United Kingdom)
and transmission electron microscopy (TEM; Tecnai F30, FEI company, Eindhoven, The Netherlands).
A terminal maleimide group was chosen for future functionalization with anti/nanobodies and targeting
of specific cell types as described [22].

2.2. Dynamic Light Scattering and Zeta Protocol

For dynamic light scattering (DLS), the hydrodynamic diameters of the nanostars under
investigation were measured using a Zetasizer Nano ZS90 DLS system equipped with a red (633 nm)
laser and an Avalanche photodiode detector (APD) (quantum efficiency > 50% at 633 nm) (Malvern
Instruments Ltd., Malvern, UK). Hydrodynamic diameters represent estimates of average diameters
as the Zetasizer Nano ZS90 DLS system is optimized for spherical nanoparticles and not nanostars.
A 1.5 mL semi-micro cuvette was used as sample container. The ‘DTS applications 5.10” software was
used to analyze the data. All sizes reported here were based on intensity average where the intensity
was observed using a non-negative least squares (NNLS) analysis method. For each sample, two DLS
measurements were conducted with a fixed 15 runs and each run lasts 10 s. A detection angle of 173°
was chosen for the size measurement.

For determining the zeta potential, an average was taken on three distinct measurements where
the nanostars were dissolved in water. A u-shaped polycarbonate flow cell with embedded electrodes
at either end, referred to as “clear disposable zeta cell’, was used during these measurements. As with
the size experiments the ‘DTS applications 5.10” software was used to process the data.
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2.3. Transmission Electron Microscopy

We used a transmission electron microscopy (TEM) protocol as previously described [41]. In more
detail, tumor tissue was collected after sacrificing the animals. Tissue was cut into cubes of 2 mm?
and fixed overnight in 2% glutaraldehyde and 0.05 M sodium cacodylate buffer (pH 7.3) at 4 °C.
Tissue samples were post-fixed in 2% OsOy in 0.05 M sodium cacodylate buffer (pH 7.3) for 1 h and
stained with 2% uranyl acetate in 10% acetone for 20 min. Next, samples were dehydrated in graded
concentrations of acetone and were embedded in epoxyresin (Araldite). Semi-thin slices (500 nm)
were cut, stained with toluidine-blue and used for selecting regions of interest. Ultra-thin sections
were mounted on 0.7% formvar coated grids, contrasted with uranyl acetate followed by lead citrate
and examined with a Philips EM 208 transmission electron microscope operated at 80 kV. Digital
images were taken with the MORADA 10/12 camera (Olympus, Hamburg, Germany). TEM analysis
was performed with a Philips EM 208 S electron microscope (Philips, Eindhoven, The Netherlands).
The microscope was provided with a Morada Soft Imaging System camera to acquire high resolution
images of the evaluated samples. The images were processed digitally with the iTEM-FEI software
(Olympus SIS, Miinster, Germany).

2.4. Cell Culture

SKOV3 cells (ATCC® HTB77, Cedex, France) were cultured in Roswell Park Memorial Institute
medium (RPMI) 1640 medium supplemented with 10% fetal calf serum, 50 units/L penicillin, 50 ug/mL
streptomycin, and 2 mM L-glutamine. Cells were incubated at 37 °C in a 5% CO, environment. All cell
culture reagents were obtained from Life Technologies (Gent, Belgium). The SKOV3 cells were transduced
with a lentiviral vector (LV-CMV-eGFP-T2A-fLuc) to stably express eGFP and firefly luciferase [42].

2.5. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)

For uptake confirmation, 100,000 cells per well were seeded in a 12-well plate. After 24 h, nanostars
(2.3 x 10'9 particles in 1 mL) were added to the cells and incubation continued for different time periods
(1, 3, 6,12 and 24 h). Next, cells were washed with PBS and again incubated overnight with fresh
medium. After trypsinization, 100,000 cells were acid-digested with Kingswater (HCI/HNO5; with a
ratio of 3:1) and diluted with de-ionized water to a volume of 10 mL for inductively coupled plasma
optical emission spectroscopy (ICP-OES) (3300 DV, Perkin-Elmer, Waltham, MA, USA). Reference
standards were prepared by dissolving HAuCly to final concentrations between 0.1 and 2 ppm.

2.6. In Vivo Xenograft Model and Nanostar Administration

Female Hsd:Athymic Nude-Foxn1™ mice were used (8 weeks, Harlan, Horst, The Netherlands)
during these experiments. All animal experiments were approved by the local animal ethics
committee of the KU Leuven and were performed according to the national and European regulations.
Animals were kept in individually ventilated cages with food and water ad libitum. A total number of
1 x 107 SKOV3 tumor cells suspended in 100 pL were injected into each hind limb of the mice and left
for two weeks to grow into solid tumors [22].

After formation of tumors (size > 200 um?), 100 pL containing 9.2 X 10" NPs/mL were injected into
the tumor on the left hind limb. For controls, 100 uL PBS was injected into the right tumor in all animals
(sham control). During all imaging experiments, tumor cell and nanostar injections, the animals were
anesthetized with 1.5% isoflurane in 100% O,. The body temperature and respiration rate were monitored
and maintained at 37 °C and 80-120 min~!, respectively. For the imaging experiments, three mice were
used per condition while for the therapy experiments, six animals were used per condition.

2.7. Photoacoustic Imaging (PAI)

PAI was performed with a Vevo® Lazer 2000 (Fujifilms Visualsonics, Amsterdam, The Netherlands)
using a 10 ns pulse laser (680-900 nm) with an energy fluence of 20 mJ/cm? and 21 MHz central
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frequency. These conditions were maintained for the in vitro and in vivo experiments. For in vitro PAI,
200,000 cells were suspended in 100 puL PBS and mixed with 100 pL warm agar (Sigma, Diegem, Belgium).
This solution was added and solidified in a bigger agar block. During in vivo PAI, ultrasound imaging
is used to determine the tumor location, after which PAI was performed to validate nanostar injection.

2.8. Computed Tomography (CT)

In vivo and in vitro CT images were acquired using an in vivo microCT scanner (Skyscan 1076,
Bruker microCT, Kontich, Belgium) with the following settings: 50 kV X-ray source, 200 pA source
current, 0.5 mm Al filter, 120 ms exposure time, 22 x 29 mm field of view, 0.7° rotation step over a
total angel of 180°, which results in a tomographic dataset with a 35 pm isotropic resolution. The data
has been processed using software from the manufacturer (NRecon, Dataviewer, CTvox and CTan).
Sample preparation was similar for CT as for PAL

2.9. Photothermal Therapy (PTT)

In vitro and in vivo PTT experiments were performed using a home-built laser setup [12].
For in vitro PTT, nanostars (2.3 x 1010 particles in 1 mL) were added to a 12-well plate containing
100,000 cells/well that were pre-incubated overnight. Nanostar concentrations were calculated as
previously described in the supplementary methods section of [13]. The cells were then incubated with
the nanostars for 24 h or with fresh medium as a control sample and washed twice with PBS. Next,
the incubated cells were exposed to laser irradiation (690 nm, 20 W/cm?2, 5 min) and incubated for an
additional 2 h at 37 °C. Afterwards, the cells were washed with PBS. The cell viability was assessed
using a live/dead staining (Calcein AM/Hoechst; Life Technologies Europe B.V., Gent, Belgium).
After staining, the cells were imaged using a fluorescence microscope with 5x objective (CellR system,
Olympus, Aartselaar, Belgium). During the in vivo experiments, the mice were irradiated for five
minutes with a laser (A = 690 nm; 2 W/cm?), inducing PTT one day after nanostar administration.
During this laser treatment, the mice were anesthetized with ketamine/domitor [43].

2.10. Magnetic Resonance Imaging (MRI)

MRI data acquisition and processing was similar to previous reports [44]. In brief, in vivo MRI
was performed using a 9.4 T small animal MRI system (BioSpec, Bruker Biospin, Ettlingen, Germany)
equipped with a gradient insert with a maximum gradient strength of 600 mT m~!. A quadrature
transmit-receive coil (Bruker Biospin) with an inner diameter of 7 cm was used for data acquisition.
The MRI protocol included a spin echo sequence with TR = 6000 ms, TE = 15.8 ms, matrix = 200 x 200 mm,
field of view 40 x 40 mm, slice thickness = 0.5 um and 40 slices.

2.11. Bioluminescence Imaging (BLI)

BLI experiments were performed with an IVIS 100 imaging system (Perkin Elmer, Massachusetts,
United States). The mice were injected intra-venously (i.v.) with D-luciferin (126 mg/kg body weight,
Promega) dissolved in PBS (15 mg/kg). Afterwards, they were placed in the IVIS 100 imaging
system and one image frame per second was acquired until a signal intensity plateau was reached.
The following settings were used: 1 s exposure time, FOV of 10 cm, binning of 4, and an f/stop of 8.
For in vivo quantification of fLuc reporter gene activity, the data were analyzed as photon flux per
second (p/s) from a 1 cm? circular ROI located on the tumor using the Living Image software (version
2.50.1, Perkin Elmer). The signal intensity values at different time points (day 0, 1, 5, 8 and 15) were
presented relative to the BLI signal of the same mouse at day 0.

2.12. Histopathology

Mice were sacrificed and transcardially perfused with 4% paraformaldehyde (PFA) in PBS 15 days
after treatment. The tumors were dissected and post fixed overnight in 4% PFA. The tumor tissue
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was embedded in paraffin and sectioned into 5 um slices, stained with hematoxylin and eosin (H&E)
and visualized with a Mirax desk scanner (Zeiss, Jena, Germany). In addition to histopathology,
TEM analysis was performed on the tumor tissue following the protocol supplied in the supplementary
information of Trekker et al. [45].

2.13. Data Analysis

For quantification of CT and PAI data, contrast to noise ratios (CNR = (SIy — SI;/o(noise)) were
calculated. Statistical analyses were executed on the quantitative data using a paired ¢-test where the
degree of significance is indicated with * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Results

3.1. Synthesis and Functionalization of Nanostar-Shaped AuNPs Optimized for In Vivo Use

To be able to use nanostars as a theranostic agent in vivo, they need to be stable under physiological
conditions, preferably absorb the light in the NIR-range and have a size around 100 nm for optimal
retention in tumors. To meet these requirements, we optimized a two-step method by changing the flow
rate of the HAuCly to 12.5 uL/min during synthesis and by functionalizing them with a self-assembled
monolayer to stabilize their specific shape (Figure 1) [13]. The resulting nanostars showed an improved
plasmon absorption band around 670 nm and 679 nm (Supplementary Figure S1). This red shiftindicated
a successful chemical functionalization with the disulfide, resulting from a local refractive index change
due to the chemisorption of the disulfide onto the nanostars. These results were confirmed by DLS,
showing an average diameter of 66.3 + 7.8 nm for the synthesized nanostars and 75.0 nm =+ 5.6 nm for
the further functionalized nanostars. After functionalization with disulfide-PEG-maleimide, the zeta
potential was —41.3 + 1.2 mV, indicating negatively charged nanostars (Supplementary Figure S2).
The branched shape of the nanostars was confirmed using TEM (Figure 1). Incubating the nanostars
in biological medium for one week at 37 °C did not show any indication of instability, confirmed by
the absence of peak broadening of the LSPR band or increase in diameter of the nanostars over time
(Supplementary Figure S2). Still, an increase of the diameter to 100.6 + 1.8 nm was seen immediately
after incubation in cell culture medium due to the formation of a protein corona. As a consequence,
these optimized nanostars are suitable for in vitro and in vivo theranostic applications.
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Figure 1. UV-Vis absorption spectroscopy of nanostars using different flow rates for the gold salt.
Note the shift to the near infrared region (NIR) region with lower flow rates. TEM images of the
nanostars that were generated with flow rates of 50 uL/min, 25 pL/min and 12.5 pL/min (from top to
bottom). These images suggest that the amount and length of spikes change with different flow rates.
The diameter of the nanostars did not significantly change as confirmed by dynamic light scattering
(DLS) where no significant increase was noticed with lower flow rates (50 pL/min: 66.0 + 1.5 nm;
25 pul/min: 67.5 £ 2.7 nm: 12.5 uL/min: 66.3 + 7.8 nm; data not shown).
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After functionalization, the capability of the nanostars to generate image contrast was studied in
water using a concentration of 1.55 mg Au/mL. A PAI signal of 0.33 + 0.04 a.u. was measured for the
nanostars while water shows a signal of 0.13 + 0.01 a.u. (Figure 2). For CT, a signal of 175.67 + 2.74 and
57.33 + 0.17 for the nanostars and water was measured, respectively. As a consequence, both imaging
modalities showed almost an identical CNR of 32.85 for PAI and 32.53 for CT, respectively.
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Figure 2. (A) Photoacoustic images of nanostars and water in tubes, which were quantified by plotting
the signal amplitudes. (B) Computed tomography (CT) images of microcentrifuge tubes either filled
with water or nanostars suspension. The corresponding signal amplitudes were used for quantification.
(Error bars represent SD of triplicate samples; * p < 0.05, ** p < 0.01, *** p < 0.001).

3.2. PAI and CT Confirm Efficient Nanostar Uptake by Tumor Cells

In order to test whether tumor cells efficiently take up the nanostars, SKOV3 cells were incubated
with these NPs for different time periods (1, 3, 6, 12, and 24 h). Their uptake was examined by using
ICP-OES, CT and PAIL ICP-OES measurements showed for the first incubation time points an almost
linear increase of intracellular gold concentration while over time this seemed to change into a plateau
phase as visualized by the fitting curve in Supplementary Figure S3. After 24 h, an intracellular gold
amount of 11.28 + 0.82 pg Au/cell was observed. TEM confirmed intracellular uptake of the nanostars
as they were found inside vesicular structures of the cells but not at the cell membrane.

Furthermore, we evaluated whether this uptake was sufficiently high to be visualized by PAI and
CT. Hereby, the tumor cells labeled with different amounts of gold nanostars were homogenously
suspended in an agar phantom at 1000 cells/uL. PA images shown in Figure 3 indicated an increased
PA signal (red pixels) over incubation time, where an exponential correlation was found between the
PA signal and intracellular gold concentration. After 24 h, a PAl signal 1.93 + 0.42 a.u. was measured
compared to a PA signal of 0.19 + 0.02 a.u. for the unlabeled cells. This successful nanostar-labeling
resulted in an CNR of 180.73 for PAI and a limit of detection (LOD) of 3.5 pg Au/cell (17 uM).

For CT, the contrast visualized on a grey intensity scale is shown in Figure 4 where an increase of
density was noticed over time. When plotting these density values over the different intracellular gold
concentrations, an exponential fit was deducted. After 24 h, a CT signal of 161.33 + 1.42 was measured
for cells labeled for 24 h with nanostars compared to 130.28 + 3.25 for unlabeled cells. The CT imaging
capabilities results in a CNR of 7.36 for CT and a LOD of 5.5 pg Au/cell (28 uM).
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Figure 3. Left: PA images of a phantom loaded with tumor cells (n = 3) incubated for different time
slots with the nanostars. Right: PA signal plotted for the different gold masses per cell, where the
dotted line suggests an exponential relation between those 2 variables.
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Figure 4. Left: CT images of an agar phantom loaded with tumor cells (n = 3) incubated for different
time points with the nanostars. Right: CT signal quantified as density (grey values) plotted for the
different gold masses per cell, where the dotted line suggests an exponential relation between those
2 variables.

