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Preface to ”Nanocolloids for Nanomedicine and 
Drug Delivery”

This Special Issue of Nanomaterials, “Nanocolloids for Nanomedicine and Drug Delivery”, 
focuses on the new development of tailored nano-systems for targeted drug delivery. Nanomedicine 
is an interdisciplinary field in which nanotechnology, nanoscience, and nanoengineering interact 
with life sciences. It is expected to lead to the development of novel nanosystems, drugs, and other 
applications for diagnosis and therapy. Furthermore, nanoparticulates drug delivery is a new, 
attractive vehicle for transporting and releasing drugs to a targeted site.

Stefano Leporatti

Special Issue Editor
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Abstract: The large use of nanomaterials in many fields of application and commercial products
highlights their potential toxicity on living organisms and the environment, despite their
physico-chemical properties. Among these, silver nanoparticles (Ag NPs) are involved in biomedical
applications such as antibacterial agents, drug delivery vectors and theranostics agents. In this review,
we explain the common synthesis routes of Ag NPs using physical, chemical, and biological methods,
following their toxicity mechanism in cells. In particular, we analyzed the physiological cellular
pathway perturbations in terms of oxidative stress induction, mitochondrial membrane potential
alteration, cell death, apoptosis, DNA damage and cytokines secretion after Ag NPs exposure.
In addition, their potential anti-cancer activity and theranostic applications are discussed.

Keywords: silver nanoparticles; synthetic routes; toxicity; theranostics

1. Introduction

The unique physico-chemical properties of silver nanoparticles (Ag NPs) have attracted increasing
interest from the scientific community [1] due to their high thermal conductivity, plasmonic properties,
chemical stability and antibacterial ability [2]. The use of Ag is not new; it dates to the times of
Hippocrates, who used it as antibacterial to manage ulcers [3]. Nowadays, Ag NPs are used in many
commercial products including soaps, plastics, food, textiles, catheters, and bandages. It is calculated
that around 383 products are based on nano Ag globally, corresponding to 24% of all nano-products in
use. For this reason, researchers are attempting to understand the adverse effects on living organisms:
numerous in vitro and in vivo studies have demonstrated their toxicity occurring by means of cellular
pathway perturbations [4]; nevertheless, their mechanism of action is still unclear. A lot of factors
(size, shape, morphology, surface chemistry, charge, coating/capping agents, agglomeration, purity)
influence the biological activity of Ag NPs and as consequence the adverse effects are different in
different cell types [5].

Another important feature of Ag NPs is their involvement in cancer treatment. Cancer is a disease
characterized by uncontrolled cellular growth and spread, during which cells become unresponsive to
the usual check-points, leading to tumor growth and metastasis [6]. However, chemotherapy does
not specifically target drugs to cancerous sites, therefore exposing healthy cells to undesirable effects.
Moreover, a large dose is required owing to its rapid elimination and nonspecific distribution [7].
For these reasons, the goal of nanomedicine is to identify cost-effective molecules that have high

Nanomaterials 2018, 8, 319; doi:10.3390/nano8050319 www.mdpi.com/journal/nanomaterials1
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specificity and sensitivity in cells [8]. With this in mind, Ag NPs are a promising tool as anticancer
agents in diagnostics and probing [9], with strong effects against different cancer cell lines offering many
advantages [10]. Their better penetration, and the possibility to track Ag NPs in the body make them
a more efficient tool in cancer treatment with less risk compared to standard therapeutic procedures [11].
The unique Ag NP properties, such as easy surface functionalization, optical properties, reproducible
synthetic routes and high surface: volume ratio, makes them suitable for cancer treatment [12].
The optical properties can be tuned to have an absorption at specific wavelengths that is useful for
imaging and photothermal applications in tissue [13]. Ag NPs can also be functionalized with different
molecules such as DNA/RNA to selectively target different cells [14] and antibodies or polymers [15].
These last agents are important to extend the half-life time for in vivo circulation that is critical in drug
and gene delivery applications [16]. In addition, Ag NPs are used as an ablation tool for cancer cells
due their ability to convert radiofrequencies into heat [17].

Starting from these assumptions, in this review we focused on the synthetic routes used for the
synthesis of Ag NPs (physical, chemical and green methods), the mechanism of their toxicity in cells
and their potential applications in theranostics for cancer.

2. Principal Routes of Ag NPs Synthesis

Engineering nanoparticles (NPs) can be synthetized by different approaches: “top-down”,
and “bottom-up”. The first means the nanoparticle synthesis comes from a bulk system, while
bottom-up means they are obtained from nanoscaled materials starting from atomic level. The top-down
is exploited in synthesis based on physical methods, whereas the bottom-up approach is useful for
chemical or green procedures, and it is more suitable for obtaining monodispersed nanostructures with
fewer defects [18].

2.1. Physical Synthesis

The use of physical methods allows the synthesis of nanoparticles in the absence of solvent,
permitting the uniformity of Ag NPs size distribution compared to chemical routes [19].

The main routes of synthesis are listed below:

- Evaporation-condensation

One of the common physical routes is the evaporation-condensation method, using a tube furnace
at atmospheric pressure, where the source material is centered in a furnace and vaporized into a carrier
gas. Many types of NPs are synthetized using this technique, including Ag NPs [20]. However, this
procedure presents many limitations, among them high consumption of energy, large time to achieve
the operating temperature. Together with bulky shape instrumentation, this makes this technique of
little use.

- Laser ablation

Ag NPs can be produced by laser ablation method, which permits the obtaining of uncontaminated
colloids, even if the control of size is difficult. This method uses a laser beam as the energy
source to induce ablation on a solid target material, which vaporizes into atoms and clusters,
and successively the NPs are assembled in ambient media (gas or liquid) [21]. Pyatenko et al. [22]
synthetized Ag NPs by a laser ablation, irradiating a bulk Ag with a 532 nm laser beam in pure water.
They obtained 2–5 nm Ag NPs after use of high laser power and small spot sizes. Tsuji et al. [23] used
focused and unfocused laser beam irradiation with two intensities (12 and 900 mJ/cm2 respectively).
They demonstrated a reduction in terms of NP diameter (from 29 nm to 12 nm) with the decrease
of laser wavelength. Amendola et al. [24] obtained stable solutions of Ag NPs in pure acetonitrile
and N,N-dimethylformamide by laser ablation of the bulk metal with a size of (1.9 ± 1.5) nm and
(2.2 ± 2.5) nm respectively (Figure 1a).
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- Thermal decomposition

Thermal decomposition is an endothermic chemical reaction induced by heat. The substances have
a specific thermal decomposition that cause chemical decomposition. Therefore, the process permits
the break-up of large molecules into smaller ones due to heat in an oxygen-restricted environment [25].
Ag NPs have also been synthesized using thermal decomposition method by Lee and Kang [26], using
a solution of AgNO3 and sodium oleate. The synthesis of spherical Ag NPs with a size ranging from
9.5 nm to 0.7 nm was obtained by changing the temperature from room temperature to 290 ◦C for
1 h. Navaladian et al. achieved [27] spherical crystalline Ag NPs (10 nm) by thermal decomposition
of Ag oxalate in water and in ethylene glycol, using polyvinyl-alcohol (PVA) as a capping agent,
which reduces Ag oxalate. The Ag NPs became smaller when the PVA concentration increased.

- Ultrasonic spray pyrolysis

Another physical approach is ultrasonic spray pyrolysis, which allows the obtaining of NPs
with a controlled size through the production of aerosol from a dilute aqueous metal salt solution.
Pluym et al. [28] produced pure and monodispersed micron-sized Ag NPs by spray pyrolysis with
an ultrasonic generator at 600 ◦C (using N2 carrier gas), and above 900 ◦C (using air carrier gas).
Pingali et al. [29] proposed a one-step synthesis of Ag NPs with a diameter ranging from 20 nm to
300 nm, by pyrolysis of ultrasonically atomized spray of AgNO3 solution, maintaining a temperature
of 650 ◦C with a tube furnace. Different sizes were obtained tuning the concentration of AgNO3

solution and ultrasound power.

- Arc discharge method

Arc discharge method is mostly used to synthetize carbon nanotubes (CNTs): a current arc voltage
is applied between two graphite electrodes that vaporize carbon in the presence of a catalyst immersed
in an inert gas (helium or argon) [30]. Recently, this method is used for synthesis of metallic NPs
such as Ag NPs.

Arc discharge method requires vacuum apparatus with an efficient cooling system. Tien et al. [31]
used it to produce Ag NPs into ultrapure water. They adopted two Ag electrodes that, after melting
at high temperature, were converted into Ag NPs with a size ranging from 5 nm to 45 nm. Another
study [32] described the production of spherical Ag NPs (3–5) nm by direct metal sputtering into
propane-1,2,3-triol (glycerol).

Although physical methods were consistent for obtaining good Ag NPs without the use of
hazardous chemicals, their use is often unfeasible due to the limitations of large energy consumption
and long times required to reach thermal stability [33].

2.2. Chemical Approach

- Chemical reduction

The most used chemical approach is chemical reduction, which permits synthesis of Ag NPs
in solution (water or organic solvents) in presence of (i) metal precursors, (ii) reducing agents
sodium citrate, ascorbate, sodium borohydride (NaBH4), elemental hydrogen, polyol process, Tollens
reagent, N,N-dimethylformamide (DMF), poly(ethyleneglycol)—block co polymer (PLGA-PEG-PLGA),
and (iii) stabilizing/capping agents poly(vinyl alcohol) (PVA), poly(vinyl pyrrolidone) (PVP),
poly(ethyleneglycol) PEG, poly(methacrylic acid) (PMAA), poly(methyl methacrylate) (PMMA) [31].

The reduction of Ag salts induces the formation of colloidal solutions: this process occurs
in two steps (nucleation and growth) that strongly influence the shape and the size of Ag NPs.
These two critical steps are controlled by pH, temperature, stabilizing agents and reduction
agents [34,35]. Dadosh [36] developed a one-step synthesis of Ag NPs using tannic acid as reducing
agent together with sodium citrate. The modification of tannic acid concentrations induced the
formation of different sized (from 18 nm to 30 nm) Ag NPs. Based on this procedure, De Matteis et al. [37]
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optimized the synthetic route, in terms of AgNO3 concentration and temperature. Zhang et al. [38] used
a hyper-branched poly(methylene bisacrylamide aminoethyl piperazine) with terminal dimethylamine
groups (HPAMAM-N(CH3)2) to produce Ag NPs. Wang et al. [39] proposed the generation of Ag NPs
using a solution of PVP and AgNO3 with glucose as reducing agent. The solution was completed
with NaOH to increase the speed of reaction. The stability of solution took placed when the mole
ratio of NaOH and AgNO3 varied between 1.4 and 1.6, without Ag+. Suriati et al. [40] obtained Ag
NPs (35–80 nm) using trisodium citrate and ascorbic acid as surfactants. The increase of ascorbic
concentration induced the formation of polygonal NPs with a large size while the size was reduced
increasing the trisodium citrate amount, and the shape was quasi-spherical. The use of gallic acid as
reducing and stabilizing agent was adopted to obtain 7, 29, and 89 nm of Ag NPs from AgNO3 [41].
The authors used two pH values (11 and 10) to obtain 7 and 29 nm respectively. Also, another method
allowed the synthesis of Ag NPs (24 nm) by exploiting hydrazine hydrate and sodium citrate as
reducing agents [42] and sodium dodecyl sulphate as stabilizing agent in presence of AgNO3 8% (w/w).
In other routes, tri-sodium citrate and NaBH4 acted as stabilizer and the reducing agent respectively, in
presence of AgNO3 [43,44]. Agnihotri et al. [45] synthetized monodispersed Ag NPs (5, 7, 10, 15, 20,
30, 50, 63, 85, and 100 nm) with a co-reduction employing sodium borohydride (NaBH4) as a primary
reductant and trisodium citrate (TSC), as secondary reductant and a stabilizing agent. NaBH4 allowed
to form instant nuclei generation, while TSC was important to control the particles size (Figure 1b).

- Microemulsion

Microemulsion method is a reproducible technique that allows the obtaining of uniform size NPs
and it is based on the use of three precursors: (i) polar phase that commonly is water, (ii) non-polar
phase as hydrocarbon liquid or oil, and (iii) surfactant [46]. The two phases are separated by the
presence of surfactant, which forms an interfacial layer, reducing the interfacial tension between the
microemulsion, and inhibiting the coalescence of the droplets. This technique (water-in-oil (w/o) or
oil-in-water (o/w) depending on the surfactant) allows the obtaining of monodispersed and stable
Ag NPs using two microemulsions: one with water core of AgNO3 (as Ag+ source) and the other
water core with hydrazine hydrate (as reducing agent) [47,48]. The reaction starts with the addition
of non-toxic dodecane (oil phase) and sodium bis (2-ethylhexyl) sulfosuccinate (AOT, surfactant).
Pileni et al. [49] used w/o droplets to tune the size of Ag NPs that were extracted from reverse micelles
and mixed in nonpolar solvent. They found that the diameter of NPs changed from 2 nm to 7 nm, after
increasing the size of water drops. Chen et al. [50] reduced AgNO3 with AOT, obtaining cubic shaped
Ag NPs, with diameters less of 10 nm.

- Sonochemical method

Many NPs of different materials were synthetized by sonochemical method, which have the
advantages of eliciting rapidity of reaction time and formation of small NPs. The method includes
three steps: formation, growth and implosive collapse of microcavities [51]. Ultrasound waves
perturb chemical reactions derived from high temperature (5000 K) and pressure (1000 atm), inducing
the collapse of microscopic bubbles (cavities), which expand during the decompression step and
implode in the compression phase [52,53]. Gutierrez et al. [54] used this method to produce Ag
NPs from a solution of Ag+ by sonication at 1 MHz under argon-hydrogen atmosphere. Wani and
co-workers [55] synthetized Ag NPs using two reducing agents (sodium borohydride and sodium
citrate) in two separate reactions irradiated with the same 20 KHz ultrasound waves. Spherical Ag
NPs (10 nm) were obtained using NaBH4, while smaller NPs (3 nm) were formed in the presence of
sodium citrate.

- Sol-gel

The sol-gel process is a colloidal chemistry technology, which is widely applied to synthetized
metal and metal oxide NPs at low temperature. In the first phase, the monomers of materials are
converted into a colloidal solution (sol), which represents the precursor (metal alkoxides or chlorides)
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for gel formation, which in turn formed particles or polymers. To obtain colloids, the precursors are
hydrolysed and polycondensed [56].

Zhai et al. [57] used a sol-gel route to synthetize Ag NPs embedding hybrid materials
with organicosilica precursors (tetraethoxysilane, mercaptopropyltrimethoxysilane and polymethyl
hydrosiloxane) in alcoholic conditions. The three precursors act as framework constructor,
a complexing agent toward metal ions and an in situ reducing agent for Ag+. Lkhagvajav et al. [58]
prepared Ag NPs using AgNO3 and glucose as a reducing agent, which were first mixed in distilled
water. The formation of NPs was showed when the solution become transparent.

- Electrochemical synthetic method

Electrochemical synthetic method is used to synthetize Ag NPs with a controllable size. In fact,
the size can vary by electrolysis parameters modifications, while the monodispersion grade depends
on the electrolytic compositions [31]. The detailed protocol of this method was described by Reetz and
Helbig [59]. The authors reported Ag NPs synthesis in which a metal sheet was anodically dissolved,
thus the formed metal was reduced at the cathode, giving rise to metallic particles stabilized by tetra
alkylammonium salts. Ma et al. [60] obtained spherical Ag NPs (10–20 nm) in aqueous solution,
choosing PVP to stabilize the Ag clusters and to reduce agglomerations. The application of rotating
platinum cathode permitted the obtaining of a high monodispersity route, while the sodium dodecyl
benzene sulfonate enhanced particle size distribution. This method was also adopted for the synthesis
of the Ag NPs in acetonitrile containing tetrabutylammonium salts [61].

The possibility of obtaining monodisperse NPs with a tunable size is an advantage in the use of
chemical methods, together with low cost and rapidity of steps [33]. However, the disadvantages of
these methods are the hazardous and toxic elements employed in the synthetic routes and difficulty in
purification. Although chemical and physical methods are considered suitable methods to synthetize
well-defined nanoparticles, the scientific community is moving towards green synthesis of NPs.