3.3. Effective In Vitro Photothermal Tumor Cell Ablation Using Gold Nanostars

Since tumor cells were effectively labeled with nanostars, we investigated if the in vitro uptake was
sufficient to eradicate tumor cells by PTT. First, the potential of nanostars for heat generation necessary
for PTT was investigated using a glass capillary filled with either 4.6 x 100 nanostars/mL or water as a
negative control. When irradiating the sample with a 690 nm laser (7 W/cm?), a temperature increase
of 25 °C was observed for the nanostar suspension, while no temperature increase was measured for
the water filled capillary (Supplementary Figure S4).

A crucial parameter for determining the effectiveness of PTT is to calculate the cell killing capacity
(IC50 value). To determine this value, the tumor cells were labeled with the nanostars using the
same conditions as for the imaging experiments. After PTT, cell death was visualized by calcein AM
living cells staining and quantified by calculating the total green pixels. As visualized by fluorescence
microscopy a radius increase of non-viable cells at the laser spot indicates a higher PTT effectiveness
with an increasing intracellular gold concentration (Figure 5). By plotting the relative green fluorescence
signal compared to the fluorescence signal of the control cells, a sigmoidal curve was fitted where an
IC50 of 4.8 pg Au/cell (23 uM) was calculated.

3.4. In Vivo CT and PAI Confirms Nanostar Delivery into Tumors

We evaluated if nanostars injected into tumors can be visualized by in vivoimaging. Tumor-bearing
mice (n = 3) were imaged with CT and PAI before and one day after gold nanostar injection into the
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tumor. Before injection, only the contrast between the skeleton and the soft tissue was visible using CT
(Figure 6A). After injection of the nanostars, an intense contrast of 94.63 + 6.77 was observed at the left
side of the tumor, corresponding to the place of the tumor (Figure 6A, right). No significant change in
contrast was generated in the PBS-injected control tumor with a signal of 74.11 + 1.43 (Figure 6A, left).
A CNR increase of 25.31 was calculated after intratumoral injection of gold nanostars, indicating that
intratumoral delivery of nanostars can be monitored with CT in vivo.

Oh 1h 3h
24h

6h 12h

Figure 5. Left: Fluorescence images of the living cells after photothermal therapy (PTT) using calcein
AM staining for tumor cells (n = 3) incubated for different time periods with the nanostars. Right:
Relative green pixel numbers plotted against the gold mass per cell. Fluorescence signal intensity is
expressed relative to the unlabeled control cells (0 h).
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Figure 6. (A) CT images before and after injection of gold nanostars into the tumor. An increased
contrast was noticed at the tumor site after gold nanostars injection as indicated by the arrow; (B) In vivo
PA images before and 24 h after nanostar injection. The photoacoustic imaging (PAI) signal (red pixels)
is overlaid over the anatomical ultrasound images (grey pixels).
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Alternatively, we evaluated whether intratumoral nanostar delivery can also be followed up
with PAI Hereby, both ultrasound and photoacoustic images were overlaid as shown in Figure 6B.
The ultrasound image was used for localizing and visualizing the tumor. Although some background
photoacoustic contrast due to hemoglobin is present before nanostar injection, PAI could be used
to visualize the nanostars as indicated by a significant increase in signal intensity compared to the
background (1.20 + 0.17 a.u. compared to the control 0.44 + 0.05 a.u.) with a CNR of 80.31.

3.5. Gold Nanostars Mediate In Vivo Photothermal Therapy

The effectiveness of nanostars to mediate PTT was studied in a xenograft mouse model (n = 6).
The left tumor was used for injection with gold nanostars, while the right tumor acted as control after
sham injection with PBS. 24 h after nanostar injection, both tumors were irradiated with a continuous
laser (5 min, 690 nm and 2 W/cm?). Therapy efficacy was assessed in vivo by using MRI and BLI to
evaluate tumor regression and viability. For quantification of the tumor cell viability, the BLI signal was
monitored one day before and 0, 1, 5, 8 and 15 days after PTT. The day before PTT and after imaging,
nanostars/PBS were injected into the tumors. A decrease in BLI signal intensity was detected for the
nanostar-injected tumor at day 0, which was not observed for the PBS injected tumor (Supplementary
Figure S5). This is explained by the nanostars absorbing/scattering a part of the BLI signal. This time
point was used as baseline for assessment of PTT. One day after PTT, a significant decrease in relative
BLI signal intensity to 10.13 + 1.41% was observed for the nanostar-injected tumor compared to the
tumor at day 0, indicating a decrease in viable tumor cells or vessel patency (Figure 7). After 5 days,
an increase of the BLI signal intensity was noticed to a relative value of 45.78 + 10.02%, which indicates
partial re-growth of the PTT treated tumor as probably not all tumor cells were photothermally ablated.
Although, a significant difference in signal intensity was maintained when compared to the tumor at
baseline. In contrast, the right control tumor showed a constant increase in BLI signal intensity over
time until a relative BLI signal of 440.24 + 51.14% after 15 days, confirming that the viability of the
control tumor was not affected by laser irradiation. When comparing the nanostar-injected with the
control tumor, a significant difference in BLI signal intensity was detected at day 1, 5, and 8, indicating
a significant inhibition of tumor growth by PTT.

For providing more information on the therapeutic effect, MR images were acquired on day 0, 1, 8
and 15 to monitor tumor size, anatomy, and heterogeneity. After 8 and 15 days, a relative tumor volume
of 68.64 + 18.45% and 55.25 + 30.1% was observed for the left tumor compared to day 0, indicating
effective PTT (Figure 7B). This was confirmed by the significant difference between this volume and the
volume of the control tumor (PBS injection), where a relative tumor volume of 142.27 + 28.49% at day 5
and 184.12 + 39.13% at day 8 was measured, respectively. MRI also indicate that the nanostar-injected
tumors were not affected evenly by PTT over the whole tumor volume, indicating local differences due
to inhomogeneous distribution of the nanostars (Figure 7B).

For validation, mice (n = 3) were sacrificed after the first (day 1) and last (day 15) imaging time
point following PTT. Tumors were resected and histologically examined. After one day, a distinct
blue color was seen on these histological slices originating from the nanostars with an LSPR band
of 679 nm, which were visible in the tumor. These nanostars were only noticed in the tumor region
where also necrotic cells were visible (Supplementary Figure S6). As can be seen on the H&E stained
images, the nuclei were either defragmented or darkened in comparison to the healthy cells (Figure 8).
For the PBS-injected control tumors, the blue color due to the nanostars was absent and the majority of
cells appeared healthy. At the last imaging time point, no necrotic cells were visible on the histology
sections for both the PBS- and nanostar-injected tumors (Supplementary Figure S6).

Using TEM, the presence of nanostar clusters inside vesicles of the cells was confirmed (Figure 8).
At the ultrastructural level, tumor cells were identified based on their pleomorphic aspects, increased
nuclear/cytoplasmic ratio and distinct anaplasia. The latter was typically represented by nuclear
hyperchromatism, thereby confirming that the tumor cells took up the nanostars. These nanostars
were present in the cytoplasm and typically stored in membrane-bound compartments (endosomes,
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arrows in Figure 8B). As the endosomes were packed with nanostars, it was difficult to identify single
nanostars, demonstrating efficient intracellular uptake in vivo upon intra-tumoral injection.
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Figure 7. (A) In vivo bioluminescence imaging (BLI) before (day 0) and after PTT (days 1, 5, 8) illustrated
in a color-coded intensity map. A quantification of the BLI signal intensity relative to day 0 (set to 100%
for each mouse) is plotted for both nanostar-injected and control (PBS-injected) tumors (RT); (B) MR
images of the tumor-bearing hind limbs taken at corresponding time points (days) after nanostar-
or PBS-injection. The white arrow indicates the tumor damage (hypointense area) after PTT at the
nanostar-injected tumor. The relative mass volumes were quantified relative to day 0 (set at 100% per
mice). For both BLI and magnetic resonance imaging (MRI) graphs, the error bars represent SD; n = 6;
*p <0.05**p<0.01,***p < 0.001.
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Figure 8. (A) Bright field microscopy images of control (right) and nanostar (left) injected hematoxylin
and eosin (H&E) stained tumor sections. Defragmented nuclei of the tumor cells could be visualized after
therapy. (B) Ex vivo TEM images of tumor cells that indicate the presence of NP clusters in endosomes.
The right panel shows a zoomed section of these endosomes with vesicular structures visible.

139



Nanomaterials 2020, 10, 2112

4. Discussion

We report the use of gold nanostars as theranostic agent againsts cancer using their photoacoustic
and CT imaging capabilities to guide PTT after intratumoral injection. This strategy has clinical
potential for the ablation of superficially localized tumor masses, or for aiming at complete tumor
cell eradication during tumor resection surgery. The clinical potential for a similar approach was
demonstrated before, using magnetic nanoparticles [31,46].

Hereby, the efficient cellular uptake of nanostars into tumor cells is important for later in vivo
applications. A first criterion is the size where two processes need to be considered: (1) optimal NP/cell
interaction and (2) optimal tumor retention [47,48]. Nanoparticles having a hydrodynamic diameter
above 100 nm are shown to have better tumor retention after intra-tumoral injection compared to
smaller sized particles. In vitro studies, on the other hand, have shown that nanoparticles of around
50 nm diameter have the ideal size for cell interaction, while the cell uptake is less efficient for larger
nanoparticles [47]. We have optimized nanostars to have a hydrodynamic diameter of around 100 nm
in serum, which is the cutoff-value for optimal tumor retention and efficient tumor cell interaction.
Second, the protrusions of the nanostars with a small curvature potentially increase cellular uptake
by increasing their membrane interaction [48]. Third, the anionic particles used in this and previous
studies show a much higher stability compared to previously described cationic particles and still
result in high cellular accumulation due to electrostatic interactions with the cell membrane [47].
Consequently, we were able to show that nanostars were taken up reaching a gold concentration
11.28 + 0.82 pg Au/cell after 24 h incubation, indicating that they are suitable for efficient passive
labeling of tumor cells.

Given their favorable properties for tumor cell uptake, we demonstrated that nanostars can be
used as an in vitro and in vivo theranostic agent combining both dual-modality imaging (PAI and
CT) and PTT. Pure nanostar suspensions resulted in an almost equally high CNR for both imaging
modalities. This is different for in vitro cell experiments, where a higher CNR for PAI is measured
compared to CT. This is due to the lower background signal of PAI compared to CT. Effective PTT was
possible for nanostar labeled tumor cells in vitro. In contrast, unlabeled cells remained unaffected by
laser treatment. For comparing the PTT effectiveness of different nanoparticles, the irradiation power
that is needed to cause cell death is used as an indicator. The radiation power of 7 W/cm? used in our
study is in the same range or lower as in similar experiments that were performed with nanorods
(10 W/em?) [49], nanoshells (35 W/cm?2) [50], and nanocages (5 W/cm?) [51]. The relatively low radiation
power used for our nanostars indicates their efficiency when compared with many nanostars reported
in the literature (15 W/cm?2, 38 W/cm? and 0.2 W/cm?) [13,19,21]. The maximum absorption of the
nanostars used in our study is just outside the preferred window of 750-900 nm. Here, we had to find
a compromise between the reduced size to enable possible delivery through leaky blood vessels and
tumor cell uptake on one side and a red-shifted absorption band which would have resulted in larger
nanostars [39]. In addition to inherent characteristics of the nanoparticles (absorption coefficient, size,
and wavelength), other factors like cellular labeling conditions, chemical coatings, biofunctionalization
of the AuNPs, cellular properties, and location of the AuNPs in the cells are equally important when
comparing AuNDPs regarding the irradiation power for PTT [35,48,52,53]. Consequently, there is a
need for more in-depth and standardized studies for comparing different shapes of AuNPs and their
theranostic potential as well as the stability of coating material at temperatures of 37 °C and above [35].
Although, we did not see any adverse effects on cell biology after incubation of cells with PEGylated
Au-nanostars in a previous study [22], it cannot be excluded that the non-covalent Au-S-bond shows
instability at elevated temperatures [35].

In addition to in vitro experiments, we evaluated the use of in vivo imaging modalities (CT and
PAI) to monitor intra-tumor nanostar delivery and their corresponding contrast generating capabilities.
With nanostars having optimal dimensions for intra-tumoral delivery, efficient nanostar accumulation in
the tumor 24 h after injection was confirmed by PAI and CT in vivo and ex vivo TEM. These nanostars
were densely packed in endosomes, as visualized by TEM. Concerning the contrast generation of these
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nanostars in vivo, for PAl a significantly higher CNR (approx. 80) was observed compared to CT (approx.
25). The high sensitivity of PAI could potentially be further improved by coating the nanostars with a
silica shell [54]. An additional advantage of PAI over CT is its high temporal resolution, while CT provides
additional anatomical information. We were able to demonstrate that both imaging techniques can be
used for intra-tumoral nanostar detection if high local concentrations can be achieved. By combining
CT and PAI in a dual-modality approach using highly sensitive gold nanostars, PAI could provide
rapid and detailed information on local nanostar distribution and their temporal changes, while CT
could provide a full body scan with more detailed anatomical information. Compared to dual contrast
agents that use radio-nuclei labeling like for PET-MRI [55,56], the combination of CT and PAI provides
long-lasting contrast.

We have also confirmed the efficiency of the nanostars for PTT. Due to their star shape, they have
a high absorption coefficient resulting in a large temperature increase of A25 °C when irradiated
with a laser power of only 2 W/cm?. Reaching a local temperature higher than 43 °C will result in
necrosis of tumor cells [28,57]. In vivo necrosis was confirmed in this study after tumor irradiation
(2 W/cm?), while the control tumors did not show any side effects of laser irradiation. Using laser
powers higher than the prescribed laser norm of 0.2 W/cm? defined by the American Laser Institute
did not damage tissue when irradiating the control sample as confirmed by histology (Figure 7) [58].
Compared to nanoshells (4 W/cm?) [50] and nanorods (2 W/cm?) [30], the nanostars require the same
magnitude of laser power to induce ablation after intratumoral injection. However, comparisons
between different nanoparticles to assess their therapeutic efficiency are difficult due to the different
experimental conditions used and incomplete or limited information available.

The in vivo efficiency of PTT was shown in detail using BLI, MRI, and histology (Figure 6).
The BLI signal intensity decrease one day after irradiation was either caused by a decrease in tumor
cell viability, destroyed tissue, vessel patency or a combination of them. As a significant decrease in
tumor volume is noticed by MRI from day 8 onwards, the decrease in BLI signal is most likely caused
by tumor cell death. The large number of necrotic cells seen in H&E staining of the nanostar-injected
tumors confirmed this hypothesis. Regrowth of the tumor after PTT treatment was observed by BLI
after day 8. This is most likely due to an incomplete delivery of gold nanostars to all tumor cells so
that some residual tumor tissue/cells remain as also confirmed by MRI and histology after 15 days.
As local injections of nanostars will result in an inhomogeneous distribution within the tumor, applying
multiple injections and irradiations will most likely improve outcome [23]. Hereby, the combination
with imaging techniques that provide information on the nanostar distribution and therapy outcome is
of utmost importance. Additional treatment options to improve outcome are a combination of PTT
with chemotherapy, photodynamic therapy, or the introduction of tumor-targeting moieties to the
nanostars [59,60].

5. Conclusions

We have demonstrated an optimized synthesis and application of gold nanostars as a theranostic
agent for combined multimodal imaging using CT, PAI and photothermal therapy. Due to the red shift
of the LSPR band and the high absorption coefficient, these nanostars could have a better theranostic
outcome compared to other shaped nanoparticles. The gold nanostars created significant contrast in both
CT and PAI and proved to be an effective therapeutic agent for PTT, due to a successful passive uptake
by the tumor cells. Future work should focus on the intravenous delivery of gold nanostars (passively or
actively) leading most likely to further improvements in the nanotheranostics field, aiming for imaging
and therapy of specific tumor types, which also has the potential to target and treat tumor metastases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2112/s1,
Figure S1: UV-Vis absorption spectroscopy of nanostars. Figure S2: UV-Vis absorption spectroscopy, DLS intensity
plots and zeta-potential measurements of nanostars. Figure S3: Intracellular gold concentration using ICP-OES.
Figure S4: Temperature profile, fluorescence and bright field microscopy of gold nanostars and irradiated tumor
tissue. Figure S5: In vivo BLI before and after nanostar injection. Figure S6: Bright field microscopy images and
histology of control and nanostar-injected tumors.
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Abstract: A major problem with magnetogels is the encapsulation of hydrophobic drugs.
Magnetoliposomes not only provide these domains but also improve drug stability and avert
the aggregation of the magnetic nanoparticles. In this work, two magnetoliposome architectures,
solid and aqueous, were combined with supramolecular peptide-based hydrogels, which are of
biomedical interest owing to their biocompatibility, easy tunability, and wide array of applications.
This proof-of-concept was carried out through combination of magnetoliposomes (loaded with the
model drug curcumin and the lipid probe Nile Red) with the hydrogels prior to pH triggered gelation,
and fluorescence spectroscopy was used to assess the dynamics of the encapsulated molecules.
These systems allow for the encapsulation of a wider array of drugs. Further, the local environment
of the encapsulated molecules after gelation is unaffected by the used magnetoliposome architecture.
This system design is promising for future developments on drug delivery as it provides a means
to independently modify the components and adapt and optimize the design according to the
required conditions.

Keywords: magnetoliposomes; hydrogels; magnetolipogels; self-assembly; fluorescence; Forster
resonance energy transfer

1. Introduction

Nanomedicine has provided many tools to reduce invasiveness and many acute and chronic side
effects associated with chemotherapy while improving patients” quality of life [1]. The development
of new nanosystems has clearly contributed to these advancements. A recent strategy is the
combination of liposomes and hydrogels, that might provide better drug formulation stability
and drug administration routes [2]. A more robust soft material is attained with the incorporation
of magnetic nanoparticles. Such can be obtained, for example, through the combination with
magnetoliposomes [3,4]. A different concept is the separate embedding of both nanoparticles and
liposomes in the hydrogel matrix [3]. These strategies offer a means of developing multifunctional
smart materials that can host membrane-bound enzymes/glycolipids, besides the targeting with a
magnetic field gradient and the stimuli-responsiveness through the application of an alternating
magnetic field [5]. The on-demand release from stimuli-responsive liposomes enables the use of more

Nanomaterials 2020, 10, 1702; d0i:10.3390/nano10091702 147 www.mdpi.com/journal/nanomaterials



Nanomaterials 2020, 10, 1702

potent drugs [6], while the hydrogel immobilizes the components and provides the local environment
required to support cell growth [7]. Further, all the components can be independently adjusted,
which allows, for example, for the evaluation of which hydrogel is better fitted for a certain composite
and application [2]. However, the majority of the developed magnetic liposome-hydrogel complexes
have been restricted to the use of polymeric matrices, mainly alginate, and no attention has been given
to supramolecular hydrogels.

The self-assembly of supramolecular hydrogelators is driven towards a kinetically trapped
intertwined fibrillar structure encompassing solvent pocket microdomains through the cooperative
effect of different non-covalent intermolecular interactions [8,9]. The variety of non-covalent
intermolecular interactions, both of liposomes and supramolecular hydrogels, might lead to complex
behavior and less straightforward magnetic liposome-hydrogel formulation. Hereby, in this work
three different hydrogelators (Figure 1A) known to be adequate for drug delivery [10,11] were
evaluated as carrying matrixes of magnetoliposomes. Two different types of magnetoliposomes were
developed, solid and aqueous, which are schematically represented in Figure 1B. The strategy employed
to evaluate this proof-of-concept consisted in preparing the magnetoliposomes, confirming their
formation and posterior gelation of the supramolecular hydrogel under the presence of a dilute solution
of magnetoliposomes, thus ensuring that the dominant observed effects are exerted by the hydrogel
network (or hydrogelator) over the magnetoliposomes membrane (Figure 1C).

Aqueous Solid Magnetoliposomes Addition to Gelation

preparation hydrogelator solution Activation

magnetoliposome  magnetoliposome

Figure 1. (A) Hydrogelator molecules used in this work. Legend: Npx: naproxen; Phe: phenylalanine;
Ala: alanine; G: glycine; R: arginine; D: aspartate; AAbu: dehydroaminobutyric acid; APhe:
Dehydrophenylalanine. (B) Schematic representation of the aqueous and solid magnetoliposomes.
(C) Schematic representation of the strategy used for the development of the supramolecular magnetic
liposome-hydrogel complexes.

2. Materials and Methods

All the solutions were prepared using spectroscopic grade solvents and ultrapure water of Milli-Q
grade (MilliporeSigma, St. Louis, MO, USA).

2.1. Preparation of Manganese Ferrite Nanoparticles

Manganese ferrite nanoparticles were synthesized by the co-precipitation method, as described
in previous works [8,9,12]. Briefly, a mixture of 500 uL of MnSO,4-H,O 0.5 M aqueous solution and
500 puL of FeCl3-6H,O 1 M was prepared and added, drop by drop, to a 4 mL NaOH 3.4 M aqueous
solution at 90 °C, with constant magnetic stirring. After 2 h, nanoparticles purification was carried
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out by repeated centrifugations, dispersion in deionized water, and drying at 100 °C. The stability of
nanoparticles dispersions in PBS medium (pH = 7.0) (with the same nanoparticle concentration used
in the preparation of magnetoliposomes) was evaluated by following the UV/Visible absorption for
one hour.

2.2. Preparation of Magnetoliposomes

For magnetoliposomes preparation, the lipid 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC) (from Sigma-Aldrich, St. Louis, MO, USA), was used. The aqueous magnetoliposomes (AMLs)
were developed through the ethanolic injection method [12,13]. Briefly, a 10 mM lipid solution in
ethanol was injected, under vigorous agitation, to an aqueous dispersion of magnetic nanoparticles,
above the melting transition temperature of DPPC (41 °C) [14]. The mixture was washed with
water and purified by magnetic decantation to remove non-encapsulated nanoparticles, as previously
reported [15].

Solid magnetoliposomes (SMLs) were developed by a reported method for manganese ferrite
nanoparticles [12]. First, 10 ul of a nanoparticle solution (0.02 mg/mL), previously dispersed by
sonication at 180 W for one minute, was added to 3 mL of chloroform. After brief sonication and under
vigorous agitation, 150 pL of a DPPC 20 mM methanolic solution was added to form the first lipid
layer. The first layer-coated nanoparticles were thoroughly washed with water to remove the lipids
not attached to the nanoparticles’ surfaces. The nanoparticles were dispersed in 3 mL of water and,
under strong agitation, 150 uL of DPPC 20 mM methanolic solution was injected to form the second
layer. The resulting solid magnetoliposomes were then washed and purified with ultrapure water by
magnetic decantation [12,13].

Curcumin and Nile Red were loaded in AMLs through the co-injection method, while in SMLs
they were incorporated through the injection of an ethanolic solution upon formation of the second
lipid layer [12,13].

2.3. Spectroscopic and Characterization Measurements

Fluorescence measurements were carried out using a Fluorolog 3 spectrofluorimeter
(HORIBA Jobin Yvon IBH Ltd., Glasgow, UK), having double monochromators in excitation and
emission, a temperature-controlled cuvette holder and Glan-Thompson polarizers. All fluorescence
spectra were corrected for the instrumental response of the system. Absorption spectra were recorded
in a Shimadzu UV-3600 Plus UV-Vis-NIR spectrophotometer (Shimadzu Corporation, Kyoto, Japan).

The mean hydrodynamic diameter, zeta potential and polydispersity index of aqueous and solid
magnetoliposomes (lipid concentration: 1 mM) were measured using a NANO ZS Malvern Zetasizer
(Malvern Panalytical Ltd., Malvern, UK) dynamic light scattering (DLS) equipment at 25 °C, using a
He-Ne laser of A = 632.8 nm and a detector angle of 173°. Five independent measurements were
performed for each sample. High-resolution transmission electron microscopy (HR-TEM) images were
obtained in a JEOL JEM 2010F microscope operating at 200 kV (JEOL Ltd., Tokyo, Japan) at C.A.C.T.I
(Centro de Apoio Cientifico e Tecnoléxico a Investigacion), Vigo, Spain. A conventional PANalytical
X'Pert PRO (Malvern Panalytical Ltd., Malvern, UK) diffractometer was used for X-ray diffraction (XRD)
analyses, operating with CuK radiation, in a Bragg-Brentano configuration. Magnetic measurements
were performed at room temperature in a Superconducting Quantum Interference Device (SQUID)
magnetometer (Quantum Design Inc., San Diego, CA, USA), using applied magnetic fields up to 5.5 T.

2.4. Incorporation of the Magnetoliposomes in Hydrogels

All the used hydrogels were prepared for a final concentration of 0.4 wt% (4 mg/mL). Hereby,
1.2 mg of each compound was added to 150 uL of an aqueous solution 2 v/v% NaOH 1M and dissolved
through agitation. After the compound dissolution, the hydrogel solution was taken out of the water
bath and mixed with 150 uL of the prepared magnetoliposomes solution. To each mixture, 0.4 wt% of
glucono-o-lactone (GdL) was added under agitation, which led to a final pH of ~6-7. The mixture
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was deployed in a fluorescence microcuvette and left cooling at room temperature, until the hydrogel
was formed.

The curcumin release from hydrogels and magnetolipogels (300 uL) loaded with 0.05 mM curcumin
was also assessed. The gels containing curcumin were prepared and left stabilizing overnight in
Amicon® Ultra-0.5 mL centrifugal filters (MilliporeSigma, St. Louis, MO, USA) with 0.1 um pore
size. Then, pH = 7.0 buffer (800 pL) was added, and the filter tube was immersed and left standing at
room temperature. Aliquots were taken after 7 h and fluorescence was measured to determine the
concentration. The assays were performed in triplicate.

3. Results and Discussion

Manganese ferrite nanoparticles were used for magnetoliposomes development considering their
well described synthesis and preparation in the literature [8,9,12,13,16]. The XRD profile is displayed
in Figure 2A and confirms the synthesis of a pure crystalline phase of manganese ferrite, as well as
presenting all its characteristic peaks, marked by their indices, corresponding to CIF file 2,300,618
(space group Fd-3m:2). The use of a degree of inversion of 0.60, Oy y,, = 0.257 and the micro-absorption
correction resulted into a good fitting quality with Ry = 3.27 and x? = 1.19, which is in agreement with
the results of manganese ferrite nanoparticles obtained by co-precipitation reported in [16]. An average
crystallite size estimate of 12.1 nm was obtained, which is also in close agreement with the sizes
reported by Rodrigues et al. of 16.5 nm [12], and 13.3 nm [16], obtained by the same method used in this
work. The magnetization hysteresis loop (Figure 2B) displays a saturation magnetization of 55 emu/g,
a coercivity of 38.83 Oe, and an M,/M; ratio of 0.06, which indicates that the nanoparticles present
a superparamagnetic behavior at room temperature, and is in agreement with previously reported
values for manganese ferrite nanoparticles obtained through co-precipitation [12,13]. From the TEM
measurements (Figure 2C) an average size of 24.2 + 6.9 nm was obtained, which is also in accordance
with previously reported values [9,12].

The stability of nanoparticle dispersions, with and without sonication, was also evaluated. From
the UV-Visible absorption measurements over time (Figure S1 in Supplementary Material), it can be
observed that nanoparticle dispersions are stable for one hour, with no significant sedimentation and
the behavior is similar for nanoparticles with and without sonication. The zeta potential value of
the magnetic nanoparticles is negative (—14.1 + 1.2 mV), preventing their aggregation, as previously
reported [9].

The nanoparticles were incorporated into aqueous magnetoliposomes (AMLs), which consist in
nanoparticles embedded in the aqueous compartment enclosed by the lipid bilayer, obtained through
ethanolic injection of lipids in a well dispersed nanoparticle aqueous solution. The solid
magnetoliposomes (SMLs) were obtained as described in previous works, covering a cluster of
magnetic nanoparticles with a lipid membrane through a layer-by-layer method [12,13,16]. A Scanning
Electron Microscopy (SEM) image of SMLs is exhibited in Figure S2 of the Supplementary Materials.
UV-Visible absorbance variations overtime are very low for both AMLs and SMLs (Figure S1 in
Supplementary Material), indicating negligible short-time sedimentation. Dynamic light scattering
(DLS) results are displayed in Table 1. The aqueous magnetoliposomes of DPPC with entrapped
manganese ferrite nanoparticles have diameters of 113.5 + 10 nm, which is in accordance with those
previously reported [12], while DPPC solid magnetoliposomes with sizes around 160 nm were also
formerly observed [13]. After one week of storage, the magnetoliposomes remain stable in terms of
diameter and surface charge, as inferred from hydrodynamic size and zeta potential values (Table 1),
proving the long-term stability of the nanosystems.
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Figure 2. (A) X-ray diffraction pattern of manganese ferrite nanoparticles.
experimental pattern; red line: fitted pattern. (B) Magnetization hysteresis loop of the manganese
ferrite nanoparticles at room temperature (T = 300 K). Inset: Enlargement of the loop in the low field
region. (C) Transmission electron microscopy image of the synthesized manganese ferrite nanoparticles.
(D) Size histogram of the synthesized nanoparticles obtained from TEM.