2.3. Green Synthesis

The use of natural products as a source of reagents for NP synthesis is defined as green
synthesis [62]. The natural source useful for synthetized Ag NPs can be divided in three categories:

(a) microorganisms (fungi, yeasts, bacteria, and actinomycetes),
(b) plants and plant extract,
(c) membranes, viruses’ DNA, and diatoms.

Microorganisms are able to produce metallic NPs by enzymes that contribute to physiological
cellular activities. Depending on the NPs localization, the synthesis can take place intracellularly or
extracellularly [62]. The intracellular synthesis of Ag NPs are due to the transfer of metal ions into
the microorganism, while the extracellular route includes the localization of metal ions onto the cell
surface. The enzymes, functional groups, proteins and enzymes are designated to reduce ions [63].

- Bacteria

Bacillus licheniformis was used to synthetized 50 nm Ag NPs by Kalimuthu et al. [64] in the
presence of an aqueous solution of AgNO3, with enzyme nitrate as a stabilizer. Culture supernatants
of Staphylococcus aureus as well as supernatants derived from Enterobacteriaceae were exploited to
synthetize Ag NPs [65]. Many lactic acid bacteria (Lactobacillus spp., Pediococcus pentosaceus and
Enterococcus faecium) have the ability to produce glucose, galactose, mannose and fructose, thus they are
involved in redox reactions to obtain Ag NPs [66]. Ag NPs with different physico-chemical properties
were also synthetized from Escherichia coli [67], Klebsiella pneumonia [68], Pseudomonas stutzeri [69],
Brevibacterium casei [70], Bacillus megaterium [71], Proteus mirsabilis [72], Plectonema boryanum [73],
and Enterobacter cloacae [74].
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- Fungi

Fungi are considered useful tools for Ag NPs synthesis, due to their ability to quickly collect and
uptake metals as well as the easy set-up equipment in the laboratory compared to bacteria. The large
number of enzymes produced by fungi allow the reduction of AgNO3 solution on their surface [75].
Bhangale et al. [76] used biomass derived from Aspergillus flavus for the synthesis of spherical Ag NPs
with a size of 7.13 nm. Vigneshwaran and co-workers [77] reported a similar synthesis of NPs with
a size of (8.92 ± 1.61) nm. Penicillium fellutanum produces the enzyme nitrate reductase in culture
filtrate, which was involved in reduction of Ag+ [78]. At the same time, the fungus Aspergillus niger
was used to produce Ag NPs extracellularly [79]. In this case, the combination of reductase enzyme
and quinine induced a transfer of electrons extracellularly [80]. In some cases, Ag NPs are not
obtained in the solution, but on the surface of fungus where Ag+ are confined. This phenomenon
is probably induced by the presence of wall proteins with carboxylate groups that have negative
charge. In addition, the proteins contributed to the Ag nuclei formation that increase flowing the Ag+

reduction [81]. Ag NPs are also derived from fungi as Aspergillus terreus [82], Bryophilous rhizoctoni [83],
Pleurotus ostreatus [84], Aspergillus flavus [77].

- Plants

The non-toxic and eco-friendly method of synthetizing NPs is biosynthesis, which includes the
reduction of Ag+ by biomolecules (saponins, proteins, tannins, amino polysaccharides, enzymes,
alkaloids, vitamins, etc.) from plant extracts [85]. In general, adding plant extracts to AgNO3 solution
induces the reduction of Ag+, and this phenomenon can be visualized with Ultra-violet Visible
(UV-VIS) spectroscopy in time points. Many portions of flora are employed to obtain Ag NPs. Extracts
of Alternanthera dentate have permitted the rapid obtaining of spherical Ag NPs with a size ranging
from 50 nm to 100 nm, with antibacterial activity [86]. Dried roasted Coffea arabica seed extract in the
presence of AgNO3 induced a reduction of Ag+ showing a color changing from yellow to dark brown.
By this approach, the nano Ag exhibited spherical (20 nm) and ellipsoidal (30 nm) shape [87]. Tribulus
terrestris was used to obtain spherical Ag NPs (16–28 nm) due to the mix of extracts and AgNO3. Also,
in this case, the NPs have strong antibacterial properties against Escherichia coli, Staphylococcus aureus,
Pseudomonas aeruginosa and Bacillus subtilis [88]. Krishnaraj et al. synthetized spherical Ag NPs
(15–50 nm) from the leaf extract of Acalypha indica [89]. Some researchers exploited orange peel
(Citrussinensis) to obtain nanomaterials derived from food waste. They obtained spherical NPs with
an average size of 6 nm [90]. Khalil et al. [91] used olive leaf to reduce AgNO3 in order to obtain Ag
NPs. The authors observed a significant synthetic route with the increase of pH and temperature that
contributed to spherical Ag NPs with a size of (20–25) nm. A concentration of (0.03–0.07) mg/mL of NPs
induced several toxic effects against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli.
In a recent work, Rashid et al. [92] employed Ferula latisecta leaf extract and 1 mM-aqueous AgNO3

to obtain Ag NPs with a diameter of about 20 nm (Figure 1c). Green synthesis is a promising route
for synthesis of biocompatible and stable nanoparticles that minimizes the waste and energy costs
and reduces the toxicity in comparison with physical and chemical methods [93]. Indeed, this method
is environmentally friendly, easily scaled up for large-scale syntheses of nanoparticles, and is low
cost. In addition, in the synthetic routes do not involve high temperatures, pressures, energy or toxic
chemicals [94]. However, some disadvantages should be considered: for example, in the case of
plants, they produce low yield of secreted proteins, which decreases the synthetic rate [95], while
the manipulation of bacteria presupposes the use of specific set-up that, in many cases, is expensive.
Representative Transmission electron microscopy (TEM) images of Ag NPs obtained with different
methods were showed in Figure 2a–d.
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Figure 1. Schematic representation of common routes to synthetize Ag NPs with different approaches:
(a) physical approach (laser ablation) adapted from [24] with permission from American Chemical
Society, Copyright 2007: a laser pulses of 1064 nm focused with a 10 cm focus lens on Ag plate in pure
acetonitrile (AN) and N,N-dimethylformamide (DMF) was used in order to obtain Ag NPs with a size
of 5 nm, (b) chemical approach (chemical reduction), adapted from [45] with permission from The
Royal Society of Chemistry, 2014: Ag NPs were obtained from a solution of AgNO3 using NaBH4 as
a primary reductant and trisodium citrate, both as secondary reductant as well as stabilizing agent,
and (c) green approach (plant extract) adapted from [92] with permission from The Royal Society of
Chemistry, 2016: Ag NPs (20–30 nm) were synthetized by adding Ferula latisecta leaves extract to 1 mM
aqueous AgNO3 solution. The solution turned from yellow to dark brown.
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Figure 2. Representative TEM images of Ag NPs synthetized by different synthetic routes: (a) Ag NPs
(9.4 ± 5.9) nm obtained by 532 nm laser ablation of a Ag rod using 60 mJ/pulse at 1.0 × 10−3 M of CTAB.
Adapted/reprinted from [96], Copyright (2002), with permission from Elsevier; (b) Ag NPs (130 nm)
produced by chemical method with ascorbic acid reduction at pH 10. Adapted/reprinted from [97],
Copyright (2010), with permission from Elsevier; (c) Ag NPs (from 3 nm to 44 nm) synthesized from
fresh Codium capitatum extract. Adapted from [98], Creative Commons Attribution License (CC BY)
(d) Ag NPs (5–25) nm obtained from Penicillium fellutanum Biourge. Adapted from [78] with permission
of Elsevier, 2009.

3. In Vitro Cytotoxicity Mechanism Induced by Ag NPs

The level of cytotoxicity relating to the rate of internalized NPs was influenced by their size; this
evidence was confirmed in the Ag NPs case [99–101]. In particular, Liu and co-workers demonstrated
the size-dependent cytotoxicity of Ag NPs (approximately 5, 20 and 50 nm) in terms of cell morphology,
cell viability, cellular membrane integrity, oxidative stress and cell cycle progression, in four human cell
lines (A549, SGC-7901, HepG2 and MCF-7). The obtained results, with quantified EC50 values, ensured
a greater cytotoxic response to the nano Ag size [99]. Furthermore, as obtained by Hsin et al. [100],
the decreased viability in NIH3T3 mouse fibroblast, A10 rat vascular smooth muscle and HCT116
human colon cancer cells was induced only from Ag particles having a size smaller than a 100 nm.
Several studies reported in the literature suggest how the Ag NP toxicity occurs in sequential steps.
When the Ag NPs were endocitated, they undergo a degradation process that induce a release of
Ag+ causing Reactive Oxygen Species (ROS) generation and glutathione (SGH) level reduction.
The augmentation of cellular superoxide radicals triggers the alterations in the transmembrane
potential of mitochondria and influences the signal transduction pathways, which play an important
role in apoptosis program activation and cell death [102] (Figure 3a). Carlson et al. evaluated alterations,
in terms of mitochondrial and cell membrane viability, in alveolar macrophages cells after 24 h of
exposure to Ag NPs (NPs, Ag-15 nm, Ag-30 nm, and Ag-55 nm), quantifying ROS production [103].
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In this work, MTT and LDH analysis indicated the size-dependent cytotoxic effects following Ag NPs
exposure demonstrating how only Ag-15nm induced a significant increase of ROS level. The authors
suggested different hypothesis to justify the experimental evidence: the reduction of the macrophages
abilities to protect themselves from ROS caused by the total cell –SH reactive nature, the stronger ROS
generation due to the possible unquenching of Ag-15 nm by glutathione (GSH), or the activation of
apoptosis pathways. Previously, Hussain et al. demonstrated how cytotoxicity of Ag (15, 100 nm) in
BRL 3A rat liver cells is likely to be mediated through oxidative stress: increase in ROS levels is related
to a significant depletion of GSH level and reduced mitochondrial membrane potential [101]. In vitro
effects provoked by exposure to PVP-coated Ag NPs (~70 nm) and Ag+ ions released by solution
of AgNO3 were evaluated by Foldbjerg et al. on two different human cells line: monocytic cell line
(THP-1) and alveolar cell line (A549) [104,105]. Study on THP-1, conducted by flow cytometric assay,
showed how the induction of cell apoptosis and necrosis depended on concentration and exposure time.
In addition, the drastic increase in ROS production, detected after 6–24 h, highlighted that oxidative
stress plays an important role in cytotoxicity induced by Ag NPs and Ag+ [104]. The dose-dependent
cellular toxicity caused by Ag NPs and Ag+ was also confirmed in A549 cells, and a strictly correlation
between the levels of reactive oxygen species (ROS) and mitochondrial dysfunctions or apoptosis was
demonstrated. In addition, the role of Ag compounds as ROS-induced genotoxicity was suggested
by increased bulky DNA adduct amount after Ag exposure [105]. Hsin et al. [100] showed that the
apoptotic effect induced by nano Ag exposure was a mitochondria-dependent mechanism. Specifically,
this effect was reported for NIH3T3 mouse fibroblast, A10 rat vascular smooth muscle and HCT116
human colon cancer cells treated with Ag NPs (<100 nm) for 72 h at increasing concentration (from
0.5 ng/mL to 0.5 mg/mL). The key role played by oxidative stress in cytoxicity induced by nano Ag was
also demonstrated in human hepatoma HepG2 cells [106]. Kim and co-workers investigated the toxicity
events due to 24 h’ exposure to Ag+ and Ag NPs (from ~5 nm to 10 nm). The most cytotoxic effect was
shown for free Ag+ ions in comparison with Ag NPs, as suggested by metal-responsive metallothionein
1b (MT1b) mRNA expression. Nevertheless, intracellular oxidative stress level was increased also
following Ag NPs treatment. However, the use of the antioxidant N-acetyl-L-cysteine (NAC) prevented
Ag toxicity and DNA-damage in HepG2 cells. The authors concluded that the oxidative stress was the
first phenomena involved in Ag NPs cytotoxicity and it was independent of Ag+ ions adverse effects.
Avalos et al. [107] investigated cytotoxicity induced to Ag NPs, having two different size: 4.7 nm and
42 nm, on normal human dermal fibroblasts. Smaller particles were more toxic than larger ones, as
confirmed by MTT and lactate dehydrogenase (LDH) assays. In both case, the preventive addition
of NAC strongly reduced the adverse effects of nano Ag exposure. Foldbjerg et al. [108] performed
a systematic study by microarray technique on altered A549 cell transcriptome upon 12.1 μg/mL Ag
NPs and 1.3 μg/mL Ag+ stimulation at two different time points (24 h and 48 h). They found that Ag
NP altered the regulation of more than 1000 genes, whereas Ag+ only 133: different gene members
of the metallothionein, heat shock protein, and histone families were upregulated. In addition, Ag+
and Ag NP treatment influenced cell cycle progression and ROS production. The authors concluded
by suggesting that the cellular response to Ag+ was faster but less stable than Ag NP treatment.
At the same time, Piao et al. [109] demonstrated that the Ag-induced toxicity in human Chang liver
cells was higher after free Ag+ compared with NPs, having size of ranging from 5 nm to 10 nm.
After 24 h of Ag exposure, ROS level increased and concurrently the GSH decreased. This elicited
damage against various cellular components, such as DNA breaks, lipid membrane peroxidation, and
protein carbonylation. In addition, alteration of mitochondrial membrane potential was detected by
cytochrome c release from the mitochondria, resulting in the activation of caspases 9 and 3. Finally,
the apoptotic effect was exerted via the activation of c-Jun NH(2)-terminal kinase (JNK) causing the
formation of apoptotic bodies and DNA fragmentation. The DNA damage, cell cycle arrest and
apoptosis events were observed in human Jurkat T cells by Eom et al. [110]. These effects were induced
by activation of p38 mitogen-activated protein kinase through nuclear factor-E2-related factor-2 and
nuclear factor-κB signaling pathways. Nishanth et al. [111] examined the inflammatory responses
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of RAW 264.7 mouse macrophages due to exposure at different time points of many kinds of NPs,
such as Ag at concentrations of 5 μg/mL, having different size (~15 nm, ~40 nm). This study reveals
the high propensity of Ag NPs in inflammation induction, suggested by a significant increase in IL-6,
reactive oxygen species (ROS) generation, nuclear translocation of nuclear factor-κB (NF-κB), and
tumor necrosis factor-alpha (TNF-α) expression. AshaRani and colleagues [112] explored the potential
molecular mechanisms involved in Ag NPs toxicity in normal human lung cells (IMR-90) and human
brain cancer cells (U251). In their work, it was demonstrated that nano Ag interacts with cytosolic
proteins, which were adsorbed on nanoparticle surfaces, influencing the gene and protein expression
profiles. In particular, in the two cell lines, Ag NP exposure provoked downregulation of both cyclin B
and cyclin E, which were involved in cell cycle progression, and many DNA damage response/repair
factors (XRCC1 and 3, FEN1, RAD51C, RPA1). Moreover, apoptosis pathway was activated by
down regulation of p53 and caspase 3 cleavage. Finally, the Ag NPs triggered an inflammatory
response through IL-8 and IL-6 cytokines secretions, and macrophages stimulations. Many studies
suggest that surface modifications of Ag NPs influenced their interactions with cellular components.
Ahamed et al. [113] reported that polysaccharide-coated and -uncoated Ag NPs induced genotoxic
effects in two mammalian cell lines: mouse embryonic stem (mES) cells and mouse embryonic
fibroblasts (MEF). The different chemical surface functionalization induced a different effect in terms
of toxicity: a major damage of DNA was obtained in coated nanoparticles. Even so, the annexin V
protein expression and MTT assay showed a decrease of cell viability in both NPs types. Chichova
and co-workers [114] analyzed the effects on rat liver mitochondrial oxidative phosphorylation due
to exposure to Ag NPs coated with polysaccharide starch (Ag NPs/Starch, Dav = 15.4 ± 3.9 nm)
and trisaccharide raffinose (Ag NPs/Raff, Dav = 24.8 ± 6.8 nm). Both types of Ag NPs showed
decoupling effects on intact mitochondria through the alteration of ATP synthase and ATPase activities,
suggesting their ability to cross the inner mitochondrial membrane. De Matteis et al. [37] investigated
the mechanism of toxicity induced by citrate-capped Ag NPs with a hydrodynamic diameter of around
20 nm in HeLa and A549 cells at concentrations of 0.06, 0.3 and 0.6 nM after 48 and 96 h. The authors
firstly confirmed the negative effects on cell viability, ROS production, apoptotic pathway stimulation
and DNA damage and after, they investigated the in situ degradation of Ag NPs using a fluorescent
probe. They found an intracellular “heavy metal type” mechanism due to ionization of NPs in Ag+ in
lysosomes and the consecutive release in the cytosol, which explains the stronger toxicity behavior of
Ag NPs. In addition, the activation of metallothioneins upon Ag NPs demonstrated a link between
ions and cell death (Figure 3b,c).