Table 1. Hydrodynamic size, zeta potential and polydispersity index values of aqueous and solid
magnetoliposomes based on manganese ferrite nanoparticles, immediately after preparation and after
one week of storage (SD: standard deviation; PDI: Polydispersity index).

Size + SD (nm) PDI + SD Zeta Potential + SD (mV)
After. 1 Week After After. 1 Week After After. 1 Week After
Preparation Preparation Preparation
AMLs 113.5+10 98.7 17 0.23+ 0.04 0.22 £ 0.08 -153+2 -161+4
SMLs 156.3 + 16 132.2 +21 0.25+0.03 0.21 £ 0.07 -214+4 -19.7+3

The encapsulation efficiency of magnetic nanoparticles in AMLs was determined from the
spectrophotometric determination of iron (III) content, through the formation of a phenylfluorone
complex sensitized with Triton X-100 (Merck-Sigma, St. Louis, MO, USA), as previously described for
other ferrites [15,17]. An encapsulation efficiency of EE(%) + SD(%) = 74.5 + 3.5 (from a triplicate assay)
compares well with the value previously reported for calcium ferrite (around 70%) [15], being higher
than the estimated for iron oxide nanoparticles (EE = 47% + 15%) [17].

Curcumin was incorporated in AMLs as a model of hydrophobic drugs. Curcumin is a natural
polyphenolic compound with various biological activity properties, such as anti-inflammatory,
antioxidant and anti-cancer properties, and has been reported to be well encapsulated in
magnetoliposomes by Cardoso et al. [14]. Curcumin has also been described to be fluorescent
in different polar and non-polar solvents [11,14], and its photophysical behavior is associated with the
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enol-keto tautomerism of the diketo group, the properties of which are mostly dictated by the enol
form (since it is the predominant form in most solvents) [18]. Yet, it has been demonstrated that water
stabilizes the diketo form through the formation of stable complexes [19,20]. Fluorescence emission
in polar medium is characterized by a large red shift, band enlargement and loss of vibrational
structure [14,21].

The fluorescence emission spectrum of curcumin in magnetoliposomes is displayed in
Figure 3A and compared with the emission in DPPC liposomes. The observed quenching effect
in magnetoliposomes may result from an electronic energy transfer to the nanoparticles, as they absorb
in a wide energy range [9], as well as due to the heavy-atoms effect, which enhances the efficiency of
the intersystem crossing process [22]. The strong fluorescence emission of curcumin is an indication of
its presence in the lipid membranes, as it is very weakly emissive in water [11,14]. It has also been
reported that curcumin inserts into lipid bilayers in a hydrated environment [23]. Further, the same
emission maximum in both liposomes and AMLs (503 nm) indicates that nanoparticles do not affect
the membranes.
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Figure 3. (A) Fluorescence emission spectra of curcumin in aqueous magnetoliposomes and liposomes
of DPPC (Aexc = 420 nm, [curcumin] = 1 x 107® M). (B-D) Fluorescence emission spectra of aqueous
magnetoliposomes of DPPC containing curcumin and Nile Red (Aexec =420 nm, [curcumin] = 1 x 107 M,
[Nile Red] = 1 x 107® M) in solution of AMLs (AMLs), in a pre-gelation solution (pH = 12, Sol) and
hydrogel state (Gel) of the compounds H1, H2 and H3. (E) Fluorescence emission spectra of Nile Red
in aqueous magnetoliposomes and liposomes of DPPC (Aexc = 520 nm, [Nile Red] =1 x 107 M) and
(F-H) in solution of AMLs, in a pre-gelation solution (pH =~ 12, Sol) and hydrogel state (Gel) of the
compounds H1, H2 and H3.

The hydrogelators used in this work were chosen based on their molecular differences.
The hydrogelators H1 and H2 differ in the presence of the aromatic ring in the dehydroamino acid
moiety, displaying fibers with an average width of 10 nm (pH ~ 6) and 14 nm (pH ~ 8), respectively [10].
The hydrogelator H3 is a linear pentapeptide, with both negative and positive charged groups,
and self-assembles into thicker fibers, of 23 nm (pH ~ 6) width [11].

The lipophilic and solvatochromic probe Nile Red was also included in the aqueous
magnetoliposomes to assess any major change in the membrane stability. Its emission blueshifts with the
reduction in polarity and is negligible in water, but intensely emits in non-polar environments [24-27].
Furthermore, the fluorescence risetime is sensitive to viscosity, owing to an activation barrier required
for the formation of a twisted intramolecular charge transfer state (TICT) [28,29].
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The Forster resonance energy transfer (FRET) process between curcumin (energy donor) and
Nile Red (energy acceptor) that has been used in different works as the spectral overlap between the
Nile Red absorption and curcumin fluorescence is significant [9,11,30]. Figure 3B-D display the FRET
process between curcumin and Nile Red, as evidenced by the strong fluorescence emission of Nile Red,
while exciting the curcumin dye (Aexc = 420 nm). Before mixing the AMLs and hydrogelator solutions,
curcumin displays its maximum around 500 nm, indicating an environment similar to chloroform [11],
and characteristic of its incorporation in DPPC membranes (i.e., Nile Red co-encapsulation did not
affect curcumin microenvironment) [31], while the Nile Red maximum is at ~638 nm. After the addition
of the AMLs to the hydrogelator solutions, and before inducing gelation (2 v/v% NaOH 1 M), a decrease
in the fluorescence emission and FRET efficiency is clearly observed. Besides the scattering associated
with the presence of the hydrogelator micelles, such can also be a consequence of the deprotonation of
curcumin. The formation of spherical or worm-like micelles by N-capped dipeptides at high pH has
been reported by Cardoso et al. [32]. The curcumin deprotonation is further evidenced by the red-shift
to A ~ 530 nm. The high pH induces the deprotonation of the three hydroxyl groups of curcumin
(pKj values are 8.38, 9.88 and 10.51) and, consequently, its solubility is slightly improved [33,34].
Furthermore, while the neutral form is preferentially located in the hydrophobic phase, at basic pH it
accumulates in the surface of the lipid bilayer [35]. Thus, while some curcumin is expected to remain
in the inner cavity or membrane of the AMLs, some might relocate to the outer surface when the pH is
increased, which leads to its release towards the aqueous phase and a larger distance from Nile Red.
This potential outcome is also evidenced by the reduction in FRET efficiency upon pH decrease when
the gel state is attained. In this state, a blue-shift of curcumin fluorescence emission is associated with
its protonation and relocation or adsorption to hydrophobic cavities, both in the hydrogel matrix and
hydrophobic phase of the liposomes, as suggested by both the reduced FRET efficiency and a slight
increase in Nile Red emission.

The direct excitation of Nile Red provides further information on the membrane dynamics.
Overall, a decrease in fluorescence intensity is observed in the concentrated hydrogelator solutions
containing the AMLs. The decrease is similar in the gels of compounds H1 and H2, which remains
unchanged after gelation, while the H3 gel displays a strong fluorescence decrease after gelation.
Furthermore, in the gels H1 and H3, a slight blue-shift occurs from 640 nm to 631 nm and 628 nm,
respectively. This suggests an interaction between the dehydrodipeptides and the AMLs membrane,
leading to a higher hydrophobicity of the membrane region where Nile Red is localized. The stronger
decrease in the H3 gel after gelation can be associated with the larger diameter of the fibers increasing
the inner filter effect, considering that the solution changed from a translucid solution to a turbid gel.

The scheme in Figure 4 summarizes the observed behavior and the expected mechanism of
encapsulation of hydrophobic drugs (e.g., curcumin, and Nile Red as a lipid probe), upon the
preparation of magnetic lipogels bearing AMLs, though it is pointed out that curcumin becomes more
hydrophilic at high pH [20]. Further, considering the AMLs membranes as mimetics of the biological
membranes, it is expected that the in situ gelation of supramolecular gels will not lead to membrane
disruption. Nonetheless, it cannot be ignored that the observed partition may result from a potential
membrane perturbation by the encapsulated molecules. Curcumin is known to modify the lipid bilayer
properties, such as bilayer stiffness, thickness, elasticity moduli, and curvature [36-38]. For instance,
it was reported to decrease the membrane stiffness in the absence of cholesterol [39]. The increase in
membrane flaccidity might also favor the redistribution of both curcumin and Nile Red between the
membranes and the hydrogel fibers.
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Figure 4. Scheme of the proposed process of incorporation of AMLs containing curcumin (that becomes
more water soluble at high pH) and Nile Red in a supramolecular dehydrodipeptide hydrogel activated
through GdL-induced slow pH decrease. As the pH is increased, some of the curcumin molecules are
dissolved and, once the pH is decreased, it adsorbs and relocates to the hydrophobic cavities of both
the hydrogel fibers and AMLs membranes.

Solid magnetoliposomes (SMLs) were prepared with the co-encapsulation of both curcumin and
Nile Red, where the former was demonstrated in previous works to be finely encapsulated in these
systems [14,21]. The fluorescence emission spectra of the aqueous solution of SMLs, after addition
to the concentrated basic hydrogelator solutions and gelation, are displayed in Figure 5. The strong
fluorescence quenching is a consequence of the proximity of both molecules to the cluster of magnetic
nanoparticles. Both curcumin (maximum around 500 nm—i.e., similar microenvironment to liposomes
and AMLs) and Nile Red (at 631 nm) fluorescence emission maxima are associated with their location
in the membranes. Upon addition of the SMLs to the concentrated hydrogelator solution, a strong
enhancement of curcumin emission is observed, which might be a result of the localization of
curcumin from the SMLs membranes towards the hydrogelator micelles that display a more hydrated
environment, as suggested by the red-shift (H1: 521 nm; H2: 524 nm; H3: 526 nm). Upon pH decrease,
similar to what was described in the AMLs incorporation, curcumin accumulated either in the hydrogel
fibers or in the SMLs membranes.

In H1 (510 nm) and H3 (511 nm) systems, curcumin is localized in an environment with a polarity
similar to chloroform, while in H2 (521 nm) the emission is only slightly blue-shifted, indicative of an
environment with a polarity similar to acetonitrile [11]. The fluorescence quenching of H1 suggests its
proximity to the SMLs. The localization of curcumin in a hydrophobic environment has been reported
in a previous work with magnetic gels [9]. Yet, the presence of membranes favored the location of
curcumin to a more hydrophobic environment in the H3 gel, as opposed to the previously reported
environment similar to acetonitrile in the magnetic gels. Further, after gelation, an increase around
630 nm is observed, which is associated with the occurrence of FRET between curcumin and Nile Red.

Similar to curcumin behavior, Nile Red fluorescence emission is unquenched and some changes
in the environment occur upon mixture with the hydrogelator solutions (Figure 5). In the H1 gel,
a redshift to 620 nm was obtained, while in H2 and H3 the maximum wavelength remained centered
around 631 nm. The enhancement of Nile Red and curcumin fluorescence after gelation suggests that
more hydrophobic cavities are made available to accommodate the molecules from the previously
highly saturated magnetoliposomes—i.e., the curcumin and Nile Red release from the SMLs towards
the hydrogels was favored.
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Figure 5. (A-C) Fluorescence emission spectra of curcumin and Nile Red in solid magnetoliposomes of
DPPC (Aexe = 420 nm, [curcumin] = 2 x 107% M, [Nile Red] = 2 x 107 M) in solution of SMLs (SMLs),
in a pre-gelation solution (pH ~ 12, Sol) and hydrogel state (Gel) of the compounds H1, H2 and H3.
(D-F) Fluorescence emission spectra of Nile Red (Aexc = 520 nm, [Nile Red] = 2 x 107® M) in solid
magnetoliposomes in an aqueous solution (SMLs), in a pre-gelation solution (pH = 12, Sol) and hydrogel
state (Gel) of the compounds H1, H2 and H3.

The scheme included in Figure 6 summarizes the discussed process and the expected behavior of
hydrophobic drugs (curcumin is sensitive to pH variations) encapsulated in SMLs upon the preparation
of supramolecular magnetic lipogels through slow pH decrease by GdL. The observed behavior
provides a means to ensure that no premature release of the administered drugs from the SMLs
occurs, as they are retained by the hydrogel matrix or micelles. Moreover, it makes the co-delivery
or incorporation of larger amounts of hydrophobic drugs possible, as the hydrogel matrix develops
hydrophobic cavities capable of accommodating the excessive amount from the saturated SMLs.
For instance, a lower percentage of curcumin release after 7 h of incubation with pH = 7.0 buffer was
obtained in both magnetolipogels (Figure S3 in Supplementary Material). These results point out that
the presence of magnetoliposomes in the hydrogel matrix can reduce the release of curcumin.

Steady-state fluorescence anisotropy measurements were carried out to evaluate the effect of the
hydrogel on the microviscosity of Nile Red local environment. Table 2 displays the obtained values for
both AMLs and SMLs before and after gelation through the pH trigger.

Table 2. Steady-state fluorescence anisotropy (r) values of Nile Red for gels with the incorporated
AMLs or SMLs. Values in neat magnetoliposomes (MLs) are shown for comparison.

System  MLs H1Sol H1Gel H2Sol H2Gel H3Sol H3Gel

AMLs 0.20 0.17 0.26 0.27 0.28 0.22 0.26
SMLs 0.06 0.22 0.24 0.16 0.25 0.15 0.26
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Figure 6. Scheme of the proposed process of incorporation of SMLs containing curcumin (that becomes
more water soluble at high pH) and Nile Red in a supramolecular dehydrodipeptide hydrogel activated
through GdL-induced slow pH decrease. Upon combination of the SMLs with the basic pH hydrogelator
solution, both curcumin and Nile Red are released and accumulate in the hydrophobic cavities of the
hydrogelator micelles. As the pH is lowered, both molecules can accumulate in both the hydrophobic
cavities of the hydrogel matrix and the SMLs membrane.

In all systems, the fluorescence anisotropy (and, thus, the local microviscosity) increases when
compared to the neat magnetoliposomes (Table 2). Further, the anisotropy converges to close values in
both systems, which suggests that similar interactions are established between the hydrogel matrix
and both magnetoliposome architectures. This convergence on microviscosity offers the possibility
of exploring different systems to optimize therapeutic strategies, as the distribution and behavior of
amphipathic and hydrophobic drugs are expected to be similar to the distribution of the molecules
here discussed. For instance, the presence of AMLs allows for the delivery of hydrophilic drugs in the
aqueous cavity, besides the delivery of hydrophobic drugs in the membrane and amphipathic drugs
distributed along both the hydrogel matrix and the magnetoliposome, while the incorporation of SMLs
allows for the delivery of hydrophobic and amphipathic drugs at higher concentrations than the single
use of SMLs, without severely affecting the magnetization (and, consequently, hyperthermia) of the
magnetic nanoparticles, as the amount of diamagnetic mass is reduced.

4. Conclusions

In this work, the incorporation of solid and aqueous magnetoliposomes in supramolecular
hydrogels was assessed in three different gels through a pH trigger. It was demonstrated that,
upon the incorporation of the magnetoliposomes, the encapsulated molecules distributed to a similar
environment independently of the magnetoliposome architecture. Further, magnetoliposomes can be
saturated with the required drug, as the hydrogel displays hydrophobic cavities that accommodate
the excessive drug amount, which can be explored as a way to avert the premature release of the
administered drug. This system design approach provides a useful strategy to increase the array of
drugs that can be encapsulated compared to magnetic gels and magnetoliposomes alone. Concerning
the discussed findings in this communication, research is being carried out to assess the influence
of the different magnetic lipogel architectures on drug delivery control and tunability, as well as to
evaluate its impact on hyperthermia capability.
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Abstract: Leukemia is a common and lethal disease. In recent years, iron-based nanomedicines
have been developed as a new ferroptosis inducer to leukemia. However, the cytotoxicity of iron
nanoparticles to leukemia cells at the transcriptomic level remains unclear. This study investigated
the effects of two kinds of iron nanoparticles, 2,3-Dimercaptosuccinic acid (DMSA)-coated Fe3;O4
nanoparticles (FeNPs) as a reactive oxygen species (ROS) inducer and Prussian blue nanoparticles
(PBNPs) as an ROS scavenger, on the transcriptomic profiles of two leukemia cells (KGla and
HL60) by RNA-Seq. As a result, 470 and 1690 differentially expressed genes (DEGs) were identified
in the FeNP-treated HL60 and KGla cells, respectively, and 2008 and 2504 DEGs were found in
the PBNP-treated HL60 and KGl1a cells, respectively. Among them, 14 common upregulated and
4 common downregulated DEGs were found, these genes were representative genes that play key
roles in lipid metabolism (GBA and ABCA1), iron metabolism (FTL, DNMI1, and TRFC), antioxidation
(NQO1, GCLM, and SLC7A11), vesicle traffic (MCTP2, DNM1, STX3, and BIN2), and innate immune
response (TLR6, ADGRG3, and DDX24). The gene ontology revealed that the mineral absorption
pathway was significantly regulated by PBNPs in two cells, whereas the lipid metabolism and HIF-1
signaling pathways were significantly regulated by FeNPs in two cells. This study established the gene
signatures of two kinds of nanoparticles in two leukemia cells, which revealed the main biological
processes regulated by the two kinds of iron nanoparticles. These data shed new insights into the
cytotoxicity of iron nanoparticles that differently regulate ROS in leukemia cells with variant stemness.

Keywords: leukemia; iron nanoparticles; RNA-Seq; cytotoxicity

1. Introduction

Leukemia, especially acute myeloid leukemia (AML), is a lethal disease characterized by the
accumulation of DNA-damaged immature myeloid precursors [1]. Only around 20% of adult cases are
expected to survive past 5 years after diagnosis, and it is a leading cause of cancer death in young
adults [2]. Although conventional chemotherapy is highly offensive against the bulk of leukemic
cells, chemotherapy resistance in the refractory of AML is still a serious and common problem [2,3].
Thus, the development of new and specific therapeutic strategies that can overcome conventional drug
resistance is still in demand.

In recent years, the development of nanomedicines as ferroptosis inducer in cancer cells has
become a new promising approach to leukemia [4-6]. Ferroptosis is an iron-dependent, unique type of
cell death due to excessive accumulation of toxic lipid reactive oxygen species (ROS) [7]. Ferroptosis
can be stimulated by the GPX4 inhibitors (erastin, sorafenib, altretamine, etc.) and reagents that cause
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cellar iron overload (FeCl,, salinomycin, and hemoglobin), which leads to fueled ROS production
and inhibition of tumor growth [8-11]. However, these compounds have already been challenged
by the same resistance problem as that of traditional cancer drugs [12]. Iron nanoparticles are an
emerging new ferroptosis inducer because it has the ability to increase iron levels and ROS. For
example, a Fe304-based nanoparticle fabricated through self-assembly mechanism can generate ROS
and can induce intracellular oxidative stress [6]. A Fenton-reaction-accelerable magnetic nanoparticle
can be prepared to simultaneously enhance the local concentrations of Fe?*, Fe3*, and H, 0 to kill
cancer cells [13]. Recently, a nanoparticle iron supplement, ferumoxytol, was found to have an
antileukemia effect in vitro and in vivo in leukemia cells with a low level of ferroportin (FPN) by
inducing ferroptosis [14].

However, as a new promising ferroptosis inducer, iron nanoparticle-induced cytotoxicity to
leukemia cells at the transcriptomic level still remains unclear. This study thus investigated the effects
of two kinds of iron nanoparticles, 2,3-Dimercaptosuccinic acid (DMSA)-coated Fe304 nanoparticles
(FeNPs) and Prussian blue nanoparticles (PBNPs), on transcriptomic profiles of two leukemia cells (KG1a
and HL60) by RNA-Seq. FeNPs can induce ROS generation through Fenton reactions, while PBNPs
is an effective ROS scavenger with peroxidase (POD)-, catalase (CAT)-, and superoxide dismutase
(SOD)-like activities [15]. HL60 is an AML cell with promyelocytic differentiation, while KGla is a
stem-like AML cell line that is resistant to chemotherapy and double negative T cell (DNT)-mediated
cytotoxicity [2]. For example, fucoidan, a natural component of seaweeds with immunomodulatory
and antitumor effects, was investigated in human AML cells. It can significantly increase apoptosis in
HL60, but undifferentiated KG1la was resistant to the tumor inhibitory function of fucoidan [16].

2. Materials and Methods

2.1. Cell Lines and Reagents

The human acute myelogenous leukemia (AML) cell KG1a and the human acute promyelocytic
leukemia (APL) cell HL60 were obtained by the China Center for Type Culture Collection (Shanghai,
China). Dulbecco Modified Eagle Medium (DMEM) and fetal bovine serum (FBS) were acquired
from Invitrogen Gibco (Carlsbad, CA, USA). Double antibiotics (penicillin plus streptomycin) were
purchased from Beyotime Biotech (Shanghai, China). Counting Kit-8 and phosphate buffer saline were
purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The FeNPs and PBNPs were supplied by
the Biological and Biomedical Nanotechnology Group of the State Key Lab of Bioelectronics, Southeast
University (Nanjing, China) [15,17]. The size and potential of nanoparticles were measured again with
a Malvern Particle size analyzer, Zetasizer Nano (Malvern Instruments, Malvern, UK).

2.2. Cell Viability, Iron Content, and ROS Measurement

The cell viability was measured with the CCK-8 assay (Cell Counting Kit-8; BS350B, Biosharp).
The iron content was measured using a colorimetric assay. Briefly, cells were counted and then
suspended in 5 M HCI. After incubation at 60 °C for 4 h, the cells were centrifuged and the supernatant
was transferred. The supernatant was added with the freshly prepared detection reagent (0.08% K;5,0s,
8% KSCN, and 3.6% HCl) and incubated at room temperature for 10 min. The absorbance at 490 nm was
measured using an absorption reader (BioTek, Winooski, VT, USA). The iron content was determined
according to a standard curve generated with FeCl; solution. The iron content was calculated as
micrograms per cell. ROS was measured by the flow cytometer method. In brief, the cells were stained
with 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) using Reactive Oxygen Species Assay Kit
(Beyotime, Nantong, China) according to the manufacturer’s instructions. ROS changes indicated by
fluorescence shift was analyzed on a CytoFLEX LX Flow Cytometer (Beckman, Brea, CA, USA).
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2.3. Cell Culture and Processing

The KG1a and HL60 cells were cultured in DMEM supplemented with 10% fetal bovine serum
(FBS), 100 units/mL penicillin, and 100 ug/mL streptomycin. All iron nanoparticles were filtered
through a 0.22-um membrane. The KGla and HL60 cells were exposed to 50 ug/mL of PBNPs or
FeNPs for 72 h. To detect cell viability, the KGla and HL60 cells were seeded in 96-well microplate
(10* cells/well). After incubation with iron nanoparticles for 72 h, 10 uL of CCK-8 solution was
dropped to each well and incubated in cell culture incubator for 2 h. Finally, the absorbance at 450 nm
was measured.

2.4. RNA-Seq Analysis

RNA sequencing (RNA-Seq) was conducted in collaboration with the Decode Genomics (Nanjing,
China). Two biological replicate cell treatments were performed for each cell and nanoparticle. Totally,
12 RNA samples (two independent RNA samples of blank HL60 and KG1a, FeNP-treated HL60 and
KGla, and PBNP-treated HL60 and KG1a) were used to perform RNA-Seq analysis. The total RNA
was isolated using the TRIzol® Reagent Kit (Thermo Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. The degradation and contamination status of RNA were analyzed by
1% agarose gel electrophoresis, and the RNA purity was evaluated by Nanodrop 2000 according to
the ratio of OD240pm/OD2gonm (around 1.8-2.2). The RNA concentration was accurately quantified by
Qubit (=500 ng/uL), and the insert size of the library was assessed with Agilent 2100 to judge RNA
integrity. After the library quality control was qualified, [llumina sequencing was performed using
a paired end 150 bp (paired end, PE150) strategy. To ensure the quality of information analysis and
clean reads, the raw reads obtained by sequencing were filtered to remove dirty reads that contained
adapters, excessive N (>10%, N: bases information cannot be determined), and a large number of
low-quality bases. Subsequent analysis was based on clean reads. The HISAT2 software was used to
align clean reads with the reference genome.

2.5. GO and KEGG Analysis of Differentially Expressed Genes (DEGs)

Based on the HISAT2 results, HTSeq software was used to calculate the expression level of
each mRNA gene in samples. The differentially expressed genes (DEGs, p < 0.05) were identified
using the DESeq R package and are displayed in the Supplementary Materials File S1. DEGs with a
false discovery rate (FDR) < 0.05 and absolute value of fold change > 1.5 were used to perform the
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. The GO
functional enrichment of DEGs was analyzed using Metascape software [18]. The signaling pathway
annotations was mapped in the KEGG database. The key KEGG signaling pathway was draught by
the Pathview [19].

2.6. RT-qPCR Analysis

The total RNA was extracted from cells using TRIzol Regent (Invitrogen, CA, USA) and purified
by a treatment of DNase I (Thermo Fisher Scientific, Waltham, MA, USA). The high-quality RNA
samples were used to generate the complimentary DNA (cDNA) using the PrimeScript™ RT reagent
Kit (TaKaRa, Japan). The PCR primers were designed by NCBI Primer BLAST (https://www.ncbinlm.
nih.gov/tools/primer-blast/) and synthesized by Genscript Biotechnology (Nanjing, China) (Table S1).
The Real-Time quantitative PCR (RT-qPCR) detection was performed using the SYBR Green master
mix (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s instruction. Each PCR
detection was performed with three biological and technical replicates. The gene expression values were
normalized to an internal control (glyceraldehyde-3-phosphate dehydrogenase, GAPDH). The relative
gene expression level was calculated as the relative quantification (RQ) using the 224t method.
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2.7. Statistical Analysis

All detection results were presented as mean + standard deviation (SD). All data analysis were
performed and plotted by the GraphPad Prism 8, in which the statistical significance was detected by
the Student’s t-test. p-values < 0.05 were considered statistically significant.

3. Results and Discussion

3.1. Characterization of Nanoparticles and Their Effects on Cell Viability, Iron Content, and ROS

Two kinds of iron nanoparticles were used in this study: one was PBNPs, and the other was
FeNPs. The former was in blue color, and the latter was in brown color (Figure 1A,B). The PBNPs
were at sizes of 152 nm and had potentials of —1.94, while the FeNPs were at sizes of 20 nm and had
potentials of —20.9 (Figure 1A,B). The CCK8 assay showed that only the cell viability of HL60 was
significantly reduced by FeNP treatment (Figure 1C). The cell viability of KGla was not significantly
reduced by all treatments (Figure 1C), indicating that KG1a was more resistant to iron nanoparticles.
The intracellular iron content measurement revealed that the treatment of both iron nanoparticles
significantly increased the intracellular iron content of two cell lines; however, the FeNP treatment
more significantly increased the intracellular iron content of two cell lines (Figure 1D). Additionally,
treatment of both iron nanoparticles more significantly increased the intracellular iron content of HL60
than KGla (Figure 1D). The qPCR detection of the expressions of two leukemia stem cell (LSC) marker
genes, CD34 and CD38, indicated that CD34 was only highly expressed in KG1la and that CD38 was
expressed in two cells at low levels (Figure 1E). This demonstrated that KG1a had higher stemness
than HL60. When treated with two kinds of nanoparticles, CD34 expression in KGla was slightly
downregulated by FeNPs but upregulated by PBNPs, whereas CD38 was significantly downregulated
by PBNPs in two cells and by FeNPs in HL60 (Figure 1E). The ROS measurement indicated that the
FeNP treatment increased the ROS level in both cell lines but that the PBNP treatment decreased the
ROS level in the two cell lines (Figure 1F). Altogether, these data indicated the difference between two
leukemia and two kinds of iron nanoparticles.
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Figure 1. The characterization of two kinds of iron nanoparticles and their effects on KGla and

HL60: (A,B) hydrated particle size and zeta potential of

Prussian blue nanoparticles (PBNPs) (A) and

Fe;04 nanoparticles (FeNPs) (B), (C) cell viability of the PBNP- and FeNP-treated HL60 and KGla
cells, (D) cellular iron contents of the PBNP- and FeNP-treated HL60 and KG1a cells, and (E) QPCR

detection of CD34 and CD38 expression in two cells. HF,

FeNP-treated HL60; HP, PBNP-treated HL60;

KE, FeNP-treated KG1a; KP, PBNP-treated KG1la. ns, no significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001.
(F) ROS levels of the PBNP- and FeNP-treated HL60 and KGla cells.

3.2. RNA-Seq and de Novo Transcriptome Assembly

To investigate the transcriptome modulation that occurred during exposure to iron nanoparticles,
the KGla and HL60 cells were treated with 50 ug/mL of FeNPs and PBNPs for 72 h, respectively.
To obtain reliable global gene expression profiles, RNA-Seq was performed with as many as 12 samples,
which consisted of two biological replicates of each treatment. Following the removal of adapters and
low-quality reads, total mapped reads, unique mapped reads, and multiple reads were summarized and
are presented in Table 52. The statistics of distribution of clean reads in different regions of the genome
are shown in Figure S1. After alignment with the reference genome, the statistical results of mRNA

peak insert size distribution were shown in Table S3.
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among samples and the density map of gene expression level of all samples were further calculated to
demonstrate reliability of the experiment and rationality of the sample selection (Figures S2 and S3).