 

Figure 3. Cont.
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Figure 3. (a) Schematic representation mechanism of toxicity induced by AgNPs in cell. Reprinted/adapted
with permission from [102], Copyright (2014) American Chemical Society (b) Representative images of
Hela cell lines exposed to AgNPs at different time points and immunostained to detect metallothionein
expression. Nuclei are stained by DAPI staining and metallothioneins with a primary anti-metallothioneins
antibody coupled with a FITC-labeled secondary antibody. The expression of metallothioneins in cells
is dependent on time. (c) Western blot analysis of metallothionein expression in HeLa cells treated with
AgNPs. Adapted from [37] with permission from Elsevier, 2015.

4. AgNPs and Theranostics

While the early efforts in nanomedicine were focused on improving the properties of already
available therapeutic and diagnostic modalities, more novel strategies have emerged through the
supramolecular assembly of simpler components, by means of nanoscale engineering [115,116].
Theranostics is a new technological field which develops molecular diagnostics integrated with
targeted therapeutics. It comprises nanosize structures, combining targeting properties, i.e., control of
the spatial and temporal release of therapeutic agents, and monitoring modalities for the response to the
treatment, and assessing the effectiveness of these agents [116]. Because of its properties, theranostics
increases drug efficacy and safety, and therefore it is of great interest in cancer research, becoming one
of the key topics in this field [117–120]. Nowadays, much research effort has been made in order to
synthetize anticancer drugs and design proper vehicles, guiding them more precisely to tumor cells
and away from sites of toxicity, optimizing drug concentration and limiting size-adverse effects [117].
Moreover, an imaging function is often added to delivery vehicles by attaching contrast agents for
use in non-invasive methods of imaging, including X-ray-based computer-assisted tomography (CT),
positron emission tomography (PET), single photon emission tomography and magnetic resonance
imaging (MRI) [121]. With respect to conventional modalities, nanoscale particles and nanovehicles are
increasingly being tested for their effects on cancer cells [122]. Multifunctional nanomaterials are used
as drug-delivery agents and diagnostic tools, because they offer the possibility to deliver and release
drugs, targeting cancer cells in a regulated manner and at the same time allow the detection of cancer
cells with enormous specificity and sensitivity [123]. Ag NPs exhibit unique physical and chemical
features that make them suitable for cancer theranostic applications. As other metallic NPs, Ag NPs
have a larger surface area and area:volume ratio, which in turn enhance their catalytic activity. Owing
to their nanosize, they can be vehiculated to the tumor site either by passive targeting (exploiting the
enhanced permeability and retention effect), or by active targeting (by means of proper ligand surface
functionalization) [124]. Ag NPs are reported to have anticancer property; furthermore, Ag NPs
elicit various damaging effects on structures and functions of cells, which finally induce cytotoxicity,
genotoxicity, immunological responses, and even cell death. Gonipanath et al. [125] demonstrated the
cytotoxic effect of Ag NPs exerted on living cells; in fact, they found that Ag NPs induced apoptosis
on cancerous HT29 as well as non-cancerous BHK21 cells. Interestingly, they observed a synergistic
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effect on apoptosis using uracil phosphoribosyltransferase (UPRT)-expressing cells and non-UPRT
expressing cells in the presence of the drug fluorouracil (5-FU), suggesting that Ag NPs, combined
with traditional cancer treatment modalities, enhanced their performance. By means of biotechnology
and nanotechnology, nanomaterials could be properly bioconjugated, exhibiting new features in tumor
treatment [126,127]. Proper functionalized nanomaterials could affect cell growth and viability based
on the size, capping or coating materials, color, surface chemistry, and dose [128]. Starting from
these observations, Ag NPs were often used in combination with polymers for the delivery to cancer
cells. Sanpui et al. reported the synthesis of a chitosan (CS) nanocarrier (NC)-based delivery of Ag
NPs able to induce apoptosis at very low concentrations of the NPs in human colon cancer cells
(HT 29) [129]. They demonstrated that Ag CS NCs induced the production of intracellular ROS also at
low concentration, compared to the use of free Ag NPs.

Other experimental research has proved the synergistic effect of Ag NPs and polymers concerning
cancer treatment. For example, PVP-coated Ag NPs inhibited the growth of acute myeloid leukemia
(AML), inducing a cytotoxic effect due to the production of reactive oxygen species (ROS), losses
of mitochondrial membrane potential and DNA damage [130]. The same molecular mechanisms
were reported for starch-coated Ag NPs, which were studied in normal human lung fibroblast cells
(IMR-90), and human glioblastoma cells (U251) showing anticancer properties [131]. In a recent
study, Liang et al., investigated the effect of Ag NPs on human glioma U251 cells and its role in
the combinational use with Temozolomide (TMZ), an imidazotetrazine derivative of the alkylating
agent dacarbazine, against glioma cells. They found that Ag NPs could have a potential application in
enhancing chemotherapy for glioma. In fact, Ag NPs showed dose-dependent cytotoxicity on U251 cells
owing to their ability to enhance the drug-sensitivity of TMZ on U251 cells [132]. Protein-conjugated
Ag sulfide nano-particles, nano-rods and nano-wires were reported to inhibit the C6 glioma cells and
human hepatocellular carcinoma Bel-7402 cells significantly; moreover, the effect of nano-crystals on
tumor cells was crystal size-dependent [128]. Among the modalities used for reached tumor sites,
targeted therapy has recently become the most attractive strategy for cancer treatment. Locatelli et al.
synthetized multifunctional nanocomposites consisting of polymeric nanoparticles (PNPs) containing
two cytotoxic agents (the drug alisertib and Ag NPs), conjugated with a chlorotoxin, an active
targeting 36-amino acid-long peptide that specifically binds to MMP-2, a receptor overexpressed
by brain cancer cells. They demonstrated the strong toxicity ability of these composite nanostructures
in a human glioblastoma-astrocytoma epithelial-like cell line (U87MG) [133]. Not only chemistry
synthetized Ag NPs elicited cytotoxic effects on cancer cells, but also biologically derived Ag NPs
showed anticancer properties [134]. In fact, the anticancer property of bacterial (B-Ag NPs) and
fungal extract-produced Ag NPs (F-Ag NPs) was demonstrated in human breast cancer MDA-MB-231
and MCF-7 cells [135–137]. Plant extract-mediated synthesis of Ag NPs exhibited more pronounced
toxic effects in human lung carcinoma cells (A549) compared to non-cancer cells such as human lung
cells, indicating that Ag NPs could target cell-specific toxicity. This mechanism could be due to the
typical acidic pH value in cancer cells [138]. The interesting ability of Ag NPs to selectively affect
cell viability was also confirmed by other experimental evidenc. Zureberek et al. [139] investigated
the role of respiration in Ag NP-induced oxidative stress. Considering that cancer cells rely on
glucose as the main source of energy supply, the authors demonstrated that glucose availability
was strictly related to NP toxicity. They found that Ag NPs induced dose-dependent generation
of H2O2. In addition, Ag NP toxicity for the cells maintained in the low-glucose medium was
significantly lower compared to cells growing in the high-glucose concentration. This result indicated
that scarceness of glucose supply resulted in upregulation of the endogenous antioxidant defense
mechanisms, which in turn affected ROS generation and toxicity induced by Ag NPs. Moreover,
because hydrogen peroxide is continuously formed at micromolar levels and participates in redox
homeostasis [140], He and co-workers [141] studied the interaction between H2O2 and Ag NPs,
examining the effects of Ag NPs upon generation of ROS and oxygen over a physiologically relevant
pH range. Their results demonstrated the alteration of the balance between hydroxyl radicals, oxygen
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and hydrogen peroxide influenced the effects of Ag NPs. In addition, Ag NPs [142] are known
to strongly interact with electromagnetic radiation (i.e., photons) [143,144] resulting in a localized
surface plasmonic resonance (LSPR) [145,146] (Figure 4a). The local electric fields generated on the
NP surfaces are the product of enhanced light-matter interaction, occurring only at specific resonant
frequencies [147,148]. The elevated fields raise a high number of electron–hole pairs, which in turn can
induce photochemical transformations [149]. However, the plasmonic resonance of conventionally
spherical Ag NPs is restricted only in the visible range of the spectrum (400–550 nm) [150], and its
employment in biological tissues is thus rather limited because of the high tissue-mediated visible light
absorption [151]. Ag exhibits the highest efficiency of plasmonic excitation among the three metals
displaying plasmonic resonance (Ag, Au, and Cu) [152]. In addition, the plasmonic peak can be tuned,
varying the shape and sizes of Ag-based nanomaterials (Figure 4b).

 

Figure 4. (a) Schematic representation of a localized surface plasmon resonance (LSPR), reproduced
from [153] with permission of The Royal Society of Chemistry. (b,c) The change of shape and
size exhibited different extinction properties. Adapted from [154] with permission from Macmillan
Publishers (Nature Materials), 2015.

Mukherjee et al. developed green synthesized Ag NPs with multifunctional activities, using
Olaz scandens leaf extracts. Ag NPs exhibited anticancer activity against different cancer cells (A549:
human lung cancer cell lines, B16: mouse melanoma cell line and MCF7: human breast cancer cells).
In addition to that, they were biocompatible to rat cardiomyoblast normal cell line (H9C2), human
umbilical vein endothelial cells (HUVEC) and Chinese hamster ovary cells (CHO). At the same time,
Ag NPs showed bright red fluorescence, which could be used to detect the localization of drug
molecules inside cancer cells. For these reasons, Ag NPs could act not only as anticancer drugs but
also as drug delivery vehicle and imaging facilitator [155]. Farrag et al. [156] functionalized Ag NPs
with PVP and antitumoral drug Doxorubicin (DOX) to quickly track by 125I isotope their localization
in the tumor site. They showed the double use of this Ag vector, which is both diagnostic and
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therapeutic (Figure 5a). In another study, Boca-Farcau et al. [157] developed newly synthesized
chitosan-coated Ag nanotriangles (Chit-Ag NTs) with strong resonances in near infrared (NIR),
investigating their ability to operate as photothermal agents against a line of human non-small
lung cancer cells (NCI-H460). By the hyperthermia experiments, they found that the rate of cell
mortality in the presence of Chit-AgNTs was higher than in the presence of thiolated poly(ethylene)
glycol capped gold nanorods (PEG-AuNRs) (a common hyperthermia agent used as reference).
No destructive effects were detected on the control sample (cells without nanoparticles) under identical
irradiation conditions. Kovács et al. [158] synthetized Ag NPs (5 and 35 nm) to test their ability to
kill tumor suppressor-deficient osteosarcoma cancer cells. They found that NPs induced apoptosis
in wild-type p53-containing U2Os and p53-deficient Saos-2 cells demonstrating the potential novel
chemotherapeutic approaches based on Ag NPs (Figure 5b). Schrand et al. examined the chemical
and biological properties of Ag NPs of similar sizes, differing in their surface chemistry (hydrocarbon
versus polysaccharide), for their potential use as biological labels in neuroblastoma cells. We observed
strong optical labelling of the cells in high-illumination light microscopy. Ag NPs were able to bind
to plasma membrane and be uptaken and localized into intracellular vacuoles, suggesting that they
could be involved in a cell labelling procedure. The major drawbacks of this approach relied on the
induction of ROS, the degradation of mitochondrial membrane integrity, and the disruption of the
actin cytoskeleton system after 24 h of Ag NPs exposure [159]. The large use of Ag NPs for cancer
diagnosis and treatment raises concerns over their potential short- and long-term toxicity, above all
in view of the application into clinical practice. Nevertheless, information about the mechanism
of cytotoxicity derived mainly from in vitro studies and the impact of Ag NPs on animal models
is still unclear. As reviewed elsewhere, Ag NPs elicited many toxicological responses (including
effects on circulatory, respiratory, central nervous and hepatic systems) in laboratory rodents exposed
to Ag NPs [160]. Results showed that the cytotoxic and genotoxic effect of Ag NPs was strictly
linked to their concentration, size, surface-coating, exposure time and environmental factors [161].
Adult male C57BL/6N mice exposed to Ag NPs exhibited oxidative stress-induced neurotoxicity in
brain regions [162] and other experimental evidence reported that liver and bile ducts are accumulation
sites for Ag NPs [163]. Another study in zebrafish embryos suggested that the toxicity of Ag NPs
was associated with bioavailable Ag+ [164]. More recently, Munger et al. orally administered Ag
NPs in healthy volunteers and they evaluated human biodistribution, bioprocessing and possible
toxicity of Ag NPs. They demonstrated that in vivo oral exposure to Ag NPs solutions did not produce
clinically severe changes in human metabolic, hematologic, urine, physical findings or imaging
morphology [165]. This work opened a new scenario for the use of Ag NPs in cancer theranostics in
the near future.

Figure 5. Cont.
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Figure 5. (a) AgNPs with PVP coating and Doxorubicin (DOX) loaded polymeric NPs (DOX/PVP/Ag
NPs) AND iodine-125 isotope to tracking in vivo the NPs after intravenously injection in normal
and solid tumor bearing mice. NPs specifically targeted tumor site for a long period of time making
Ag-based NPs as tumor-specific agents for both diagnostic and therapeutic applications. Reprinted
from Publication [156] with permission from Elsevier, 2017. (b) Confocal images showed the effect of
AgNPs on tubulin by apoptotic events induction in U2Os and Saos-2 cells. Adapted from [158] with
permission of Springer Nature, 2016.

5. Conclusions

In this work, we have first studied the main methods (physical, chemical and green) to synthetize
Ag NPs by using bottom-up and top-down approaches. These methods are aimed at obtaining Ag
NPs in a reproducible manner and with specific physico-chemical properties, suitable for various
applications. We also analyzed the most recent literature concerning the toxicity mechanisms at the
cellular level of Ag NPs, which makes it useful as an anti-cancer tool, combining a good intracellular
and intra-tissue tracking with a therapeutic effect. Future challenges are finalized to develop Ag-based
anti-tumor nanomaterials for personalized medicine treatment.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: New methods for the production of colloidal Ga nanoparticles (GaNPs) are introduced
based on the evaporation of gallium on expendable aluminum zinc oxide (AZO) layer.
The nanoparticles can be prepared in aqueous or organic solvents such as tetrahydrofuran in order to
be used in different sensing applications. The particles had a quasi mono-modal distribution with
diameters ranging from 10 nm to 80 nm, and their aggregation status depended on the solvent nature.
Compared to common chemical synthesis, our method assures higher yield with the possibility
of tailoring particles size by adjusting the deposition time. The GaNPs have been studied by
spectrophotometry to obtain the absorption spectra. The colloidal solutions exhibit strong plasmonic
absorption in the ultra violet (UV) region around 280 nm, whose width and intensity mainly depend
on the nanoparticles dimensions and their aggregation state. With regard to the colloidal GaNPs
flocculate behavior, the water solvent case has been investigated for different pH values, showing
UV-visible absorption because of the formation of NPs clusters. Using discrete dipole approximation
(DDA) method simulations, a close connection between the UV absorption and NPs with a diameter
smaller than ~40 nm was observed.

Keywords: gallium; nanoparticle; colloid; AZO; tetrahydrofuran; thermal evaporation; DDA simulation

1. Introduction

Insulating, metal and semiconducting nanoparticles (NPs) have played a crucial role in the
development of nanotechnology during the last two decades. The driving force in the field comes from
the large surface-to-volume ratio and the manifestation of quantum effects that make the physical
and chemical properties of these particles different from those found in bulk materials. Due to
their applicability in different areas such as drug delivery [1], disinfection [2], photovoltaics [3],
(bio)sensing [4,5], and catalysis [6,7], many studies have addressed the need for reproducible and
reliable methods for the preparation of NPs. One of the main goals has been the production of
colloidal suspensions in a liquid medium to ease the manipulation, storage, chemical modification and
administration of the NPs in many practical cases.
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Metal nanoparticles can be prepared as colloidal suspensions following bottom-up or top-down
approaches. After Turkevich’s work in the early fifties on the synthesis of gold NPs in aqueous solution
at boiling temperature, one of the most popular bottom-up methods for producing metal NPs became
the reduction of metal salts solved in a liquid phase [8,9]. Other liquid-phase methods commonly used
for the fabrication of metal NPs have been magnetic-microwave heating [10], template synthesis [11]
and electrodeposition [12]. They typically require the use of toxic reagents, which remain adsorbed on
the surface after the NP synthesis and have potential adverse effects on human health [13]. On the
other hand, gas phase methods are based on the nucleation and condensation of the gas molecules
after supersaturation [14]. Examples of these methods are laser ablation, spray pyrolysis and furnace
evaporation. Generally, size-selective precipitation is needed in liquid and gas phase methods to
produce narrow size distributions [15].

Metal NPs are highly soluble in nonpolar organic solvents where, due to the low dielectric
constant of the medium, the solvent molecules are not able to screen the surface charges around the
particle, keeping a repulsive force between the NPs [16]. However, in polar solvents, the electrostatic
surface interactions between the particles tend to produce their condensation and precipitation, giving
rise to disordered aggregates that are not easily resoluble [17]. Those interactions are dominated
by Van der Waals forces that increase inversely with the sixth power of distance between them [18].
The light-cluster interaction will depend on the number of agglomerated NPs, their special arrangement
and the surface-environment interplay [19]. For that reason, the aqueous colloids must be stabilized
to reduce surface interactions between NPs through the formation of self-assembled monolayers,
polymeric coating or the use of ionic liquids [20,21]. The stabilization of the NPs is therefore considered
a key task in the preparation of NPs, and the steps followed to achieve this are intimately involved in
the fabrication process.

Gallium (Ga) is a low melting point metal whose interesting properties have attracted much
attention in recent years. Colloidal NPs of this material with sizes lower than 50 nm have been
characterized, exhibiting strong plasmonic absorption bands in the ultraviolet region [22,23], which
makes them very attractive for surface-enhanced Raman scattering and fluorescence spectroscopy
under UV excitation. They are in liquid state at room temperature surrounded by a thin gallium oxide
layer that keeps them stable for months at ambient conditions [23]. The NPs have also shown a large
charge storage capacity, fostering their investigation as one of the components in lithium ion batteries.
Thanks to their fast reaction in the acidic environment found around tumors, they have also performed
optimally for drug delivery purposes in cancer treatment [24]. Indeed, in vivo experiments in mice
have demonstrated the reduction of tumors through the release of doxorubicin in the affected area
without clear signs of toxicity. For this application, the size of the NPs must be very specific to allow
surpassing of the cell barrier and delivery of the drug inside the cell to provoke the apoptosis of the
tumoral cells.

Monodisperse colloidal Ga NPs have been synthesized using Ga alkylamides precursors in
liquid-phase chemistry [23]. Another method based on the co-deposition of Ga atoms and solvent
molecules at 77 K has been reported, yielding colloidal NPs in different organic solvents like
tetrahydrofuran (THF), 2-propanol and acetone [22]. Furthermore, taking advantage of the liquid state
of the Ga-In eutectic alloy, ultrasound sonication of bulk pieces has also enabled the production of
large concentrations of NPs in a controlled manner [24]. In this work, we propose a bottom-up method
for the production of GaNP colloids from the physical vapor deposition (PVD) of Ga under vacuum
conditions on a solid substrate that contains a metal oxide expendable layer. The method provides a
coating layer of self-assembled NPs without photolithographic steps.

The fabrication process enables the synthesis of colloids with a quite uniform NP size in polar
protic and aprotic solvents after etching the oxide layer in an acidic solution. The aggregation of the
NPs in THF and aqueous solutions is investigated through ultraviolet/visible spectrophotometry.
The Ga NPs absorbance spectrum is usually found in the UV range [2] and it has its origin in the high
plasmon frequency of the material. When a photon with the resonance energy impinges on the particle,
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a localized surface wave is built and the resultant energy can be absorbed or reemitted as scattered light.
Additionally, the wave gives rise to a near-field enhancement around the structure. The nanoparticle
size distribution can be tuned by changing the evaporation time of the gallium target. Furthermore, the
use of physical vapor deposition methodologies reduces the cost, improves the reproducibility of the
NP preparation, and enables pre-functionalization and size tuning separately from the selected solvent.
The method can be easily scaled to large coverage areas to increase the fabrication yield. Moreover, in
comparison to other methods, it produces a minimum amount of contaminant wastes.

2. Results and Discussion

2.1. Colloidal Synthesis Optimization

A colloidal solution of gallium nanoparticles was prepared following the procedure as shown in
Figure 1. The step-by-step process will be analyzed in the methods and materials section, while the
technological problems and the colloid opto-chemical features are presented here.

Figure 1. Colloidal Ga NPs synthesis. Step 1: about 300 nm of AZO expendable layer deposition on
silicon substrate; Step 2: Ga NPs evaporation on the AZO layer; Step 3: the expendable layer is etched
until NPs almost detached from the surface; Step 4: by means of ultrasound treatment, the NPs are
transfer into the solution; Step 5: extraction of the substrate from the as-synthetized colloidal solution.

The endurance of the Ga nanoparticles in acidic environments was studied after their evaporation
on a bare glass substrate. The substrates were immersed in a phosphoric acid/acetic acid/deionized
water (1:1:75) bath for various times, ranging from 1 min to 8 h. The NP size distribution of each SEM
image was determined and compared, in order to study the etching rate of the NPs. After a 1 min etch
(Figure 2b) the NPs size did not change significantly, revealing a similar distribution as the un-etched
sample (Figure 2a). This is a remarkable result, considering that the AZO layer has a total etching time
of less than 1 min. Clearly, after 2 h (Figure 2c) small NPs started to disappear, as the biggest ones
reduced their dimension, showing an increase of the number of NPs with an average size of 90 nm.
After 8 h (not shown), all the NPs dissolved completely, leaving no residual of Ga on the glass surface.

In acidic medium, the NPs’ oxide shell did not endure more than a few minutes [25,26], provoking
the exposure of the gallium to the chemical solution. As time passed, the metal kept oxidizing
slowly, and the new oxide layers were quickly dissolved until all the inner metal gallium disappeared.
The comparison between histograms of 1 min and 2 h etched samples (Figure 2d) shows a decrease in
the smaller NP population. For this reason, the etching process in our synthesis has been kept under
1 min, to avoid changes in the NPs’ morphology.
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(a) (b)

 
(c) (d)

Figure 2. (a) Ga NPs evaporated on a glass substrate and immersed in an acidic bath for (b) 1 min;
(c) 2 h. After 2 h, many of the smallest NPs have disappeared and the biggest ones have reduced their
dimensions. (d) Histograms obtained from the SEM images. Scale bars are all 200 nm in length.

The AZO expendable layer in the preparation scheme (Figure 1) was deposited at room
temperature (RT) and 300 ◦C in order to compare possible structural differences of the two surfaces
and find the best conditions for the Ga NP deposition. As atomic force microscopy (AFM) analysis
shows (Figure 3), the room temperature (RT) sample exhibited a mean surface roughness of 6 nm,
while, for high-temperature growth, this value doubled to 13.6 nm. The images clearly show a smaller
grain size for the RT layer, compared to the 300 ◦C sample.

(a) (b)

Figure 3. AFM images of the surface of AZO layer deposited at (a) RT and (b) 300 ◦C.

In order to identify the most suitable candidate for our process, Ga was evaporated on both
AZO surfaces. Figure 4a,b show the as-evaporated distributions, where the first column is centered
at a diameter of 12 nm with a width of ±6 nm, and includes the largest number of NPs in both
cases. Comparing the RT and 300 ◦C histograms, the NPs’ dimensions are not affected by the
deposition temperature of the AZO, but their concentration is. In particular, the higher the AZO
grown temperature, the higher the number of particles obtained per square micron. This increase in
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the number of particles might be related to the faceting of the AZO surface upon growth at higher
temperature, and the larger surface to volume ratio in those samples.

 
(a) (b)

(c)

Figure 4. As-evaporated distributions of Ga NPs on (a) an AZO layer deposited at RT and (b) AZO
layer deposited at 300 ◦C. (c) Absorption spectra in THF solvent.

In addition, the entire colloidal synthesis for both types of expendable layers was performed in
order to study possible changes in the optical characteristics. For that aim, the absorption spectroscopy
analysis between 200 nm and 1000 nm was carried out in THF solvent. A larger absorption in the
UV spectra was observed for both samples (Figure 4c) and similar experiments have been conducted
in sets of different AZO thickness. As expected, higher reproducibility and larger absorption was
obtained in the solution prepared from the layers grown at 300 ◦C.

The expendable layer etching rate was also determined for AZO layers deposited at 300 ◦C. Layers
of 300 nm were grown on silicon for that purpose. By measuring the etching depth as a function of
time, the etching rate was found to be 18 nm/s. Similar samples with evaporated Ga NPs were also
investigated, and the etching rate in this case was estimated to be 6 nm/s, three times slower than the
uncovered case.

Further investigations of the evaporated Ga NPs on AZO layers grown at RT and 300 ◦C were
carried out. The samples were etched in a phosphoric acid/acetic acid/deionized water (1:1:75)
solution for 5 s, 15 s and 20 s (Figure 5). Scanning electron microscopy was performed to study the
etching evolution of the expendable layer in order to obtain information on the minimum time to
assure the NPs detachment from the hard support. As the AZO layer gradually disappears (dark zone
indicated by arrows) the particles have higher probability to be dispersed in the solution by means of
ultrasound treatment. After 5 s etching (Figure 5a,d), the layer was not dissolved and no significant
changes were produced. Between 15 and 20 s, the NPs were less bonded to the expendable layer, and
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significant void areas are found between the largest NPs. Thus, the etching time for colloidal synthesis
was chosen to be 40 s, in order to assure the highest NP detachment rate while preserving the NP size
obtained after the evaporation.

300 oC 

RT 

(a) (b) (c)

(d) (e) (f)

Figure 5. Ga NP/AZO/Si sample immersed in water/phosphoric acid/acetic acid bath for (a,d) 5 s
(b,e) 15 s and (c,f) 20 s. Scale bar is 500 nm in length in all the pictures.

2.2. Optical Characteristics of Ga NPs

In order to study the interactions between the nanoparticles and the surrounding environment,
two different solvents were used to prepare the Ga NPs colloids: deionized water (DIW) and
tetrahydrofuran (THF). By means of aqueous solution, we studied how colloidal Ga NPs behave at
different pH levels, while tetrahydrofuran was used to test the sample in a polar aprotic environment.
Table 1 shows their chemical and optical features, which have also been used to study and simulate the
developed samples. The protic and aprotic nature of the solvents influences the Ga NPs agglomeration
status, as will be discussed later. The refractive index values were used to simulate the stand-alone and
cluster nanoparticle status in both solvents with the use of the discrete dipole approximation (DDA)
method. Finally, considering that both solvents heavily absorb light in the UV range, only the data
obtained above their cut-off wavelength were analyzed.

Table 1. Solvent properties. Optical characteristics were extracted from [27].

Solvent Class Refractive Index @ 270 nm Solvent λ Cut-Off (nm)

Water Polar protic 1.33 190
THF Polar aprotic 1.40 212

The stability of NPs in a solution depends on the interface between the surrounding media and
the nanoparticle. In the case of colloids, the force balance between close particles may be expressed
in consideration of different contributions such as gravitational, inertial, electrical and chemical
reactivity [28]. Since the first two may be neglected for nanoparticles smaller than 0.5 μm [28,29],
according to the Derjaguin, Landau, Vervey, and Overbeek (DLVO) theory [30,31] the electrostatic
(repulsive) and Van der Waals (attractive) forces have a primary role in the inter-particle interaction.
Recently, an extended DLVO theory (XDLVO) [32] demonstrated that the colloid’s stability also
takes into account other parameters, such as the ion concentration in the solution and the NP’s
hydrophobicity, which are relevant to our case of study.

2.2.1. Ga NPs in THF Solvent

The Ga NPs colloids in THF solution were prepared and optically characterized in the UV/visible
range. Different NPs’ size distributions were found using 30 s, 45 s and 60 s evaporation time. Figure 6
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shows the related histograms of the three samples obtained from scanning electron microscopy (SEM)
images. In the case of 30 s evaporation, a quasi-unimodal distribution was obtained, where the
density of NPs with diameters lower than 40 nm density was higher than in the other two samples.
Furthermore, SEM investigation of the tilt drop-cast sample shows that our colloidal Ga NPs have
a hemispherical structure similar to that obtained by other authors [33,34]. During the Ga thermal
evaporation, the NP’s shape strongly depends of the nucleation process, which is related to the surface
wettability of the substrate material. When the NPs’ outer surface meets oxygen, an oxide shell covers
the metal core and preserves the obtained geometry. The NPs also keep this geometry after being
transferred to the solvent.

 
(a) (b) (c) 

(d) (e)

Figure 6. Ga NP distributions for (a) 30 s; (b) 45 s and (c) 60 s evaporation time; (d) The optical
absorption was measured after colloidal preparation in THF; (e) Numerical simulation of the absorption
efficiency (QABS) in structures with different diameters was carried out in order to find a relationship
between the measured spectra and the NPs distributions.

The experimental absorption spectra of the three samples are shown in Figure 6d. As already
discussed, THF has a cut-off absorbance wavelength of 212 nm, and the measurements were considered
reliable only for data above that value. The curves have a similar shape, and exhibit a main absorption
band between 260–300 nm with peaks centered at 273 nm and 285 nm. According to the Beer-Lambert’s
law, the measured optical signal is strictly related with the concentration of the smallest Ga NPs in the
solution, which scales well for the exhibited distributions. Bigger NPs may contribute to the broad
band between 300–600 nm.

In order to further understand the relationship between the experimental absorption
and the Ga NP distribution, the light-matter interaction was theoretically studied through
discrete-dipole approximation implemented by DDSCAT software (Department of Astrophysical
Sciences, Princeton University, U.S.) [35]. The simulations consisted of hemispherical NPs of liquid
gallium, with a 2 nm native oxide shell in THF solvent. The liquid gallium and gallium oxide
permittivities were extracted from Knight et al. [34] and Rebiena et al. [36], respectively, whereas
solvent refractive index refers to the value in Table 1. In order to reproduce the experimental
conditions, the diameter of the NPs varies between 10 and 160 nm. Their optical behavior was
studied for wavelengths ranging from 255 to 800 nm. In addition, a circular polarized light beam
was set to emulate the un-polarized beam from the spectrophotometer source. Interaction cut-off and
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error tolerance parameters were set as high as possible, with values of 3 ×103 and 10−4, respectively.
The simulation results were expressed in terms of absorption efficiency (QABS) and scattering efficiency
(QSCAT), both of which depend on the target cross-sectional area. Note that the absorption coefficient is
directly proportional to the particle diameter, while the scattering is proportional to the fourth power
of it. Figure 6e shows QABS for different NP diameters, where 30 nm has the highest value in the
UV region. Thus, the experimental absorption band is likely related to absorption NPs of smaller
diameters (10–40 nm). The biggest NPs contribute less to the absorption at low wavelengths, but they
can be responsible for the absorption at higher wavelengths, according to the simulations.

It is believed that the stability of the Ga NPs is high, and does not show agglomeration effects.
The outer gallium oxide shell may confer hydrophobic behavior, preventing agglomerative clustering.
Similar results have been found by Vasiliev [37] during the investigation of polymer-coated Ag
nanoparticles, where different agglomeration statuses for Ag—functionalized and unfunctionalized
colloidal—were verified both in water and THF.

2.2.2. Ga NPs in Aqueous Solution

The behavior of the Ga NP colloids was also studied in the case of aqueous solution under
different pH conditions. The acid/base level of the sample was achieved by adding NaOH 10−1 M and
HCl 10−1 M solutions to reach the target acidity. Generally, the NPs’ flocculation behavior is related
to their surface charge, estimated from the zeta potential (ζ) measurement. The latter calculates the
electrokinetic potential of the colloid and the further the value is from zero, the less the NPs aggregate.
In the case of Ga oxide NPs, the zeta potential zero value—the so-called point of zero charge (PZC)—is
set between pH 7.5–8.5 [38], and because of the Ga NPs oxide shell, it was assumed that our colloidal
nanoparticles would have the same PZC value.