3.3. Identification of DEGs

To discover the effects of iron nanoparticles (FeNPs and PBNPs) on the gene expression profiles of
HL60 and KG1a cells, a large number of DEGs (p < 0.05) were identified using the FPKM (Fragments Per
Kilobase of transcript per Million mapped reads) method [20]. Totally, there were 470 (260 upregulated
and 210 downregulated) and 1690 (720 upregulated and 970 downregulated) DEGs in the FeNP-treated
HL60 and KGla cells, respectively, and 2008 (1015 upregulated and 993 downregulated) and 2504
(986 upregulated and 1518 downregulated) DEGs in the PBNP-treated HL60 and KG1a cells, respectively.
The detailed information of these DEGs is shown in File S1 (Supplementary Materials). The results
showed that KG1la had more DEGs than HL60 after the treatment of iron nanoparticles. Especially,
after the treatment of FeNPs, KGla had 3.59 times more DEGs than HL60. These data indicated
that KG1a that had higher stemness than HL60 could resist iron nanoparticle-induced ferroptosis by
regulating much more genes than HL60, especially encountering FeNPs, a ROS inducer. This is in
agreement with the observation that FeNPs induced the significant decrease of cell viability of HL60
but had no significant effect on cell viability of KGla (Figure 1C).

A four-way Venn analysis displayed the numbers of unique and common DEGs in two cells treated
by two kinds of nanoparticles (Figure 2A). It was found that each cell had many unique DEGs under
the treatment of two kinds of nanoparticles. Besides those unique DEGs, two kinds of nanoparticles
induced some common DEGs in two cells. In comparison, two different nanoparticles induced more
common DEGs in a same cell line whereas a same nanoparticle induced less common DEGs in two
different cells. There were limited numbers of common DEGs in two cells treated by two kinds of
nanoparticles. To provide more detailed information on common DEGs, the common genes (fold
change >1.5) regulated by two kinds of nanoparticles in a same cell (Figure 2B) and a nanoparticle
in two cells (Figure 2C) were identified. Totally, 52 and 42 genes were commonly regulated by two
kinds of nanoparticles in HL60 and KGl1a cells, respectively (Figure 2B). In contrast, only 19 genes (fold
change > 1.5) were commonly regulated by PBNPs in two cells (Figure 2C) and only 11 genes (fold
change > 1.5) were commonly regulated by FeNPs in two cells (Figure 2C). These genes demonstrated
the obvious cell- and nanoparticle-specific features in gene expression regulation. Finally, the most
important genes that were commonly regulated in two cells treated by two kinds of nanoparticles
were identified (Figure 2D). It was found that 14 genes were commonly upregulated in two cells
by two kinds of nanoparticles (Figure 2D) and that only 4 genes were commonly downregulated in
two cells by two kinds of nanoparticles (Figure 2D). These genes should have a close relationship
with the common chemical essence of two kinds of nanoparticles: iron. These genes were closely
related with five biological processes, including iron metabolism, antioxidation, lipid metabolism
(lysosome dysfunction), vesicle traffic (exocytosis, endocytosis, and phagocytosis), innate immune
system, and cytoskeleton. These processes typically reflect what commonly happens in cells when
cells are treated by iron nanoparticles no matter their modification and structure.
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Figure 2. Comparisons of differentially expressed genes (DEGs) in two Leukemia cells treated with two
kinds of iron nanoparticles: (A) number of upregulated and downregulated DEGs (fold change > 1.0)
in the PBNP- and FeNP-treated HL60 and KGla cells and their relationship, (B) common DEGs (fold
change > 1.5) in a cell treated by two kinds of nanoparticles, (C) common DEGs (fold change > 1.5) in
two cells treated by a nanoparticle, (D) common DEGs (fold change > 1.0) in two cells treated by two
kinds of nanoparticles, and (E) schematic of cellular functions of common DEGs (fold change > 1.0)
in two cells treated by two kinds of nanoparticles. The detailed information of all DEGs is shown
in File S1 (Supplementary Materials). HF, FeNP-treated HL60 cells; HP, PBNP-treated HL60 cells;
KF, FeNP-treated KG1a cells; and KP, PBNP-treated KG1la cells.
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It was interesting that GBA was significantly downregulated in two cells by two kinds of
nanoparticles (Figure 2D). GBA/GBA1 codes for glucerebrosidase (GCase), which plays a central role
in the degradation of complex lipids and the turnover of cellular membranes [21]. Deficiency in GCase
activity leads to accumulation of glucosylceramide/glucocerebroside in lysosome and compromised
lysosomal activity, which would eventually affect lipid metabolism and trafficking [22]. GBA drives
autophagy-dependent cell death [23], and the GBA mutation has a close relationship with Gaucher and
Parkinson’s diseases [24]. Besides GBA1, the expression of other important lysosomal function-related
genes was also changed by iron nanoparticles, such as LYST, CLN3, LAMP1, LAMP5, LAPTM5,
LAPTM4A, LAPTM4B, and HPS6 in HE, HP, and KP. The compromised lysosomal activity also
affects the intracellular iron metabolism because the stored iron in ferritin has to be released as Fe?*
in lysosome. This is coincident with the iron overload (hyperferritinemia) that occurs in Gaucher
cells [25]. The ceramide produced by GCase decomposing of glucocerebroside in lysosome plays a
critical role in forming membrane phospholipids and the intracellular matrix. The significant iron
nanoparticle-induced downregulation of GBA1 expression thus affects membrane maintenance and
repair. This effect may contribute to iron nanoparticles-induced ferroptosis. However, the molecular
mechanism of how iron nanoparticles inhibit GBA1 expression still remains unclear.

GCLM and NQOT1 are representative Nrf2-regulated antioxidant genes [26]. The expression
of these two genes was significantly upregulated by two kinds of iron nanoparticles in two cells,
suggesting that cell internalization of iron nanoparticles resulted in oxidative stress by the increase
of ROS via a Fenton reaction. The cells had to upregulate these antioxidation genes and SLC7A11 to
neutralize the increased ROS for maintaining redox balance. In response to the cell internalization of
iron nanoparticles, cells also changed the expressions of several key iron metabolism-related genes
including FTH, PIR, DNM1, and TRFC. Because iron nanoparticles were internalized into cells by
phagocytosis and finally trafficked to lysosome, together with glucocerebroside accumulation in cells
resulting from the iron nanoparticle-induced downregulation of the GBA1 gene, cells upregulated
several important genes involved in phagocytosis, exocytosis, endocytosis, and vesicular trafficking,
such as ABCA1, MCTP2, DNM1, STX3, and BIN2. The interaction of iron nanoparticles with cells
also induced upregulation of several genes related to the innate immune system, such as TLR6, BIN2,
ADGRGS3, and DDX24. This is in agreement with a previous report that iron nanoparticles could
induce virus-like immune responses [27].

To further establish a high-confidence gene signature of the two Leukemia cells treated by two
kinds of iron nanoparticles, the DEGs that were most significantly regulated by the nanoparticle
treatments were screened (Figure 3A). These DEGs had fold changes over 2.0. The top ones of
these genes were schematically shown in cells with different treatments (Figure 3B) to indicate their
distributions and relationship. It was found that GBA was the only common signature gene highly
downregulated in two cells under the treatment of two kinds of iron nanoparticles. CD38 was
commonly downregulated and GGNBP2 was commonly upregulated in HE, HP, and KP, respectively.
SMACB1 was commonly downregulated in HF, KF, and KP. SMACB1 is a core subunit of the SWI/SNF
(BAF) chromatin-remodeling complex and is well-recognized as a tumor suppressor gene, which is
inactivated in aggressive cancers such as nearly all pediatric rhabdoid tumors [28,29]. These highly
regulated common genes represent the typical gene signatures of various cells and nanoparticles.
Besides these common genes, each cell showed some unique highly regulated genes when treated by
different iron nanoparticles.
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Figure 3. Gene signatures of two Leukemia cells treated by two kinds of iron nanoparticles: (A) most
significantly regulated DEGs (fold change > 2.0) in two cell lines treated by two kinds of iron
nanoparticles and (B) schematic of signature genes (fold change > 2.0) in two cell lines treated by two
kinds of iron nanoparticles. The common genes were placed at the same positions in schematic cells
for comparing.

In gene signatures, it is very interesting that CD38 was significantly downregulated in HF, HP,

and KP and that LY6E was highly upregulated in HF and KF (Figure 3B). CD38 is an LSC marker gene,
and LSC is marked by CD34*CD38 1°¥/~. The above qPCR detection indicated that KGla expressed
high-level CD34 and low-level CD38 whereas HL60 expressed no CD34 and relatively high-level
CD38 (Figure 1C), showing that KG1a has much higher stemness than HL60. The treatment of two
kinds of nanoparticles all significantly downregulated CD38 in two leukemia cells, especially, PBNPs
most significantly downregulated CD38 in HL60 (Figure 3B). These data suggested that both iron
nanoparticles preferentially killed non-stemness leukemia cells, which thus increased the relative
proportion of stemness leukemia cells in live cells after iron nanoparticle treatment. On the contrary,
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Ly6E was highly upregulated by FeNPs in two leukemia cells (Figure 3B). The human LY6 genes
highly expressed in various cancers represent novel biomarkers for poor cancer prognosis, are required
for cancer progression, and play an important role in immune escape [30-35]. More importantly,
overexpression of certain Ly6 genes (Ly6D, Ly6E, Ly6K, and Ly6H) turned cancer cells into aggressive
stem-like cells or allowed cancer cells to act like cancer stem cells [30]. In agreement with the
downregulation of CD38, the significant upregulation of Ly6E in the two FeNP-treated leukemia cells
also suggested that FeNPs preferentially killed non-stemness leukemia cells and thus allowed the
proportion of stemness leukemia cells to increase in live cells. These data suggested the resistance of
LSC to iron nanoparticle-induced cell death such as ferroptosis and nanoptosis [36].

3.4. GO Term Analysis of DEGs

To clarify the functions of the DEGs (|fold change| > 1.5, FDR < 0.05), GO function enrichment
analysis was performed in Metascape (File S2 (Supplementary Materials)) [18]. The top 20 GO terms of
four groups (HF: HL60-FeNPs, HP: HL60-PBNPs, KF: KG1a-FeNPs, and KP: KG1a-PBNPs) are displayed
in Figures 4 and 5, respectively. Because PBNPs can effectively scavenge ROS via multienzyme-like
activity including peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD) activity while
FeNPs produced hydroxyl radicals (-OH) through the Fenton reaction and peroxidized lipids [15,37],
the difference of GO terms between these two kinds of iron nanoparticles in one cell line (HL60 or
KGla) was firstly characterized. The most significant GO term in HF, HP, KF, and KP was the regulation
of the lipid metabolic process, myeloid leukocyte activation, the HFE-transferrin receptor complex,
and negative regulation of megakaryocyte, respectively. Interestingly, 25% of GO terms of HF was
mainly enriched in “lipids”, including regulation of lipid metabolic process, intracellular lipid transport,
lipid biosynthetic process, cytoplasmic vesicle membrane, long-chain fatty acid metabolic process,
and lipase activity (Figure 4A,B). In comparison, only 10% of GO terms of HP were related to “lipids”,
including regulation of lipid metabolic process and plasma membrane repair (Figure 4C,D). The results
showed that the capability of FeNPs to produce ROS made it easier for FeNPs to regulate lipid
metabolism than PBNPs. To further show the roles of genes in lipid metabolism, the DEGs in these GO
terms are listed in Table 1. There were 28 (20 up- and 8 downregulated) genes in HF and 13 (9 up- and
4 downregulated) genes in HP involved in lipids regulation, of which 6 shared genes (ABCA1, FPR2, KIT,
FADS1, ME1, and AHNAK?2) were found. Particularly, the expression of ABCA1 was most significantly
upregulated in lipid metabolism of HF and HP. ABCA1 was an important membrane-associated
protein and actively participated to phosphatidylcholine, phosphatidylserine, and sphingomyelin
transfer [38]. However, ABCA1 and 5 other shared genes were not found in the lipid-associated GO
terms of KG1la. Besides these shared genes, ACACA was the unique gene that frequently appeared
in lipid metabolism-related GO terms of HE. ACACA, acetyl-CoA carboxylase, was the first and
rate-limiting step of de novo fatty acid biosynthesis [39]. This gene was also upregulated in HF and HP.
This kind of significant effect of FeNPs on lipid metabolism was also found in the HepG2 cell treated
by Fe304 nanoparticles in a previous study [36]. This previous study and this study all revealed that
the treatment of Fe304 nanoparticles induced lipid accumulation in cells. In consistence with the
previous study [36], this study also found that several lipid synthesis-related genes were upregulated
in HF, including FDFT1, ACAT2, and HMGCSI. In contrast, the most significant biological process was
myeloid leukocyte activation and cation homeostasis in the PBNP-treated HL60 cells (Figure 4C,D).
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Figure 4. Top 20 Gene Ontology (GO) terms of the HL60 cells treated with two kinds of iron
nanoparticles: (A,B) heatmap (A) and enrichment network (B) colored by the same cluster of GO terms
in the FeNP-treated HL60 cells, and (C,D) heatmap (C) and enrichment network (D) colored by the
same cluster of GO terms in the PBNP-treated HL60 cells. The colored labels followed the order of
top 20 GO terms. (E) The Venn analysis of top 20 GO terms in the HL60 cells treated with PBNPs and
FeNPs. The detailed information of all GO terms is shown in File S2 (Supplementary Materials).
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cells, and (C,D) heatmap (C) and enrichment network (D) colored by the same cluster of GO terms
in the PBNP-treated KG1a cells. The colored labels followed the order of top 20 GO terms. (E) Venn
analysis of top 20 GO terms in the KGla cells treated with PBNPs and FeNPs. The detailed information
of all GO terms is shown in File S2 (Supplementary Materials).

For KGla, there was few GO terms related to lipid metabolism. Only three genes (ITPK1, PLCG2,
and POU1F1) were involved in inositol triphosphate metabolic process in KF, and four genes (SPTA1,
TGFB2, CXCR4, and EHD2) mediated plasma membrane organization in KP. In contrast, GO terms
that responded to metal ions were highly enriched in KGla (Figure 5A-D). As listed in Table 2, 4
GO terms (containing 13 genes) were found in KF and just one term (containing 4 genes) was found
in HF. It implied that KG1a was more sensitive to metal ions than HL60 under the FeNP treatment.
For example, TFRC and TFR2 genes were over-suppressed in KE, which belong to the transferrin
receptor-like family and are necessary for cellular iron uptake [40]. Another receptor, BMPR1B,
overexpressed in KF, can specifically bind the bone morphogenetic protein (BMP) to regulate a wide
range of biological processes including iron homeostasis, fat and bone development, and ovulation [41].
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Table 1. GO terms of lipid metabolisms in KGla and HL60 exposed to FeNPs or PBNPs (Top 20,

p <0.01).
Group  Category GO Term LogP NO. Gene Symbol
) N ABCA1, ACACA, CHRMS, EGR1,
HF BP 60'001921612 rfgula“‘m oflipid 57 11 FPR2, KIT, FADS1, ME1, SOCS7,
metabolic process LPCATl, RUBCNL
BP GO:0032365~intracellular lipid 440 4 ABCA1, ACACA, ANXA2, CES1
transport
. ACACA, ALOXS5, CES1, EGR1,
BP big?ggizlco”rl;i‘is -355 10 FPR2, FADS1, PRLR, FADS2,
4 P LPCAT1, MBOAT2
o CD38, FPR2, IFNGR2, ITGA2B,
cc GO'003065?“”CXEFI§S“C vesicle 353 11 TGFA, SH3BP5, SYNRG, LPCATI,
embrane HVCN1, AHNAK2, ADGRG3
MF GO:0016298~lipase activity —2.57 4 CES1, CHRMS, PLD4, PNPLA1
P 8P GO:0019216-regulation of lipid 9 ABCA1, ADM, FGR, FPR2, KIT,
metabolic process : FADS1, ME1, PPARG, SMARCD3
BP GO:0001778~plasma -507 4 DYSE, SYT11, MYOE, AHNAK2

membrane repair

KF BP  GO:0032957~inositol 292 3 ITPK1, PLCG2, POU1F1
trisphosphate metabolic process

GO:0007009~plasma membrane

KP BP -
organization

-2.35 4 SPTA1, TGFB2, CXCR4, EHD2

Note: HF: HL60-FeNPs, HP: HL60-PBNPs, KF: KG1a-FeNPs, KP: KG1a-PBNPs.