Figure 7a shows the comparison of colloidal absorption spectra for different pHs. The experiment
was carried out on 3 mL of colloidal solution ranging in pH from 2.8 to 8.5, as described in the methods
section. As the pH shifts from acidic to basic, the absorption decreases when the pH approaches 7.5
(near the PZC of the Ga oxide particle), and it starts rising again at a value of 8.5. The signal tends to
decrease, getting close to the PZC pH value because of cluster formation, which reduces the colloidal
absorption in the observed range. All the curves show a characteristic absorption band between 250 nm
and 300 nm, which is related to the colloidal Ga NP size distribution as in the THF case.

Further simulation on NP agglomeration and comparison between the aqueous and the THF
case absorption peak were investigated. To evaluate the Ga NPs cluster absorption trend in aqueous
solution, different structures made from 8 to 64 sphere nanoparticles were simulated by the DDA
method (Figure 7b,c) [39]. Usually, the light interaction with an NP cluster generates a higher scattering
contribution than absorption according to the Mie theory and both contributions are red-shifted
compared to the single particle characteristic. When more than 16 nanoparticles of 20 nm diameter
agglomerate, the absorption decreases drastically, as shown in Figure 7b. A similar result was found
for the 30 nm nanoparticle cluster, where the maximum agglomeration level before the absorption falls
was 16 NPs, as well. For this reason, the decreasing trend of the absorption for the pH change may be
explained by the agglomeration theory. The closer the pH is to the PZC, the higher the agglomeration
occurring between NPs, which leads to a lower absorption signal. In addition, the NP plasmon
resonance condition for the aqueous and THF solutions was compared. As expected, the nanoparticle
absorption peak shifts in value depending on the medium permittivity (Figure 7d). The comparison of
30 nm Ga hemisphere with 2 nm oxide shell in THF (n = 1.4) and aqueous solution (n = 1.33) shows a
red-shifted curve in the case of the higher refractive index solution, with absorption peaks displayed
at 285 nm and 273 nm, respectively. Later, these results were compared with the measured absorption
band and good agreement was observed.

In conclusion, the Ga NPs’ oxide shell likely acts as a hydrophilic material in water, provoking
the agglomeration phenomenon. Also, by means of different pH, the ion concentration around the
colloidal NPs can be varied and the cluster formation may change because of it.
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Figure 7. (a) Absorption measurements of aqueous colloidal solutions for different pH levels ranging
from 2.8 to 8.5. Results of the simulations for NP clusters made of N number of agglomerated spheres
with (b) 20 nm and (c) 30 nm diameter. (d) Calculated QABS of NPs in THF and aqueous solution.

3. Materials and Methods

3.1. Ga NPs Synthesis

A colloidal solution of gallium nanoparticles was prepared following the procedure as shown
in Figure 1. First, a substrate of silicon with an area of 0.5 cm × 2 cm was cleaved and cleaned using
an aqueous solution of 40% hydrofluoric acid in order to remove the native oxide. The AZO [40]
expendable layer was deposited using an Alcatel A450 radio frequencies (RF) sputtering system.
For the sake of comparison, the layers were prepared depositing at room temperature and 300 ◦C.
The system comprises an RF source set at 150 W and a 50 sccm Ar flow to generate the plasma that
sputters the AZO target (Kurt J. Lesker ZnO/Al2O3, 2% Standard Doping). Prior to deposition, the
target was sputtered for 1 min to remove impurities. The deposition time for the AZO layer was
10 min under a pressure of 10−2 mbar to obtain a 300 nm thick layer. The AZO was chosen taking into
account its fast etching in moderately acidic solutions.

Gallium was evaporated [41] on the expendable layer using a Joule-effect Edwards E306
evaporation system (Moorfield, Knutsford, UK). For our process, 0.28 g of solid Ga (99.9999%) was
heated for 30 s with a 50 W power under 10−6 Torr pressure. The distance from the material heater to
the sample was set at 20 cm. An ice cooling system was employed to keep the substrate temperature
as low as possible, in order to limit the metal surface mobility during the nucleation process. During
the growth, the lower the substrate temperature the less NPs coarsening occurs.

To prepare the colloidal solutions, several vials of 3 mL volume were filled with the following
solvents: DIW and THF. After Ga deposition and extraction from the thermal evaporation system,
the sample was immersed in a phosphoric acid/acetic acid/deionized water (1:1:75) bath for 40 s to
partially etch the AZO layer and weaken the structural support of the NPs. Later, it was rinsed in
water and promptly inserted into the selected solvent. To allow the NPs transfer from the sample to
the solution, an ultrasound treatment of 1′30” was used.
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3.2. Scanning Electron Microscopy (SEM)

The SEM investigation was carried out using a Philips XL30 S-FEG microscope (Philips,
Amsterdam, The Netherlands) under a 10−3 bar pressure at room temperature. The colloidal
solution was drop cast on a clean silicon substrate, and promptly analyzed in order to avoid possible
contamination effects. After the investigation, images were post-processed by Gwyddion open-source
software to estimate nanoparticle size and distribution [42].

3.3. Atomic Force Microscopy (AFM)

In order to characterize the sputtered AZO layer surface, an Agilent PicoPlus 5500 AFM
(Agilent Technologies Inc., Santa Clara, CA, USA) was used operating in dynamic mode. The analyzed
samples comprised a 300 nm thick AZO layer grown on a silicon substrate at room temperature and
300 ◦C. Images were analyzed and post-processed by Gwyddion open source software to investigate
the surface morphology of both samples.

3.4. pH Measurement

Colloidal sample pH was varied by adding NaOH 10−1 M and HCl 10−1 M solutions to achieve
the target acidity. The total added liquid did not exceed 0.1% of the original volume (3 mL), in order
to avoid changes of the colloid concentration and, therefore, the optical absorption signal. For all
solutions, the pH was measured before and after the spectrophotometry analysis to rule out pH
changes during measurement due to rearrangement of ions in the solution.

3.5. UV-Visible Spectrophotometry

UV-visible spectra of the different colloidal samples were acquired using a Thermo Scientific GO
spectrophotometer. For the analysis, differential optical absorption was measured on the colloidal
solution poured in a 1.0 cm quartz cuvette using the same colloidal solvent as reference. By means of
the equipment, temperature was fixed at 25 ◦C and exposed to a light ranging from 200 nm to 1000 nm
in wavelength, with a system resolution of 1 nm.

4. Conclusions

We investigated the properties of the colloidal Ga NPs in THF and aqueous solvents with the use of
SEM, AFM and UV spectrophotometer. The colloidal solutions were prepared from the evaporation of
nanoparticles on an expandable layer, which gave plenty of possible solutions (such as ion implantation
or thermal annealing) for the modification of physico-chemical properties. The AZO expandable layer
growth was optimized in order to achieve the highest yield and reproducibility of the synthesis.
The NPs’ endurance during the etch step of the process was also proved. The colloidal Ga NPs were
surrounded by GaOx, and had different agglomeration status depending on the solvent. In the aqueous
solution case, the oxide shell had a hydrophilic behavior and NPs tended to agglomerate promptly,
depending on the pH. A broad absorption along the UV-visible spectrum due to cluster formation was
observed. In the THF solvent, the gallium oxide shell instead acted as a hydrophobic interface, and
colloidal flocculation was mostly prevented. In that case, a strong and quite narrow UV absorption
band was measured. Later, colloidal absorption bands were explained by DDA numerical simulations.
Jointly with the use of the centrifugation process, it will be possible to select different absorption
bands, depending on the evaporated nanoparticles’ dimensions. Future works may use these results
to investigate and develop new medical and innovative applications based on Ga NPs.
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Abstract: Conventional delivery of anticancer drugs is less effective due to pharmacological
drawbacks such as lack of aqueous solubility and poor cellular accumulation. This study reports the
increased drug loading, therapeutic delivery, and cellular accumulation of silibinin (SLB), a poorly
water-soluble phenolic compound using a hydrophobically-modified chitosan nanoparticle (pCNP)
system. In this study, chitosan nanoparticles were hydrophobically-modified to confer a palmitoyl
group as confirmed by 2,4,6-Trinitrobenzenesulfonic acid (TNBS) assay. Physicochemical features
of the nanoparticles were studied using the TNBS assay, and Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) analyses. The FTIR profile and electron microscopy
correlated the successful formation of pCNP and pCNP-SLB as nano-sized particles, while Dynamic
Light Scattering (DLS) and Field Emission-Scanning Electron Microscopy (FESEM) results exhibited
an expansion in size between pCNP and pCNP-SLB to accommodate the drug within its particle
core. To evaluate the cytotoxicity of the nanoparticles, a Methylthiazolyldiphenyl-tetrazolium
bromide (MTT) cytotoxicity assay was subsequently performed using the A549 lung cancer cell
line. Cytotoxicity assays exhibited an enhanced efficacy of SLB when delivered by CNP and pCNP.
Interestingly, controlled release delivery of SLB was achieved using the pCNP-SLB system, conferring
higher cytotoxic effects and lower IC50 values in 72-h treatments compared to CNP-SLB, which was
attributed to the hydrophobic modification of the CNP system.

Keywords: chitosan nanoparticles; hydrophobically-modified CNP; slibinin; nanobiotechnology

1. Introduction

Over the last decade, radiation, chemotherapy and surgery have become important methods to
treat cancer patients. Among these methods, chemotherapy remains the most significant treatment,
with synthetic drugs being the most potent chemotherapeutic drugs used [1]. The main obstacle faced
by current treatments is the inefficient delivery of drugs to target cells. Thus, conventional treatment
often leads to side effects in patients due to non-specific interaction of the drugs with non-cancerous
cells in the body. Silibinin, also known as silybin, is a major active constituent obtained from the seeds of
the milk thistle plant, Silybum marianum. It exists as a polyphenolic flavonolignan with hepatoprotective
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and antioxidant activity. Substantial evidence from current research has demonstrated its clinical
use in medical therapies especially in Asia, Europe, and the USA [2–4]. It has been suggested that
silibinin is an extremely utilizable natural compound for cancer studies [5,6]. Additionally, there have
been increasing research endeavors conducted to elucidate the potential anticancer properties of
silibinin against numerous cancer models, including lung [7,8], skin [9,10], prostate [11,12], colon [13],
and bladder [14]. Silibinin is preferentially advantageous for development as a candidate therapeutic
agent as it is considered remarkably safe in cytotoxicity studies, as it confers low toxicity even in acute
administration dosages in both humans and animals, and there are no LD50 values for the flavonolignan
reported in laboratory studies. However, its widespread application in medical therapy has been
marred by its low bioavailability due to low solubility in water (0.4 mg/mL) [15–18]. This restriction
was due to its multiple ring structure, which is too large to be absorbed by simple diffusion, which leads
to poor water solubility, poor bioavailability and thus poor intestinal absorption [19].

In order to circumvent such a disadvantage, numerous methods for its synthesis have been
proposed in order to increase the solubility and bioavailability of silibinin. This has included the
implementation of solid lipid nanoparticles via encapsulation [20], incorporation in solid dispersion
systems [21], and complexation with phospholipids [22]. A previous study by Zhang et al. utilized
stearic acid as a colloidal carrier for the encapsulation of silibinin. This modification successfully
incorporated silibinin into solid lipid nanoparticles with anticipated shape, size and entrapment
efficiency. However, the systemic adoption of solid lipid nanoparticles for the encapsulation of
silibinin is currently limited to the inherent rapid in vivo clearance by the reticuloendothelial system
(RES) which decreases the persistence of the silibinin-nanoparticle complex from blood circulation.
Considering the nano-scale dimensions of nanoparticles, they can be adapted to utilize the enhanced
permeability and retention effects (EPR) of tumor vasculatures to increase the accumulation of
chemotherapeutic drugs. Nanoparticles have been demonstrated to exhibit 200 times higher drug
accumulation in tumor cells compared to normal tissues, such as kidney, muscle and heart [23].

Chitosan (CS) is a linear polysaccharide linked by a β-(1-4)-linked-D-glucosamine backbone
with randomly acetylated amine groups. It is a product of the partial deacetylation of chitin and
can be acquired from numerous sources including the exoskeleton of crustaceans [24]. CS is known
for its superior features such as biocompatibility, biodegradable and non-toxicity, which makes it
an excellent candidate to be utilized in agriculture, biomedicine, food industries and many other
fields. A previous study by Kang et al. [25] has successfully synthesized chitosan nanoparticles
(CNP) loaded with albendazole, a poorly water-soluble but extremely permeable anthelmintic drug,
where a stable nanoparticle system was established. Besides this, Chai et al. [26] also demonstrated
that CNP can function as a drug delivery system for Doxorubicin, an anticancer drug. The study
showed that Doxorubicin was successfully coated by chitosan and alginate with a good combination
and showed controlled release properties. Thus, CNP can be hydrophobically-modified to incur
hydrophobic–hydrophobic interactions with drugs to encapsulate them into the nanoparticles,
which can potentially increase the solubility of low bioavailability drugs, and protect and stabilize the
drugs from the surrounding environment.

This study demonstrates the enhanced encapsulation efficiency of silibinin in hydrophobically-modified
chitosan nanoparticles as compared with traditional chitosan nanoparticles, in order to enhance the
therapeutic efficacy in the A549 human lung cancer cell line. Based on the background and objectives,
perhaps novel, effective and safe hydrophobically-modified chitosan nanoparticles for the enhanced
therapeutic delivery of silibinin is proposed. Findings from this study can perhaps be used to further
increase the efficacy of silibinin in anti-cancer applications.
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2. Results and Discussion

2.1. Particle Size and Polydispersity of Nanoparticle Samples

The formation of CNP occurred through ionic crosslinking between protonated amine groups
of CS and anionic phosphate groups of the cross linker, Sodium Tripolyphosphate (TPP) [27,28].
When cross linking occurs, the protonated amine groups will associate with the anionic phosphate
groups of TPP to form nanoparticles where the CS polymer will start to form spherical, nano-scaled
particles. Figures 1 and 2 depict the particle size distribution (PSD) and polydispersity index (PDI)
of nanoparticles formed by the crosslinking of 600 μL CS with different volumes of TPP. The graph
suggested that the formation of nanoparticles occurred at the minimal addition of 100 μL TPP for pCNP
and 150 μL for CNP. Figures 1 and 2 show where the size of the pCNP experienced a noticeable drop
from 4583.00 ± 244.62 nm to 228.11 ± 119.06 nm, while the PDI dropped from 0.577 nm to 0.113 nm
with the addition of 50 μL and 100 μL of TPP; the size of the CNP decreased from 761.40 ± 399.73 nm
to 49.14 ± 3.98 nm, while the PDI decreased from 0.71 ± 0.18 nm to 0.36 ± 0.07 nm with the addition of
100 μL and 150 μL of TPP. This observation was similar to the earlier study of Masarudin et al. (2015),
where a 50 μL addition of TPP was suggested as the minimal volume required to form CNP.

The smallest size of nanoparticles was obtained using 150 μL of TPP for CNP (49.14 ± 3.98 nm)
and 200 μL for pCNP (77.08 ± 6.50 nm), respectively. The lowest PDI of nanoparticles was obtained
using 250 μL of TPP for CNP (0.15 ± 0.07) and 200 μL for pCNP (0.14 ± 0.08), respectively. The PDI
was used as an indication of nanoparticle homogeneity, which depicts the stability of the samples in
the colloidal suspension [29]. The PDI showed a similar trend as PSD, where the value dropped at
the TPP ranges of 50–150 μL. Both the PSD and PDI data suggested that a decrease in nanoparticle
size occurred with an increase of the cross linker, while in turn increasing the monodispersity of
the nanoparticles up to 200 μL of TPP addition. This trend was most probably contributed to by
the increased volumes of TPP that provided more anionic phosphate groups to form electrostatic
interactions with the protonated CS chain [30]. As more TPP was added, the cross-linking degree of
the nanoparticles was augmented to where a compact particle structure is thought to occur, leading to
the production of smaller-sized nanoparticles [31].

Figure 1. The PSD of nanoparticles at different TPP volumes. The smallest size of nanoparticles was
obtained with the addition of 150 μL TPP for CNP and 200 μL for pCNP. Error bars represent the
SEM averaged from three independent replicates of the experiment. The one-way analysis of variance
(ANOVA) was performed with a p value of the particle size at 0.0002 and <0.0001 for CNP and pCNP,
indicating that there was a significant effect of TPP volume on the particle size formed.
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Figure 2. PDI of nanoparticles at different TPP volumes. The lowest PDI of nanoparticles was obtained
with the addition of 250 μL TPP for CNP and 200 μL for pCNP. Error bars represent the SEM averaged
from three independent replicates of the experiment. The one-way analysis of variance (ANOVA) was
performed with p value of particle size <0.0001 for both CNP and pCNP indicating that there was a
significant effect of TPP volume on the PDI of the nanoparticles formed.