Table 2. GO terms of metal ion metabolisms in KG1a and HL60 exposed to FeNPs or PBNPs (Top 20,

p <0.01).
Groups  Category GO Terms LogP NO. Gene Symbol
GO:0022843~voltage-gated cation ANXA2, KCNC3, KCNH2,
HEF MF channel activity —245 4 HVCN1
ADM, ANXA2, ATP6V0A1, CD38,
ELANE, FPR2, FTH1, FTL, FYN,
GATA2, GRN, GSTM2, KCNH2,
y . . MTI1E, MT1F, MT1G, MT1X,
HP BP GO:0055080~cation homeostasis -9.14 31 MT2A, NTSR1, PLCB2, TFRC,
STC2, SLC12A7, NCS1, SLC7AS,
MCUB, JPH1, SLC39A10,
SLC4A11, SLC24A4, CCR2
BD GO:0071294~cellular response to —6.68 6 MT1E, MT1E, MT1G, MT1X,
zinc ion : MT2A, HVCN1
KF cc GO0:1990712~HFE-transferrin _454 3 BMPR1B, TFR2, TFRC
receptor complex
BP GO:0071248~cellular response to _317 6 NQO1, HMOX1, LGMN, TFR2,
metal ion : CPNE6, RASA4B
BP GO:0000041~transition metal ion o7 4 TFR2, TERC, TRPC1, TRPC5
transport
MF GO:0015370~solute sodium g5 5 SLC22A1, SLC4AS, SLC6A20

symporter activity

CALB1, CD38, FTHI, FTL, GJAl,
4 LPAR4, HMOX1, MT1X, MT2A,
KP BP GO:0030003~cellular cation —687 18 PTGER3, SLC8A1, SLC30A1,

homeostasis CXCR4, F2RL3, SLC4AS,
SLC39A10, ROGDI, CCR2
BP GO:0046916~cellular transition _5.29 7 FTHI1, FTL, HMOX1, MT1X,
metal ion homeostasis ) MT2A, SLC30A1, SLC39A10
BP GO:0098659~inorganic cation 275 4 SLC8A1, SLC30A1, SLC39A10,
import across plasma membrane ’ SLC12A8
BP GO:0006879~cellul§r iron ion 219 3 FTH1, FTL, HMOX1
homeostasis

Note: HF: HL60-FeNPs, HP: HL60-PBNPs, KF: KG1a-FeNPs, KP: KGla-PBNPs.
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It was found that the antioxidation-related genes were highly regulated in two cells treated by
two kinds of iron nanoparticles. NQO1 and GCLM were commonly upregulated in two cells treated
by two kinds of nanoparticles (Figure 2D). Two genes (NQO1 and HMOX1) that was closely associated
with antioxidant metabolism were in upregulated by two kinds of nanoparticles in KGla (File S1
(Supplementary Materials)). NQO1 and HMOX1 are representative NRF2-regulated antioxidation
genes [26]. NQOI1 reduces quinone to hydroquinone, and HMOX]1 catalyzes the degradation of heme
to biliverdin, CO, and Fe™. If either one of the two genes was knocked out, it would enhance erastin-
and sorafenib-induced ferroptosis in hepatocellular carcinoma cells [7]. The two genes may help KGla
cells to scavenge ROS and thus resist iron nanoparticle-induced ferroptosis. Another antioxidation
gene, GPX3, was only upregulated in HF. Together with the upregulated GCLM and GCLC in HF,
these three typical NRF2-regulated antioxidation genes [26] revealed high oxidative stress in HF,
which agrees with the decrease of cell viability of only HF in all treatments (Figure 1C). In addition, iron
nanoparticles-induced oxidative stress was also demonstrated by the wide regulation of the expression
of as many as 15 (HF), 42 (KF), 50 (HP), and 70 (KP) genes coding oxidase, reductase, peroxidase,
dehydrogenase, epoxidase, and oxidoreductase (File S4 (Supplementary Materials)). It was interesting
that a recently identified anti-ferroptosis gene, AIFM2 (renamed as ferroptosis suppressor protein 1,
FSP1, a CoQ oxidoreductase) [42,43], was also upregulated in KF and HP. Many proteins sequester
transition metals or transport them and thus indirectly act as antioxidants by suppressing formation of
HO- from H,O, by Fenton chemistry [44]. These proteins include ferritin (comprising light FTL1 and
heavy FTH1 subunits), ferroportin (FPN1/SLC40A1), metallothionein, and ceruloplasmin. FTL was
commonly upregulated by two kinds of nanoparticles in two cells (Figure 2D). FTH1 was upregulated
in KE, HP, and KP (File S1 (Supplementary Materials)). Another an important antioxidation gene,
SLC7A11, was commonly significantly upregulated in two cells treated by two kinds of nanoparticles
(Figure 2D). SLC7A11 imported cysteine into cells for glutathione synthesis and thus plays key role in
antioxidation of cells. Besides SLC7A11, as many as 13, 40, 48, and 56 soluble carrier (SLC) family genes
were differentially regulated in HE, HP, KF, and KP, respectively (File S1 (Supplementary Materials)).
These SLC family genes encoding passive transporters, ion coupled transporters, and exchangers were
crucial for intracellular ion homeostasis [45,46]. It was worthy to note that metallothioneins (MTs)
were generally downregulated in HL60 and KG1a exposed to PBNPs, including MT1E, MT1F, MT1G,
MT1X, and MT2A in HL60, and MT1X and MT2A in KGla. With a high content of cysteine residues,
metallothioneins bound various heavy metals for detoxification in cells and acted as antioxidants to
protect against hydroxyl free radicals [47]. The inhibited metallothioneins further supported the low
metal toxicity and good antioxidant capacity of PBNPs in HL60 and KG1a. When exposed to PBNPs,
this iron nanoparticle can effectively scavenge ROS via multienzyme-like activity to reduce the burden
of cellular antioxidants.

3.5. Pathway Analysis of DEGs

To find the pathways regulated by iron nanoparticles, the DEGs with over 1.5-fold change were
annotated by the KEGG database. As a result, 106 DEGs in HF, 283 DEGs in HP, 199 DEGs in KF,
and 152 DEGs in KP were enriched in 10, 25, 18, and 12 KEGG pathways, respectively (File S3
(Supplementary Materials)). The comparison of the top 10 pathways revealed that there was great
difference between HF and KF, but some similarity between HP and KP (Figure 6A,B). Only the
pathways in cancer were enriched in four treatments (Figure 6C).

In HF, the fatty acid metabolism was the most significantly enriched pathway, in which the
ACACA, FADS1, and FADS2 genes play important roles in cell membrane formation and repair.
The metabolic pathways mainly involved in lipid metabolism and glycerophospholipid metabolism
were also enriched in HF. In contrast, the HIF-1 signaling way was most prominently enriched in KF,
which consisted of CDKN1A, FLT1, HMOX1, IGFIR, PLCG2, TFRC, STAT3, LDHA, ENO1, PGK1,
and ELOB genes (Figure S4). This signaling way can mediate adaptive responses to reduced oxygen
availability; it was crucial for angiogenesis, vascular reactivity and remodeling, glucose and energy
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metabolism, inflammation, tumor, and iron homeostasis [48]. The hypoxia and free radicals can activate
the function of HIF-1 [49]. By producing ROS, the HIF-1 signaling way was activated by FeNPs in KGla.
PLCG2 was induced by ROS to affect the IP3/DAG pathways, the ubiquitination of HIF-1« was inhibited
by the downregulated ELOB, and the activity of HIF-1x was enhanced by the upregulated receptor
tyrosine kinase (RTK). The iron deprivation can stimulate TFRC transcription through HIF-1 [50]. LY6E,
highly upregulated in HF and KF (Figure 3B), was identified as an activator of HIF-1 and functioned as
a novel conductor of tumor growth through its modulation of the PTEN/PI3K/Akt/HIF-1 axis [35].

A Pathway Enrichment (HF/KF) B
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Figure 6. Comparative Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis of the DEGs (p < 0.05): (A) comparative top 10 enriched pathways of HL60 and KG1a treated
with FeNPs and (B) comparative top 10 enriched pathways of HL60 and KGl1a treated with PBNPs.
The pathways in black and blue were HL60 and KGl1a cells, respectively. (C) Four-way Venn analysis
of all KEGG pathways in four groups. The detailed information of all KEGG pathways is shown
in File S3 (Supplementary Materials). HF, FeNP-treated HL60 cells; HP, PBNP-treated HL60 cells;
KF, FeNP-treated KG1a cells; and KP, PBNP-treated KG1a cells.

It is interesting that the Platinum drug resistance pathway was also highly enriched in KF, in which
several genes involved in platinum drug resistance were upregulated, including BIRC3, CDKN1A,
GSTM2, and BBC3 (File S1 (Supplementary Materials)). ROS increase plays a key role in both platinum
and iron nanoparticle-induced cancer cell death. Therefore, the activation of the platinum drug
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resistance pathway in KF may underline the resistance of KG1a cell to FeNP treatment (Figure 1C).
Interestingly, CDKN1A and GSTM2 were also upregulated in HP and BIRC3 and CDKN1A were also
upregulated in KP (File S1 (Supplementary Materials)). However, none of these genes were regulated
in HE. This contributed to the decrease of cell viability of HF and no significant decrease of cell viability
of HP, KF, and KP (Figure 1C).

When exposed to PBNPs, 40% top 10 pathways were identical between KG1a and HL60, in which
the mineral absorption was most significantly enriched in two cells (Figure 6B). In HP and KP, Ferritin
(FTH1 and FTL) and MTs were changed to regulate cellular metal ions concentration due to increased
iron ions (File S3 and Figure S5 (Supplementary Materials)). In contrast, the mineral absorption
pathway in KGla was more complex (File S3 and Figure S5 (Supplementary Materials)), including
the multi-responses of HMOX1 to Fe?*, SLC8A1(NCX1) to Na* and Ca?*, and SLC30A1(ZNT1) to
Zn2* [7,51,52]. The activation of the mineral absorption pathway made the two cells survive under the
treatment of PBNPs (Figure 1C); however, the significant change of lipid metabolism induced by FeNPs
made HL60 easy to kill (Figure 1C) although FTL was upregulated and TFRC was downregulated
(Figure 2).

3.6. Validation of RNA-Seq Gene Expression Levels Using RT-qPCR

To validate the accuracy of RNA-Seq results, ten genes in HL60 and KG1la were also detected
by RT-qPCR. As a result, the RNA-Seq-detected expression regulation of 20 genes were verified by
RT-qPCR detection (Figure 7A,B). Additionally, the qPCR-detected CD38 expression (Figure 1E) was
also in agreement with that detected by RNA-Seq (Figure 3B). These data indicated that the RNA-Seq
results were reliable.
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Figure 7. Validation of RNA-Seq DEGs using RT-qPCR: (A,B) the expression levels of 10 selected DEGs
in the iron nanoparticle-treated HL60 (A) and KG1a (B) cells. All values are mean + SD with n = 3. ns,
no significance; *, p < 0.05; **, p < 0.01, ***, p < 0.001, ***, and p < 0.0001. (C,D) The comparison of fold
change detected by RT-qPCR and RNA-Seq in the iron nanoparticle-treated HL60 and (C,D) KGl1a cells.
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4. Conclusions

This study provided the transcriptomic profiles of two leukemia cells (KGla and HL60) that had
different stemness treated by two kinds of iron nanoparticles (FeNPs and PBNPs) that had different
ROS regulation capabilities. The results indicated that the expression of many genes was significantly
regulated. More genes were regulated by PBNPs than FeNPs. The unique and common genes were
determined. The gene signatures were established. The common genes in all treatments were closely
related with iron metabolism, antioxidation, lipid metabolism, vesicle traffic, innate immune system,
and cytoskeleton. The mineral absorption pathway was most significantly regulated by PBNPs in
both cells, whereas the lipid metabolism pathway was most significantly regulated by FeNPs in HL60.
This study shed new insights into the cytotoxicity at the gene transcription level of iron nanoparticles
that differently regulate ROS in leukemia cells with different stemness. This study demonstrated why
the leukemia cell with low stemness is sensitive and with high stemness is resistant to FeNPs as a
ROS inducer. This study also suggested the potential resistance of stemness leukemia cells to iron
nanoparticles as a ferroptosis inducer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/1951/s1,
Table S1. The gPCR primers sequences used in this study; Table S2. Mapping statistics of RNA-Seq (each sample
had two biological replicates); Table S3. The mRNA peak insert size in all samples; Figure S1. Statistics of the
distribution of reads in different regions of the genome; Figure S2. Correlation analysis of gene expression in
12 samples; Figure S3. Density map of gene expression levels of all samples; Figure S4. KEGG analysis of the
HIF-1 signaling pathway in Pathview; Figure S5. KEGG analysis of the mineral absorption pathway in Pathview;
File S1. DEGs; File S2. GO terms; File S3. KEGG pathways; File S4. Redox-related DEGs.
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Abstract: Numerous abiotic stresses trigger the overproduction of reactive oxygen species (ROS)
that are highly toxic and reactive. These ROS are known to cause damage to carbohydrates, DNA,
lipids and proteins, and build the oxidative stress and results in the induction of various diseases.
To resolve this issue, antioxidants molecules have gained significant attention to scavenge these free
radicals and ROS. However, poor absorption ability, difficulty in crossing the cell membranes and
degradation of these antioxidants during delivery are the few challenges associated with both natural
and synthetic antioxidants that limit their bioavailability. Moreover, the use of nanoparticles as an
antioxidant is overlooked, and is limited to a few nanomaterials. To address these issues, antioxidant
functionalized nanoparticles derived from various biological origin have emerged as an important
alternative, because of properties like biocompatibility, high stability and targeted delivery. Algae,
bacteria, fungi, lichens and plants are known as the producers of diverse secondary metabolites and
phenolic compounds with extraordinary antioxidant properties. Hence, these compounds could be
used in amalgamation with biogenic derived nanoparticles (NPs) for better antioxidant potential.
This review intends to increase our knowledge about the antioxidant functionalized nanoparticles
and the mechanism by which antioxidants empower nanoparticles to combat oxidative stress.

Keywords: oxidative stress; antioxidants; nanoparticles; biological nano-antioxidants

1. Introduction

In the twenty-first century, age-related diseases have become a major health concern worldwide.
Ageing is a natural and progressive process which involves the degeneration of the functioning and
structure of vital organs and is one of the risk factors responsible for numerous chronic diseases and
accounts for the high mortality rate [1-4]. Among various theories thatunveil and elucidate the ageing
process, the free radical theory holds an exceptional rank [5]. This theory states that the ageing occurs
due to successive failure of the defense mechanism to resort the damage induced by the reactive oxygen
species (ROS), especially in the mitochondria [6].
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It is well comprehended that oxidative stress plays a significant role in degenerative senescence.
ROS have been found to be involved in the pathogenesis of various cellular processes, and is also
associated with numerous diseases like cardiovascular, cancer, neurodegenerative and respiratory
diseases, as depicted in Figure 1 [7]. The rise in ROS concentration in cells have also been associated
with ageing, however, it cannot be considered as the only determining factor responsible for ageing.
Moreover, in age-related diseases, the elevated concentration of ROS has been involved in the
impairment of mitochondria and cellular oxidative damage [2,8].

Muscular degeneration,
Skin aging, Sunburn, Retinal degeneration,

Psoriasis, Melano! Cataracts Cardiac fibrosis,
[ypertension, Ischemia,
Myocardial infarction
\\‘“"

4 _

Restenosis,

Alzheimer Atherosclerosis,
> Endothelial dysfancti
Parkinson’s, OCD, o "He dys on ons

ADHD, Cancer, Stroke

Figure 1. Side effects of oxidative stress on human body. COPD—Chronic obstructive pulmonary
disease; ARDS—Acute respiratory distress syndrome; OCD—Obsessive-compulsive disorder;
ADHD—Attention-deficit/hyperactivity disorder.

The production of ROS generally relies on both enzymatic as well as non-enzymatic reactions.
The enzymatic reactions involved in various cellular processes, like phagocytosis, prostaglandin
synthesis and respiratory chain system, are known to generate ROS [9-19]. The superoxide radical
(02°7) is synthesized during the activity of enzymes, like NADPH oxidase, peroxidase and xanthine
oxidase, in various cellular processes. It has also been found that various other ROS, like hydrogen
peroxide (HyO;), hydroxyl radical (OH®), hypochlorous acid (HOCI), peroxynitrite (ONOO~), etc., are
also formed during enzymatic reaction, and the action of enzymes like xanthine oxidase and amino acid
oxidase leads to the formation of H,O,. Furthermore, OH® is regarded as a highly reactive free radical
species formed during the “Fenton reaction” between H,O, and O2°~, in the presence Cu* or Fe?+,
which acts as the catalyst [11-18]. On the other hand, the non-enzymatic reactions between organic
compounds and oxygen, or when cells are exposed to ionizing radiations and during mitochondrial
respiration, have also been found to be involved in ROS formation [14,15,18]. At present, extensive
research is being conducted to explore the natural compounds that can control oxidative stress and
improve the immune system [20]. The search for novel molecules with antioxidant properties is an
effective way to promote healthy ageing and counteract oxidative stress. Hence, this review focuses
on highlighting the effectiveness of antioxidants functionalized nanoparticles. The first section of
the review discusses synergism between ROS and age-related diseases, antioxidants and sources
of antioxidants. The section following that discusses the role of nano-antioxidants; antioxidant
functionalized nanoparticles and challenges associate with them.
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2. Synergism between ROS and Age-Related Diseases

The overproductions of ROS have been found to be associated with numerous chronic diseases
like cancer, cardiovascular, neurodegenerative and respiratory ailments. The synergism between ROS
and chronic diseases is discussed in the following sections.

2.1. Cancer

Cancer, a fatal disease involves the malignant growth of tumors because of chromosomal alteration
and lead to unregulated growth of the cells [21]. This deadly disease has a complex relationship with
ROS and is involved at three different levels of cancer development, i.e., initiation, progression and
promotion [22]. During the initiation stage, the ROS causes a mutation in DNA, which keeps on
accumulating when the affected tissue does not get repaired [23]. The overproduction of ROS triggers
the mutation in an oncogene, which potentially contributes to the initiation of cancer [24].

The cancer cells favor the excessive production of ROS in comparison to healthy cells, because of
the alteration in the metabolic processes [25]. ROS-induced oxidative stresses in tumor triggers the
cell signaling pathways and build resistance in tumor cells and elevate the supply of blood to tumor
cells and promote their metastasis [26]. The elevated level of ROS plays a significant role in expanding
tumor cells by altering the genes associated with apoptosis, cell proliferation and transcription
factors [27]. Furthermore, ROS also downregulate the pro-apoptotic proteins by interfering with the
Akt/PI3K and ERK cell signaling pathway, and upregulate the anti-apoptotic genes [28,29]. During
the cancer progression stage, ROS interferes with cellular processes and upregulates the production
of metalloproteinases by obstructing the angiogenesis process and, by anti-proteases, results in the
metastasis of cancer cells [23,25,30].

2.2. Cardiovascular Disease

Cardiovascular disease, another fatal ailment, has a strong association with ROS during the
development stage [31]. The overproduction of ROS in vascular cells during the reactions involving
enzymes like NADPH oxidase, nitric oxide synthases causes the modification in low-density lipoproteins
(LDL) [32]. Furthermore, ROS are also found to be involved in cardiac hypertrophy development,
myocyte apoptosis and ischemia-reperfusion injury, which ultimately lead to cardiac arrest [33-35].

2.3. Neurodegenerative Diseases

Neurons are fundamental units of the brain and play a significant role in coordinating the actions
and reactions of bodily functions. These neurons are highly vulnerable to ROS, as they weaken the
antioxidants defense system, elevate the fatty acid (polyunsaturated) content in the cell membrane
and increase the oxygen demand [36]. The significant research conducted in this direction revealed
that ROS generation takes place through numerous mechanisms, and play a vital role in developing
neurodegenerative diseases like Alzheimer’s, Huntington’s and Parkinson’s disease. These ROS
considerably affects the neuron and other cellular processes, the controlling of ROS level may serve
as a potential treatment to restrain neurodegenerative disorder and provide relief from its associated
symptoms [37].

2.4. Respiratory Disorders

Asthma and chronic obstructive pulmonary disease (COPD) are major respiratory disorders,
accounting for high mortality worldwide [38]. Exposure to cigarette smoke and air pollutants
significantly contributes to the overproduction of ROS in both asthma and COPD patients. The ROS
primarily affects and damages the alveolar and connective tissues of the pulmonary system [39].
The overproduction of ROS also triggers the inflammatory cells, which, as a result, shows production
of ROS in the pulmonary system. The ROS are predominantly observed during pathophysiology
analysis for both asthma and COPD [40]. It is still unclear how increased ROS is a causative factor for
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these respiratory diseases [41]. Researchers are extensively working in this direction to decipher the
role of these ROS in progression of these fatal diseases.

This synergism between ROS and these chronic diseases shows the major challenge associated
with oxidative stress induced by ROS, and requires the effective solution to meet the challenges
imposed by the overproduction of ROS.

3. Antioxidants

An antioxidant can be described as any substance or compound capable of inhibiting the oxidation
of suitable substrate even when present in low concentrations [42]. During the late 19th and early
20th century, the exploration of antioxidants resulted in a boom, due to their involvement in various
industrial processes like the prevention of corrosion, the polymerization of fuels, fouling in combustion
engines and the vulcanization of rubber [43]. The application of antioxidants was limited for the
prevention of the oxidation of unsaturated fats, as it resulted in the rancidity of fats [44]. The general
procedure to determine the antioxidant potential of any compound involves the assessment of the rate
of oxygen consumption when fat is kept in an enclosed container with oxygen. The identification of
vitamins A, C and E, which act as antioxidant agents, has revolutionized the field and highlighted the
significance of antioxidants in the biochemistry of living beings [45,46].

Another way to understand the antioxidant is that it is a stable molecule, which donates an
electron to unwanted free radical species and neutralizes it, and curbs its ability to cause damage.
In general, these antioxidants either inhibit or delay the cellular damage because of their scavenging
properties [47]. The low molecular weight of these antioxidants allows them to interact with ROS
(free radicals) easily and terminate their chain reaction before damaging vital molecules. Glutathione,
uric acid and ubiquinol are few antioxidant molecules that are generated by our body during normal
metabolic processes [48]. There are various enzymes are present in our body that can scavenge free
radicals, and micronutrients like ascorbic acid (vitamin C), 3-carotene and x-tocopherol (vitamin E) [49].
The body cannot produce these micronutrients on its own, therefore, these molecules are obtained
from the consumed food.

4. Sources of Antioxidants

Dietary supplements are key source of antioxidants, which could aid in maintaining good health
and prevent the onset of fatal diseases triggered by ROS. Even though some synthetic antioxidants
have been developed, their carcinogenic and toxic nature has prompted the exploration for natural
antioxidants like vitamins A, C and E [50]. Additionally, population studies have also revealed that
the consumption of fruits, tea, vegetables and wine are a reliable source of natural antioxidants,
and are effective in regulating the risk of cardiovascular diseases, which has intrigued researchers
to exploring their potential as natural antioxidants [51]. Dietary supplements contain antioxidant
compounds in the form of phytochemicals i.e., x-tocopherol, 3-carotene, vitamin C, vitamin E and
various phenolic compounds [52]. Numerous ethnomedicinal plants, fruits, vegetables, mushrooms
and other spices have been well-documented as sources of natural antioxidants, which play a significant
role in promoting healthy life and treating various fatal diseases [53].

Phenolic compounds obtained from natural sources are considered far better than synthesized
chemicals. Microbes are also being explored for synthesizing organic compounds with antioxidant
potential. Various fungal strains have been reported to produce compounds like ellagic acid, ferulic acid
and gallic acid under solid-state fermentation and submerged fermentation conditions [54]. All these
compounds are known to contain 2—4 reactive hydroxyl groups, which impart them the antioxidant
potential. In addition, algae and lichens are active producers of different secondary metabolites,
including antioxidants (Table 1).
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5. Nano-Antioxidants

Antioxidants have been accorded as effective therapeutic and prophylactic agents for various
diseases. However, these antioxidants have received very limited success until now, as most of the
antioxidants show low permeability, and are poorly soluble in water, demonstrate instability during
storage and gastrointestinal degradation, which are some of their limitations [61]. The amalgamation
of material sciences with nanotechnology has substantially improved and reduced the free radical
synthesis during nanoparticle production in different areas and the nanoparticles synthesized for
this purpose are regarded as nano-antioxidants [62,63]. Carbon nanotubes, metal and metal oxide
nanoparticles and various types of polymer-loaded antioxidant nanoparticles, have been reported to
exhibit antioxidant properties [63]. In the past few decades, various preparation protocols, such as
emulsion/solvent evaporation, supercritical fluid technology, solvent displacement method, templating
method and nanoprecipitation techniques, have been used for synthesizing nano-oxidants [63].
Some oxide nanoparticles can scavenge the reactive nitrogen and reactive oxygen species (RNS/ROS)
and mimic the antioxidant molecule, due to their intrinsic physicochemical properties [64]. In the
biomedical field, cerium oxide nanoparticles (CONPs) have gathered special attention for their
multi-enzymatic scavenging of ROS and their regenerative abilities [65]. These CONPs have unique
properties, like the coexistence in both oxidation states i.e., Ce3* and Ce**, the ability to reversibly
switch between both oxidation states and the reduction potential of ~1.52 V [66]. Cerium dioxide as a
bulk crystal primarily contains Ce**, but during its reduction to nano-size, substantially enhances the
relative amount of Ce3*, therefore, leading to higher catalytic activity, in contrast to various biological
processes and biological antioxidants [67,68]. Hirst et al. (2013) conducted an in vivo test on mice
to assess the antioxidant potential of nanoceria, which were injected intravenously in the subject,
and the result of the study revealed that nanoceria significantly decreased the lipoperoxidation after
the three weeks, which indicates that CONPs are effective in treating oxidative stress [69]. Caputo
et al. (2015) conducted a comparative study to assess the antioxidant potential between CONPs and
NAC (N-acetyl-cysteine) and Trolox (soluble analogues of vitamin E) [70]. The results of this study
revealed that NAC and Trolox reduced the oxidative 2’-7’-Dichlorofluorescein (DCF) signal triggered
by irradiated TiO, nanoparticles, but the antioxidant potential was significantly lower in comparison
to CONPs. This result also highlights the stability of CONPs because of their auto-regenerative redox
cycle, which allows them to surpass the challenges related to the stability of the antioxidants molecules.

On the other hand, synthetic polymeric NPs have emerged as the promising nano-drug delivery
system, as they can encapsulate the therapeutic agent and progressively release the therapeutic
compound at the target site. Poly-D, L-lactide (PLA) and poly (lactic-co-glycolic acid) (PLGA) are
some examples of synthetic biodegradable polymers that have been approved safe by the European
Medicine Agency (EMA) and U.S. Food and Drug Administration (FDA) for administration (Table 2).
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Liposomes are also used for delivering the antioxidant agents to the target site. The amphiphilic and
biocompatible nature of these liposomes allows them to load both hydrophilic and lipophilic compounds
and favor the encapsulation of the water-soluble and water-insoluble antioxidant enzymes [79].

Furthermore, chitosan is the material predominantly used for synthesizing nanoparticles as
a sole material or in amalgamation with another [80]. Chitosan shows mucoadhesive properties,
which improves the targeted delivery in mucosal surfaces such as intestinal and nasal epithelium [81].
Curcumin encapsulated in nanocarrier and covered and stabilized with chitosan has also been
developed and evaluated for free radical scavenging in comparison with free curcumin, and showed
the protective effect of chitosan on the antioxidant activity of curcumin [82]. Pu et al. (2014) reported
the encapsulation of curcumin antioxidant compounds within the nanocarrier and regulation of release
of antioxidant compounds, by changing the pH and oxidative stress of inflamed tissues to increase the
overproduction of RNS/ROS synthesized by lipopolysaccharide (LPS)-stimulated macrophage [83].

6. Antioxidant Functionalized Nanoparticles

Bacteria, algae, fungi, lichens and plants are known to contain diverse bioactive compounds like
terpenoids, alkaloids, polyphenols, phenolic acids etc. These bioactive compounds show potential
antioxidant activity, and are known to reduce and stabilize the metallic ions. The diverse types
of antioxidant functionalized nanoparticles derived from various biological extracts (Table 3) are
discussed in the following sections.
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