Interestingly, when the TPP volume exceeded 200 μL, both the particle size and PDI increased to
above 100 nm and 0.2, respectively. It possibly indicates that agglomeration between the nanoparticles
occurred. The addition of anionic TPP beyond the optimum volume will attract more CS chains due
to the increase in the degree of cross-linking, and will possibly attract the neighboring nanoparticles
causing agglomeration [32], which suggests that 200 μL of TPP and 600 μL of pCS can form
nanoparticles of optimum size and PDI.

2.2. Utilization of the Free Amine Group by Nanoparticles Formation

The formation of CNP and pCNP was suggested to be due to the ionic crosslinking interactions
between protonated free amine group of CS/pCS and the anionic phosphate group of TPP. When the
amount of cross-linker added was increased, the amount of amine groups being utilized will also
increase, which in turn decreases the amount of free amine group available in a constant volume
of CS/pCS. Figure 3 shows that the percentage of utilized amine groups of chitosan increased in
direct proportion to the increased volume of TPP added to the CS/pCS, from 0 up to 22.20 ± 1.02
and 37.17 ± 1.397 for CNP and pCNP, respectively, and upon addition of 300 μL of TPP. The data
suggested that cross-linking occurred between CS/PCS and TPP on the formation of CNP and pCNP.
This increases postulates that CNP and pCNP were successfully constructed, which is similar to the
observation reported by a previous study [29]. A higher percentage of utilized amine groups was
detected in the pCNP compared to CNP, probably due to the interaction of palmitic acid with the
CS prior to the TPP. The palmitic acid will conjugate to the amine group of the CS to form pCS,
where utilization of the amine group occurs, and is then only further cross-linked with TPP to form
pCNP, which explains the higher percentage of utilization compared to CNP.
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Figure 3. Utilized amine percentage at different volumes of TPP. The utilized amine percentage
increased with the addition of TPP volume for both CNP and pCNP. The graph data are presented as
mean ± SEM from three independent experiments. A paired t-test was performed with a p value below
0.0001, which indicates that CNP and pCNP have extremely significant differences on the percentage
of free NH2 group.

2.3. Formation of pCNP and pCNP-SLB

The encapsulation efficiency (% E.E) of pCNP were approximately 49.33 ± 1.45%, which suggests
that when approximately 50% of the SLB had been loaded into the pCNP, there was about a
2.5-fold increase of the particle size increment. Anyway, the % E.E of CNP were approximately
only 24.58 ± 2.06%, which suggests that only half of the SLB will be loaded into the CNP compared to
the pCNP. A higher % E.E was achieved by the pCNP compared with the CNP, probably due to the
hydrophobic anchor possessed by the palmitic acid that conjugated with the CS, forming a hydrophobic
core, where the SLB will associate with the core instead of the hydrophilic surface. It suggested that
the pCNP system is a great carrier candidate that can increase the loading of hydrophobic load.
The study of Marchiori et al. [33], performed nanoencapsulation by using interfacial deposition of
the preformed polymer method with pomegranate oil as an oil core for the encapsulation of SLB.
In their study, a high % E.E was achieved, credited to the higher affinity of SLB with the oil core than
the aqueous phase. These results was similar to the findings of our study, where higher % E.E was
obtained in pCNP compared to CNP, as the SLB is suggested to have associated with the pCNP by
hydrophobic–hydrophobic interaction.

On the other hand, the study of Shankar and Argawal successfully encapsulated SLB by using
polymeric micelles. Polymeric micelles are self-assembled, amphiphilic copolymers where the
hydrophilic part usually forms the shell and hydrophobic part forms the core, which is similar to the
structure of pCNP. The study also achieved a high % E.E, suggesting that amphiphilic nanoparticles are
a great candidate for hydrophobic SLB [34]. The size and PDI of the pNCP-SLB are shown in Figure 4.
It is important to optimally obtain small-size nanoparticles as well as encapsulated nanoparticles,
because the nano-scaled particles are able to extravasate through the endothelium in the epithelium,
inflammatory sites, and tumors, or penetrate the microcapillaries. This possesses an advantageous
effect in which the nanoparticles permit efficient uptake by many different cell types in addition to
selective drug accumulation at target sites [35].

Particle size date showed an expansion of about 270%, from 77.08 ± 6.50 nm to 208.43 ± 12.02 nm,
upon SLB loading (300 μM). Similarly, the PDI of the pCNP increased from 0.14 ± 0.08 to 0.30 ± 0.02
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after encapsulation, suggesting the successful encapsulation of SLB in pCNP. The expansion in size
indicated the successful incorporation of SLB within the core of the nanoparticles. The slight changes
in PDI occurred due to the decrease of the uniformity in the size of the nanoparticles following
encapsulation, which consist of a population of free pCNPs of smaller size (<100 nm) and pCNP-SLBs
of larger size (>100 nm). The expansion in size was correlated with the encapsulation efficiency (% E.E)
of the nanoparticles shown in Table 1.

Figure 4. (A) PSD and (B) PDI of pCNP after SLB encapsulation. The particle size and PDI of pCNP
increased after the encapsulation of SLB. The graph data is presented as mean ± SEM from three
independent experiments. A p value below 0.05 was obtained, indicating significant differences in
particle size between pCNP and pCNP-SLB as measured by paired t-test.

Table 1. % E.E of CNP-SLB and pCNP-SLB at 300 μM SLB. The results show that the % E.E of pCNP-SLB
is about two-fold higher that CNP-SLB. The graph data are presented as mean ± SEM from three
independent experiments.

Sample % E.E CNP-SLB % E.E pCNP-SLB

1 22.46 50.12
2 28.70 51.35
3 22.58 46.51

Average 24.58 ± 2.06 49.33 ± 1.45

2.4. Morphological Analysis of Nanoparticles by FESEM

A morphological analysis was performed using FESEM to ascertain the structure, size and
polydispersity of CNP, pCNP and pCNP-SLB. As shown in Figure 5, the nanoparticles are generally
spherical in shape, with a size ranging from below 100 nm before encapsulation and up to 200–300 nm
post-encapsulation. As described in the study of Ariff et al., the CS or pCS in this study appeared to
have an irregular shape when they stood alone, and to form spherically-shaped nanoparticles with
the addition of TPP, indicating the success of the CNP/pCNP formation [36]. Blank CNP particles
conferred sizes in the range of 64.1 nm to 84.7 nm, whilst pCNP was slightly larger at 87.9 nm to
110.0 nm diameter.

When SLB was encapsulated into the nanoparticles, the expansion in size detected from the DLS
was made morphologically evident using FESEM. The pCNP-SLB samples existed as larger particles
with sizes approximately 215.8 nm to 243.3 nm. It was postulated that the increase in size of pCNP was
attributed to the incorporation of palmitic acid within its core, which led to a significant expansion
after the encapsulation of SLB in pCNP. This result was similar to the results observed previous by
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Ariff et al., where the size of nanoparticles expanded post-encapsulation [34]. A previous study by
Leena et al. [18], utilized chitosan nanoparticles loaded with different concentrations of SLB and
incorporated alginate/gelatin scaffolds for bone formation in vitro. The particle size of CNP-SLB
obtained from the study was about 264 ± 51 nm post-encapsulation with 100 μM of SLB. Regarding the
pCNP-SLB in this study, where an initial SLB concentration of 300 μM was used for encapsulation,
a smaller size of nanoparticles with a higher % E.E was obtained in our study. This further suggests
that pCNP is a better nano-carrier for SLB. Anyway, some agglomeration was observed in Figure 5,
which can possibly be attributed to the drying process used while preparing the samples for FESEM
imaging [37].

Figure 5. The figure shows the morphological structure of (A) CNP, (B) pCNP and (C) pCNP-SLB.
The CNP shows a particle size of 64.1 nm to 84.7 nm, the pCNP shows a particle size of 87.9 nm to
110.0 nm, and the pCNP-SLB shows a particle size ranging from 215.8 nm to 243.3 nm.

2.5. Identification of Characteristic Functional Groups in Nanoparticle Samples

In order to study the formation of drug-encapsulated pCNP-SLB, an FTIR analysis was performed
to study the presence of important functional groups belonging to SLB and pCNP that occurred
in pCNP-SLB. According to Coates [38] every single molecule has a unique vibrational spectrum
which can be utilized as a fingerprint to be compared between an “unknown” and a “known” spectra.
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Thus, by comparing the peaks of the “known” spectra of SLB and pCNP with the “unknown” spectra
of pCNP-SLB, we can deduce the formation of pCNP-SLB. The infrared spectra for SLB, pCNP,
and pCNP-SLB is as shown in Figure 6, while a summary of the important characteristic functional
groups detected is depicted in Table 2.

There are several characteristic peaks shown by pCNP: a broad peak at 3353 cm−1, corresponding
to the hydrogen-bonded O–H stretching vibration and N–H stretching from the primary amine
overlapped in the same region; a peak at 1632 cm−1, corresponding to the amide II carbonyl
stretch; and a peak at 1067 cm−1, corresponding to the inorganic phosphate group of TPP [39].
Besides this, several characteristic peaks are also possessed by SLB: at 3446 cm−1, due to –OH stretching;
at 2936 cm−1, due to –CH stretching; at 1626 cm−1, due to –C=O stretching; at 1507 and
1461 cm−1, due to –C=C skeleton vibrations of aromatic ring stretching; and at 1268 cm−1, due to
–C–O–C stretching. From the table, the percentage of transmittance at the peak of 3353 cm−1 of
pCNP and SLB was 49.62% and 49.98%, respectively, but this increased to 85.97% after encapsulation,
indicating a decrease in the primary amine group. It shows that upon encapsulation, the free primary
amine group was utilized and led to the shift in the peak from 3353 cm−1 in pCNP to 3416 cm−1 in
pCNP-SLB. A similar observation was shown by the study of Kafshgari et al. [40] where the amine
group of CS was shifted from the wavenumber of 3413 cm−1 to 3395 cm−1 upon encapsulation of
bovine serum albumin due to the utilization of amine groups.

However, the inorganic phosphate group of pCNP detected at wavenumber of 1067 cm−1 and
1081 cm−1 for pCNP-SLB, with increased transmittance after encapsulation, indicated the utilization
of the functional group. The characteristic peak for alkyl groups at 2888 cm−1 and 2936 cm−1 was
detected in pCNP and SLB, respectively. After encapsulation, this peak appeared at 2851 cm−1, with a
decrease of transmittance, indicating that more active alkyl groups are present upon encapsulation,
possibly due to the introduction of SLB in the pCNP [41]. Meanwhile, the peaks attributed to carbonyl
groups of pCNP and SLB were detected at the 1632 cm−1 and 1626 cm−1 wavenumber, respectively,
and shifted to 1635 cm−1 after encapsulation, also with an increase of transmittance, which shows
the interaction between pCNP and SLB that utilized the C=O bond; these results were similar to the
previous study of Tan et al. [42]. The C–O–C stretching that happened only in SLB was also observed
in pCNP-SLB, with an increase in transmittance from 10 to 67.95%, indicating the utilization of the
functional group after encapsulation.

Figure 6. FTIR spectra of pCNP, SLB and pCNP-SLB. The characteristic functional groups are labeled for
(a) amine group, (b) alkyl group, (c) carbonyl group, (d) inorganic phosphate group, (e) aromatic ring
and (f) ether group.
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Table 2. The functional groups present in pCNP, SLB and pCNP-SLB. All the characteristic functional
groups of pCNP, SLB and pCNP-SLB are listed in the table at their respective wavenumber and
percentage of transmittance.

Functional Group Wavelength Percentage Transmittance Sample

Amine (a)
(N–H) 3353 49.62 pCNP

3446 49.98 SLB
3416 85.97 pCNP-SLB

Alkyl group (b)
(–CH, CH2) 2888 80.94 pCNP

2936 88.91 SLB
2851 24.92 pCNP-SLB

Carbonyl group (c)
(C=O) 1632 42.10 pCNP

1626 12.62 SLB
1635 71.46 pCNP-SLB

Inorganic Phosphate (d)
(P=O) 1067 10 pCNP

1081 40.15 pCNP-SLB
Aromatic ring (e)

(C=C) 1507 & 1461 38.53 & 30.42 SLB

1536 & 1465 81.63 & 41.83 pCNP-SLB
Ether (f)
(C–O–C) 1268 10 SLB

1223 67.95 pCNP-SLB

The characteristic functional groups are labeled for (a) amine group, (b) alkyl group, (c) carbonyl group, (d) inorganic
phosphate group, (e) aromatic ring and (f) ether group.

2.6. CNP and pCNP Cytotoxicity in A549 Cell Lines

CNP is generally considered as non-cytotoxic to cells, due to its proven biodegradable and
biocompatible properties [43]. In order to assess the effectiveness of its hydrophobically-modified
counterpart, pCNP as a safe carrier for SLB delivery, an MTT cytotoxicity assay was performed in
the A549 cell line against the nanoparticle system. MTT is used to assess initial cytotoxicity because
we need to ensure that that vectors itself do not exert cytotoxicity effects. After incubation, those
metabolically-active viable cells will produce purple formazon salts and can be read at 570 nm by
using a spectrophotometer as an indicator for viable cells [44].

Figure 7 shows the viability of A549 cells after being treated by CNP and pCNP to compare the
cytotoxicity of pCNP after hydrophobic modification, and the results demonstrate a similar cytotoxicity
effect by both carriers where no IC50 was found. As mentioned in the previous study of Masarudin [45]
there is no significant deviation between CNP and pCNP in term of size, morphology and also content.
Thus, we also assumed that there is no substantial difference in terms of the cytotoxicity effect, and this
was postulated by the results. It is important to verify the non-toxic effects of pCNP so that the
delivery efficacy of SLB will not be affected by the vector in the later assay. The previous study of
Zhang et al. [46] utilized hydrophobically-modified oleoyl-chitosan (OCH) as carriers for doxorubicin,
and the vector did not confer cytotoxicity effects to A549 cell lines, which is similar to our results.
Besides this, the study of Chiu et al. [47], also revealed that N-palmitoyl chitosan nanoparticles with
different degrees of substitution had no significant cytotoxicity effect in HT1080 cells, which further
indicated that pCNP is a good candidate for a delivery vector.
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Figure 7. The percentage of viability assessed by CNP and pCNP using an MTT assay. CNP and pCNP
have similar cytotoxicity effects where no IC50 was found. Data are presented as mean ± SEM from
three independent experiments. One-way ANOVA was performed with p = 0.1097, which indicated
that both CNP and pCNP had no significant difference in cytotoxicity effect in A549 cell lines.
The experiment was not conducted with a further time point study because it showed no cytotoxicity
effects in the 24 h study.

2.7. Nanoparticle-Mediated Cell Cytotoxicity of SLB CNP-SLB and pCNP-SLB in A549 Cell Lines

The MTT assay was repeated to assess the efficacy of SLB in A549 cells using CNP-SLB and
pCNP-SLB systems to discern whether a nanoparticle-mediated delivery system can augment its
in vitro efficiency. Approximately 300 μM of SLB was used for the encapsulation of CNP and pCNP
to form CNP-SLB and pCNP-SLB, as suggested by the study of Mateen et al. [48], where 10–75 μM
of SLB was able to inhibit the cell growth of non-small cell lung cancer (NSCLC) [49]. Based on
the E.E data obtained from Table 1, both CNP-SLB and pCNP-SLB contained approximately 75 μM
(24.57% E.E) and 150 μM (49.34% E.E) of SLB respectively, and the final concentration for cell treatment
was 37.5 μM. Figure 8 shows the percentage of cell viability for cells treated with SLB, CNP-SLB,
and pCNP-SLB, which generally revealed a substantial improvement in efficacy for SLB delivered
using CNP and pCNP 48 h post treatment. Since the concentration of SLB encapsulated in pCNP
was two-fold greater compared to CNP, it was initially thought that a lower IC50 would be obtained
48 h post-treatment. The IC50 calculated was 18.36 μM and 18.69 μM for CNP-SLB and pCNP-SLB,
respectively. At this time point, the difference is thought to be less significant between CNP and its
hydrophobically-modified version.

Interestingly, after 72 h of treatment, the IC50 for pCNP-SLB decreased to 6.058 μM, and that of
CNP-SLB decreased to 12.77 μM, which is about 211% difference, as shown in Figure 9. This change was
postulated to demonstrate the effectiveness of using pCNP as a controlled-release carrier, where the SLB
was shown to be released slowly from the nanoparticle core upon treatment. Consequently, the efficacy
of SLB for the first 48 h post-treatment was similar for both CNP and pCNP systems, but significantly
differed for treatment of 72 h. This was most probably due to the fact that most of the SLB encapsulated
in CNP was fully released at 48 h post-treatment, compared to pCNP, due to a greater association of
SLB to the hydrophobic core in pCNP. This suggests that pCNP is great candidate for controlled-release
properties, coupled with a higher % E.E for SLB. A previous study by Mateen et al. [48] demonstrated
that an SLB treatment of 10–75 μM will cause growth inhibition in large cell carcinoma cells
(H1299 and H460) and a bronchioalveolar carcinoma cell line (H322), which is similar to the findings
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of our study. However, the results of SLB delivery was improved by using pCNP, which shown by the
low IC50.

Figure 8. Cytotoxic effect of SLB, CNP-SLB and pCNP-SLB after 48 h of treatment. A similar SLB
efficacy for CNP-SLB and pCNP-SLB was observed where both are significantly higher than SLB
alone. Data are presented as mean ± SEM from three independent experiments. One-way ANOVA
was performed with a p value below 0.05 for both between SLB and CNP-SLB and between SLB and
pCNP-SLB, which indicated a significant difference of efficacy between SLB alone and SLB delivered
by vector, and p = 0.9995 between CNP-SLB and pCNP-SLB, which indicated no significant difference
of efficacy between them.

Figure 9. Cytotoxic effect of SLB, CNP-SLB and pCNP-SLB after 72 h of treatment. The highest
efficacy was shown by pCNP-SLB, followed by CNP-SLB and SLB alone. Data are presented as
mean ± SEM from three independent experiments. A one-way ANOVA was performed and a p value
below 0.05 indicated a significant difference of efficacy between them.
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The incorporation of palmitic acid into CNP formed pCNP, which provides a hydrophobic anchor
to associate with SLB through a hydrophobic-hydrophobic interaction. As proposed by Masarudin [45],
a higher drug efficacy was obtained when [14C]-doxorubicin was delivered using pCNP compared
to CNP as a carrier, which is comparable with the results in this study. The pCNP was able to
achieve a higher % E.E when more SLB was encapsulated into the hydrophobic core, attributed to the
hydrophobic-hydrophobic interaction and then delivered and released in a slower manner for longer
duration compared to CNP. This explained why the efficacy of SLB for the first 48 h post treatment
was similar, but differed considerably for the treatment of 72 h.

3. Materials and Methods

Chitosan (CS, low molecular weight), sodium tripolyphosphate (TPP), palmitic acid
N-hydroxy-succinimide ester (NHS-palmitate), silibinin and dimethyl sulfoxide (DMSO) were acquired
in powder form from Sigma-Aldrich (St. Louis, MO, USA). Roswell Park Memorial Institute-1640
medium (RPMI-1640), fetal bovine serum (FBS), 0.25% trypsin-EDTA (1×) and Antibiotic-Antimycotic
(100×) were purchased from Gibco Life Technologies (Grand island, NY, USA). Glacial acetic acid,
sodium hydroxide and hydrochloric acid (analytical grade) were obtained from Friendemann Schmidt
Chemicals (Parkwood, Western Australia). Absolute ethanol was purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). All reagents, unless otherwise stated, were used without further purification.

3.1. Synthesis of Chitosan Nanoparticles (CNP) and Palmitoyl Chitosan Nanoparticles (pCNP)

3.1.1. Chitosan Nanoparticles (CNP)

CNPs were synthesized by ionic gelation methods as described by Masarudin et al. (2015) [29].
CS and TPP were prepared to a concentration of 1.0 mg/mL in 50 mL centrifuge tubes before
subsequently diluted to 0.5 mg/mL and 0.7 mg/mL respectively, and adjusted to pH 5 and pH
2 using 1 M NaOH and 1 M HCl. The CNPs were formed by adding increasing volumes of TPP
solution (0 μL to 300 μL) to 600 μL of CS solution. The CNPs were then purified by centrifugation at
13,000 rpm for 20 min. After centrifugation, 40% of the total CNP supernatant volume were mixed
with 60% of deionized water (dH2O) corresponding to the 40% supernatant volume and utilized for
further analyses.

3.1.2. Hydrophobically-Modified Chitosan Nanoparticles (pCNP)

The 1.0 mg/mL CS was prepared as mentioned above and adjusted to pH 6. Separately, NHS-palmitate
was prepared in absolute ethanol to a concentration of 0.9 mg/mL. NHS-palmitate was then added to the
CS solution through dropwise addition at a 2:1 volume ratio, before being left to react for 20 h at 50 ◦C.
Following incubation, the hydrophobically-modified chitosan (pCS) was precipitated from the solution by
adjusting the pH to pH 9. The precipitate was subsequently separated from the solution by centrifugation
at 4000 rpm for 45 min. The precipitate was washed once with a solution of acetone: ethanol (50:50) and
then thrice with dH2O, and left to dry in the oven. The pCS was then used to prepare pCNP using similar
methods as previously described for CNP.

3.1.3. Synthesis of Silibinin-Encapsulated pCNP (pCNP-SLB)

5 mg of Silibinin was dissolved in 50% DMSO and 50% dH2O to prepare a 10 mM master stock.
It was then further diluted by mixing 100 μL of master stock with 100 μL of dH2O until it became
5 mM and was added dropwise to 600 μL of pCS with continuous mixing until a final concentration of
300 μM was then added with 200 μL of TPP.
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3.2. Physicochemical Characterization of Nanoparticle Samples

3.2.1. Analysis of Particle Size Distribution and Polydispersity

The size and distribution of synthesized CNPs, pCNPs, CNP-SLB and pCNP-SLB were ascertained
using dynamic light scattering on a Malvern Zetasizer Nano S Instrument (Malvern Instruments,
Worcestershire, UK). About 1000 μL of samples was loaded into a disposable cuvette, and the particle
size was measured in triplicate readings for each sample to ensure the stability of the sample. All data
were recorded as mean ± standard error of mean (SEM). The significant alteration of particle sizes
between the CNP and pCNP samples was subsequently evaluated by one way analysis of variance
(ANOVA), with a p value < 0.05 considered as significant.

3.2.2. Morphological and Surface Topological Analyses

The surface morphologies and size of pCNP and pCNP-SLB were further examined using
field-emission scanning electron microscopy (FESEM) analysis. Nanoparticles were diluted prior
to analysis by mixing 100 μL of samples with 500 μL of dH2O. A drop of each diluted samples was
then placed onto an aluminum stub and left to dry in an oven for three days. The sample-loaded stubs
were then gold-coated in a vacuum before being observed under an electron microscope (FEI NOVA
nanoSEM 230, Thermo Fisher, Hillsboro, OR, USA).

3.2.3. Fourier Transform Infrared (FTIR) Analysis with Attenuated Total Reflectance (ATR-FTIR)

FTIR analysis was performed for SLB, pCNP and pCNP-SLB samples. Prior to analysis, the samples
were freeze dried using a Coolsafe 95-15 PRO freeze drier (ScanVac, Lynge, Denmark) for 48 h.
Next, the samples in powder form was analyzed using a Spectrum 100 (Perkin Elmer, Waltham, MA, USA)
using the attenuated total reflectance (ATR) method at an infrared frequency range of 200 to 4000 cm−1.

3.3. Determination of Free Amine Groups in Nanoparticle Samples Using the 2,4,6-Trinitrobenzene
Sulfonic Assay

Prior to the assay, 0.05% (v/v) TNBS reagent, 0.1 M NaHCO3, 10% (w/v) SDS and 1.0 M HCl
were prepared in a 15 mL centrifuge tube. CS standards were prepared by serially diluting 50 μL of
0.5 mg/mL CS solution using 0.1 M NaHCO3. Approximately 50 μL of 0.05% (v/v) TNBS solution
was then added to each sample in Eppendorf tubes. pCS standards were subsequently prepared using
similar methods as for CS. Next, 100 μL of nanoparticle samples at different TPP volume additions
were aliquoted into Eppendorf tubes and mixed with 100 μL 0.05% (v/v) TNBS solution. All the
standard and sample tubes were then incubated for 3 h at 37 ◦C. Following incubation, 100 μL of the
standard/samples were transferred into a 96-well plate. Approximately 100 μL of 10% SDS and 75 μL
of 1 M HCl were added into each well and mixed, and the absorbance was read at a wavelength of
405 nm. The utilized amine percentage was then calculated using the following equation:

Free amine percentage (%) =
A405 of CNP /pCNP

A405 of CS/pCS
(at same concentration used)

× 100% (1)

The significant alteration of utilized amine percentage of CNP and pCNP samples was
subsequently evaluated by paired t-test, with a p value < 0.05 considered as significant.

3.4. Encapsulation Efficiency of Silibinin in Nanoparticle Samples

The encapsulation efficiency (% EE) was calculated by comparing the difference in absorbance at
288 nm between free SLB and the supernatant of encapsulated SLB. The CNP-SLB and pCNP-SLB samples
were centrifuged at 13,000 rpm for 20 min. The supernatant was then collected and the absorbance at
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288 nm was read using a UV/VIS spectrophotometer (NP80, Implen, München, Germany). The % EE
was then calculated using the following equation:

% EE =
A288of free SLB − A288 of SLB in supernatant

A288 of free SLB
× 100% (2)

The absorbance of free SLB at 288 nm was used to deduct the absorbance of SLB that remained
in the supernatant post-encapsulation and divided by the absorbance of free SLB, then multiplied by
100 percent to get the percentage of encapsulation (% E.E).

3.5. Determination of In Vitro Cellular Efficacy Using Nanoparticle-Mediated Delivery of Silibinin

The A549 cell line was established by culturing in a T-25 flask with growth media consisting
of 90% of 1× RPMI medium 1640 and 10% FBS. Approximately 100 μL of cells were seeded into
a 96-wells plate. Cells were seeded at a density of 7 × 103 cells per well for 48-h treatments and
4 × 103 for 72-h treatment, whilst cells were treated with 100 μL of CNP, pCNP, SLB, CNP-SLB and
pCNP-SLB. At the end of each time point, the wells were decanted and replaced with 170 μL fresh
growth media. Separately, 5 mg/mL MTT solution was prepared in 1× PBS and sterilely filtered with
0.22 μm nylon filter. Approximately 30 μL of the MTT solution was then added into each well, mixed
and incubated for a further 4 h. Following incubation, 150 μL of solution was removed and 100 μL
of DMSO was added to each well. The absorbance was then read at 570 nm using a Bio-Rad iMark™
Microplate Absorbance Reader (Bio-Rad, Hercules, CA, USA). Cell viability was determined using the
following equation:

% viability =
A570 of treated cells

A570 of untreated cells
× 100% (3)

The significant efficacy of nanoparticles, SLB and SLB-encapsulated nanoparticles was
subsequently evaluated by one way analysis of variance (ANOVA), with a p value < 0.05 considered
as significant.

4. Conclusions

The present study showed the successful hydrophobic-modification of CNP and encapsulation
of SLB. In addition, pCNP was found to be a better delivery vector compared to CNP due to the
incorporation of NHS-palmitic acid, which is non-toxic and possesses a hydrophobic-hydrophobic
interaction with SLB, achieving a higher encapsulation efficiency and higher efficacy effect in the A549
cell line compared to CNP. Hence, the pCNP system established in this study shows great potential for
imminent customization and studies as a delivery vector, especially for low bioavailability drugs for
cancer therapeutics.
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Abstract: Glucose consumption in many types of cancer cells, in particular hepatocellular carcinoma
(HCC), was followed completely by over-expression of type II hexokinase (HKII). This evidence has
been used in modern pharmacotherapy to discover therapeutic target against glycolysis in cancer
cells. Bromopyruvate (BrPA) exhibits antagonist property against HKII and can be used to inhibit
glycolysis. However, the clinical application of BrPA is mostly combined with inhibition effect for
healthy cells particularly erythrocytes. Our strategy is to encapsulate BrPA in a selected vehicle,
without any leakage of BrPA out of vehicle in blood stream. This structure has been constructed from
chitosan embedded into oleic acid layer and then coated by dual combination of folic acid (FA) and
bovine serum albumin (BSA). With FA as specific ligand for cancer folate receptor and BSA that can
be an easy binding for hepatocytes, they can raise the potential selection of carrier system.

Keywords: nanocarrier; glycolysis; hepatocellular carcinoma (HCC); bromopyruvate

1. Introduction

Increase of glucose consumption in many types of cancer cells is supported mostly
by overexpression of type II hexokinase (HKII) [1]. Hence, Hexokinase (ATP: D-hexose
6-phosphotransferase) is a key enzyme that catalyzes the first step in the glycolysis pathway.
This enzyme transfers a phosphate group from ATP to glucose to form glucose-6-phosphate [2].
Moreover, HKII interacts with the outer membrane protein voltage dependent anion channel
(VDAC). It blocks mitochondrial inter-membrane space protein release and prevents activation of the
apoptotic process [3]. This unique property has gained attention from researchers to develop new
chemotherapeutic strategies targeting the glycolysis pathway in cancer cells [4]. Various inhibitors
affecting the key enzymes of the glycolysis pathway have been identified. Among the glycolytic
inhibitors, bromopyruvate (BrPA) shows promising anticancer activity both in vitro and in vivo.
Indeed, BrPA causes regression of solid tumors by ATP depletion [5]. It has, furthermore, been shown
to be effective and, indeed, curative, as a single agent against hepatic tumors in animal models [5].
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The crucial problem for using BrPA in clinical application is related to its interaction with normal
cells, especially erythrocytes [6]. Thus, there is an urgent need to encapsulate BrPA inside smart
carriers having efficient strategies from size, shape, and targeted for cancer cells. In our previous
report, BrPA attached Poly(allylamine) hydrochloride was entrapped inside CaCO3 rods during their
fabrication. Encapsulated BrPA was absorbed by cancer cells and, furthermore, was released gradually
with time as demonstrated by confocal microscopy and MTT assay [7]. However, non-specific, passive,
targeting carriers can result in uptake by healthy cells. This can be minimized by the active targeting of
the therapy, which has not been explored previously by this team. In our recent work, targeted hybrid
lipid polymer is fabricated as an alternate assembly structure instead of liposomes. Their positive
attributes (such as their tunable size, surface charge, high drug loading yield, sustained drug release
profile, favorable stability in serum, good cellular targeting ability) make them a promising drug
delivery vehicle for further in vivo tests. Hybrid polymeric protein carriers (HPPNCs) were assembled
by using chitosan, oleic acid, and BSA-FA to produce a core-shell structure.

Chitosan is a copolymer of β-(1→4)-linked-2-acetamido-2-deoxy-D-glucopyranose and
2-amino-2-deoxy-D-glucopyranose [8]. Its unique properties, such as biodegradability, biocompatibility,
nontoxicity, positively-charged, and rigid linear molecular structure make this macromolecule ideal
as a drug carrier and delivery material [9]. Chitosan is soluble in aqueous solutions of various
acids, but chitosan molecules have no amphiphilic property and cannot produce micelles in water.
Thus, there are many reports on hydrophobic changes of chitosan, for example, palmitoyl glycol
chitosan [10], deoxycholic acid-modified chitosan, [11], poly(N-isopropylacrylamide)-chitosan [12],
linoleic acid-modified chitosan [13], linolenic acid modified chitosan [14], N-alkyl-O-sulfate
chitosan [15], chitosanpolylactide graft copolymer [16], N-acetylchitosan, N-propionylchitosan, and
N-butyrylchitosan, butanoylchitosan, hexanoy-chitosan, and benzoyl-chitosan [17]. Bovine serum
albumin (BSA) is biodegradable, biocompatible, nontoxic, and not immunogenic [18], making it an
ideal delivery carrier for drugs. In particular, BSA-based nanoparticles (NPs) might cause natural
abundance in plasma, relative stability and inertness in biochemical pathways, availability, and
a relatively benign in vivo biological fate [19]. A tumor-targeting agent, folic acid, was linked to
BSA to increase the selective targeting ability of the conjugate [20]. Folic acid has been widely
used as a ligand for folate receptor-mediated selective targeting and delivery of drugs into tumor
cells [21]. The folate receptor has been found to be overexpressed in a wide range of tumors, and is
known as a high-affinity membrane folate-binding protein, which mediates uptake of the vitamin
by receptor-mediated endocytosis [22]. Recently, maximum entrapment efficiency investigation
of similar systems was also performed [23] and use of SiRNA for following oral administration of
chitosan/SiRNA nanoparticles was further investigated [24]. In a previous paper, we have investigated
conjugation of folic acid with BSA. Whereas prior to the conjugation to BSA, FA was activated by
using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) and NHS to trigger the binding of
the carboxyl group (specifically the gamma-COOH) of FA to the free amino moieties of BSA [25].
The novelty of this work is to obtain nucleus made up of chitosan-oleic acid. Since the hydrophobic
modification of chitosan that was done by coupling with fatty acid, can result in product with an
amphiphilic behavior and self-aggregation. Then oleic acid grafted chitosan was inserted into a layer
of albumin-FA to achieve higher drug levels in tumor tissue and to minimize side effects.

2. Results and Discussion

2.1. Characterization

Oleic acid is a mono-unsaturated fatty acid. It is able to generate reactive oxygen species (ROS)
inside cells because it has free fatty acids with anti-neoplastic properties against cancer cells [26].
In this study, the active site of free fatty acid was blocked by dissolving oleic acid in alcohol [27]
(e.g., in this study, ethanol was used). It was then heated for 2 h at 60 ◦C. Afterwards EDAC was
added to activate the carboxylic group of oleic acid (see Figure 1) resulting in a homogenous esterified
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suspension [28]. Oleic acid (OA) was coupled to chitosan by the formation of amide linkages through
the EDAC-mediated reaction with different degrees of amino substitution (DS) as described in a
previous study [29] (see Figure 1, Step 1). Although chitosan molecules present no amphiphilic
property and, therefore, cannot form micelles in water, chitosan chains can be modified by oleic acid
by means of the introduction of carboxylic acid groups in the presence of water-soluble carbodiimide,
which react with carboxyl groups of fatty acids, forming active ester intermediates. Consequently,
the intermediates can react with primary amine groups of chitosan to create an amide bond. The final
product of this assembly is a nano-sized self-aggregation in aqueous media [30]. These nuclei were
made up of self-aggregated chitosan and oleic acid was coated by FA conjugated with BSA to target
cancer cells and to minimize side effects [22].

 

Figure 1. Scheme of hybrid polymer lipid protein nanocarrier structure. Step 1: self-assembly Structure
of chitosan and oleic acid; step 2: conjugation folic acid with bovine serum albumin; and step 3:
functionalization of chitosan grafted oleic acid surface by using BSA-FA.

The zeta potential of nanoparticles assembled by oleic acid-grafted chitosan showed good
adsorption (81 ± 1.5 mV) (see Figure 2C) compared to chitosan alone and oleic acid alone. The results
show a significant reduction of the potential surface of NPs after their fabrication, indicating that
BSA-FAwas assembled up to surface of OA-grafted chitosan.

This result confirms the stability of this colloidal suspension for biological and environmental
applications [31]. Additionally, it is a real indication for the combination of these dual structures
compared to the zeta potential of both chitosan alone and oleic acid alone (see Figure 2A,B). Dynamic
light scattering (DLS) investigation was also performed to gain evidence of the differences in the size
of the materials used (see Figure S1 in the Supplementary Materials).

The distribution of used materials such as chitosan alone, oleic acid alone, oleic acid-grafted
chitosan, and hybrid polymeric lipid protein micro/nano-particles on a scale bar were studied by
DLS to describe the modification of the material size that was used during the experiment. The given

55



Nanomaterials 2018, 8, 34

result indicates that chitosan and oleic acid have high distributions before assembling and their
complexes improve their uniformity. Hence, the polydispersity value (PDI) reflects the nanoparticle
size distribution. In our study, PDI mostly ranged from 0.6 to 1. This wide range of values is
closely related to the number of carboxyl groups of OA and the primary amino group of chitosan
assembled together.

For the purpose of targeted delivery, the surface of NPs was also functionalized with FA
conjugated to BSA. Their potential surface was modified after conjugation and measured at
18.6 ± 0.8 mV (see Figure 2D). This result indicates that the surface of OA-integrated chitosan was
actually coated by a BSA-FA layer. Data of the BSA functionalized with FA was already published [25].

Figure 2. Zeta potential measurement: (A) chitosan solution alone; (B) oleic acid suspension alone;
(C) chitosan grafted oleic acid; and (D) Hybrid Polymeric Lipid Protein Nanocarriers (HPLPNCs).

In order to characterize the structure of the hybrid nano-lipid, NPs were stained by uranyl
acetate to enhance OA electron density and then imaged by Transmission Electron Microscopy (TEM).
The results show a dim ring structure surrounding the core (see Figure 3) and three or four layers were
completely attached having diameters of 30–60 nm [27]. These results indicated that the hydrophobic
modified chitosan was well dispersed in aqueous media, with an increase in the amide linkage
between chitosan and OA, and a denser hydrophobic core was formed [32]. These modifications can
introduce hydrophobic groups into chitosan and form amphiphilic chitosan polymers. Some of these
amphiphilic chitosan polymers can generate nano-sized self-aggregation in aqueous media [30]. In this
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study chitosan chains were modified by oleic acid through the introduction of the carboxylic acid
group in the presence of water-soluble carbodiimide, which reacts with the carboxyl groups of fatty
acids forming active ester intermediates. Consequently, the intermediates can react with primary
amine groups of chitosan to form an amide bond (see scheme Figure 1).

 

Figure 3. Transmission Electron Microscopy (TEM) characterization: (A) low magnification of
HPLPNCs; and (B) high magnification view of HPLPNCs. Scale bars: 250 nm.

The NP furthermore comprises three distinct functional components: (i) a hydrophobic polymeric
core where chitosan was successfully entrapped inside the core and it was the main place for drug
encapsulation; (ii) a hydrophilic BSA-FA shell with a delivery targeting purpose and for good liver cell
binding; and (iii) a lipid monolayer at the interface of the core and the shell that acts as a molecular
fence to prevent drug leakage, thereby enhancing drug encapsulation efficiency, increasing drug
loading yield, and controlling drug release [33]. Moreover, the fluorescein isothiocyanate (FITC)
marker integrated inside carrier moieties shows good fluorescein intensity (see Figure 4A,B). However,
the intensity of FITC-labeled HPPNCs was observed by fluorescence spectroscopy showing a peak at
520 nm. Similarly, the peak emerged by FITC integrated chitosan-oleic acid moieties. Figure 4C shows
that intracellular nanoparticle uptake occurred after post-cell treatment. Hence, FITC-HPPNC was
visualized as a green color distributed inside the cytoplasm. Cellular uptake study using FITC-labeled
HPPNCs showed that cancer cells readily accumulate the nanoparticles within cells for up to 24 h
post treatment. According to Equation (1), high-resolution mass spectrometry shows good results for
the encapsulation of BrPA (see Figure 5) into the NPs. Quantitative calculations provide a loading
efficiency of about 0.45 mg/mL and a percentage of loading of about 45%.

Figure 4. Fluorescence characterization: (A) Chitosan grafted oleic acid; (B) assembled structure of
Hybrid Polymeric Lipid Protein Nano-carriers (HPLPNCs); and (C) cellular uptake.
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Figure 5. Overlapped high-resolution liquid chromatography coupled to mass spectrometry
HPLC-HRMS chromatograms of BrPA before (black) and after (red) loading. The peak area was
obtained from the extracted ion chromatogram (EIC) with m/z 164.9193 corresponding to the molecular
ion [M − H]− of BrPA. The peak obtained after loading refers to BrPA concentration in the supernatant
after centrifugation.

2.2. Cellular Experiments

The cellular internalization of hybrid polymeric lipid protein carriers was measured by
fluorescence microscopy. Hence, FITC-labeled carriers are successfully localized inside cytoplasm
and emitted green color (see Figure 4C). The optical density measurements give an indication of the
relative viable cells present at the time the dye is added.

In this study, crystal violet was used to investigate the morphological characterization for all
experimental conditions. Ethidium bromide was also used to show hyperchromatism and apoptotic
bodies. Crystal violet (CV) is a triphenylmethane dye known as gentian violet, utilized widely
to measure cell viability [34] or cell proliferation [35] under different conditions. Crystal violet
can enter the cell membrane and reacts with cytoplasmic protein structures, distinguish between
cytoskeleton and nuclear morphology. The morphological structure of either HLF cells incubated
in normal conditions or that were incubated with free Hybrid Polymeric Lipid Protein Nanocarriers
HPLPNCs appeared in well-organized structures with intact nuclei (see Figure 6). Most of the HLF
cells incubated with free BrPA or encapsulated BrPA exhibited round and condensed structures with
apoptotic morphology.

 

Figure 6. Crystal violet shows morphological characterization: (A) control HLF; (B) free HPLPNCs;
(C) free BrPA; and (D) encapsulated BrPA. Arrows indicate apoptotic cells.
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Ethidium bromide, a DNA binding dye, stains those cells that have lost their nuclear membrane
integrity [36]. It is commonly used to visualize nuclear membrane disintegration and apoptotic body
formations that are characteristic of apoptosis.

In Figure 7 control HLF cells and free HPLPNC showed rounded nucleus with one or more
nucleoli. On the other side, hyper chromatic cells were characterized by the condensed yellow color
in both free BrPA and encapsulated BrPA groups, in addition to apoptotic bodies, were seen in
encapsulated BrPA slides.

 

Figure 7. Hyperchromatism and apoptotic bodies: (A) control HLF; (B) free HPLPNCs; (C) free BrPA;
and (D) encapsulated BrPA. Arrows indicate apoptotic bodies.

Trypan blue is one of the most commonly used methods for assessment of viability in a given cell
population [37,38]. It is used in our study to quantify dead cells by spectrophotometry at 570 nm [31].
Optical analysis of the cultures revealed an admixture of live (trypan blue negative) and dead (trypan
blue positive) in experimental condition. In Figure 8 the cell mortality measured by trypan blue assay
was increased in case of free BrPA and also encapsulated BrPA, compared to control HLF cells and
cells treated by free HPLPNC (capsules). Furthermore, upon increasing the treatment time (from
3 to 6 to 24 h) there is also a clear increase in cell death. In our previous work [25], and in this
study, are reported the potential therapeutic effectiveness of targeted nanoparticles against cancer cells
since they can allow smart chemotherapeutics to be accumulated in specific tumor sites, in order to
minimize the potential side effects of chemotherapies on healthy cells, too. These advantages have
received significant attention due to the overexpression of specific receptors, antigens, and molecules
on cancer cell membrane. These molecules can be recognized by nanoparticles that were designed
by folic acid [25], transferrin [39], short oligonucleotides of RNA or DNA that can fold into various
conformations and engage in ligand binding [40], specific antibodies [41], and peptides [42].
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Figure 8. Trypan blue spectrophotometrical viability analysis against HLF cells. Percentage of dead
cells upon increasing time (3–6–24 h) after treatment with free HPLPNC, free BrPA and encapsulated
BrPA are reported. Data showed is an averaged value of three successive measurements with standard
deviation (S.D.).

3. Materials and Methods

3.1. Chemicals

Chitosan oligosaccharide (Molecular Weight (MW) 5kDa), oleic acid, and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC), dimethyl sulfoxide (DMSO),
bromopyruvate, bovine serum albumin, folic acid, trypan blue, crystal violet, and ethiduim
bromide were purchased from Sigma-Aldrich (Milan, Italy).

3.2. Carrier Fabrication

Step 1: 1 mL of oleic acid was dissolved in 10 mL of ethanol under sonication for 15 min, then
heated in water bath at 60 ◦C for 2 h in the presence of EDAC and fluorescence isothiocyanate.
Afterwards 0.5 mg chitosan was dissolved in 50 mL of 1% acetic acid. Then 5 mL of oleic acid was
mixed with 25 mL of chitosan under rotation for 15 min.

Step 2: 65 mg of folic acid was dissolved in 2.5 mL of DMSO for 30 min. Then 30 mg of EDAC and
38 mg of NHS were added, completing rotation for 1 h. Afterwards 4 mg of BSA were dissolved in
50 mL of distilled water in the presence of EDAC for 30 min. At the end 0.5 mL of activated FA mixed
with 25 mL of activated BSA under rotation for 30 min.

Step 3: Chitosan integrated oleic acid was coated by BSA conjugated with FA under rotation for
30 min. Then the mixture was centrifuged at 5000 rpm for 30 min at 20 ◦C. Afterwards the upper layer
was separated and dissolved in 10 mL Milli Q water and the mixture was dialyzed against milli Q
water overnight.

3.3. Characterization

3.3.1. Transmission Electron Microscopy (TEM)

Samples for TEM analysis were obtained by drop-casting a few microliters of solution onto
standard TEM carbon-coated Cu-grids, and by allowing the solvent to fully evaporate. Samples were
imaged by using a JEOL JEM 1011 TEM microscope (JEOL, Inc., Peabody, MA, USA) operating at
100 kV.

3.3.2. Fluorescence Spectrophotometry

The intensity of fluorescence markers was detected by Cary Eclipse fluorescence
spectrophotometer (Agilent, Santa Clara, CA, USA). The analysis was performed on the following:
chitosan integrated oleic acid-FITC and free hybrid assembly.
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3.3.3. Zeta Potential Measurements

The zeta potential surface of carrier fabrication was measured by using a Malvern Nano ZS90
(Malvern Instruments, Malvern, UK). An average of five successful runs was considered for analysis.

3.3.4. Quantification of BrPA loaded HPLPNCs by Using HPLC-Mass Spectrometry (HPLC-MS)

Briefly, BrPA solution of known concentration was incubated overnight with HPLPNCs. Then,
the supernatant was removed by centrifugation and it was analyzed by high-resolution liquid
chromatography coupled to mass spectrometry (HPLC-HRMS). The loading percentage was defined
as the residual BrPA moles in solution after loading divided by the moles of BrPA in solution before
loading. In particular the encapsulation efficiency (% loading) was calculated as the relative difference
between 3-BrPA concentrations before and after the incubation experiment (see Equation (1)).

% Loading = 100 × ([BrPA]i − [BrPA]f)/[BrPA]i (1)

[BrPA]i is defined as the initial concentration of BrPA, [BrPA]f is defined as the final concentration of
BrPA. HPLC-HRMS experiments were performed with an Agilent 6540 quadruple time-of-flight (QToF)
mass spectrometer (Agilent, Santa Clara, CA, USA) equipped with an electrospray ionization (ESI)
source and interfaced to an Agilent 1200 modular high-performance liquid chromatograph consisting
of a binary pump, a vacuum degasser, a thermostated autosampler, and a thermostated column
compartment. The following general conditions were adopted: ESI source operating in negative mode;
solvent: 80% water (0.1% formic acid) and 20% acetonitrile; flow rate: 0.2 mL·min−1; drying gas (N2):
11 L·min−1; nebulizer pressure: 45 psi; drying gas temperature: 350 ◦C; capillary voltage: 4000 V;
fragmentor: 150 V; mass range: 50–1600 m/z. Mass spectrometry chromatograms were acquired and
analyzed using Agilent Mass Hunter Qualitative Analyses version B.01.04 data processing software
(Agilent, Santa Clara, CA, USA). A four non-zero point calibration curve was built for BrPA by plotting
the concentration of the analytical standard in aqueous solution (0.1, 0.2, 0.5, and 1.0 mg/mL) against
and the peak area of the m/z 164.9193 corresponding to the extracted ion chromatogram (EIC) of BrPA.
The calibration equation was: y = 5·106 x + 495,851 with a coefficient of determination R2 = 0.9979.

3.4. Cellular Experiments

3.4.1. Cellular Studies

HLF cell lines were purchased as described in [43,44] and were maintained in DMEM medium
supplemented with FBS (10%), penicillin (100 U·mL−1 culture medium), streptomycin (100 mg·mL−1

culture medium), and glutamine (5%). Cells were grown in an incubator at 37 ◦C, under 5% CO2, and
at 95% relative humidity. Cell lines were serum-starved for 24 h before any test.

3.4.2. Cellular Uptake

HLF Cell lines were seeded on sterilized glass coverslips into petri dishes, with a density of
2000 cells. They were grown under normal condition as previously described. After 24 h, 100 μL
of hybrid assembly were added. Cellular uptake was measured after the next 24 h incubation by
fluorescence microscopy.

3.4.3. Crystal Violet

Ten thousand HLF cells were seeded in 24 multi-wells and grown as previously described. After
24 h, cells were added with 100 μL of free hybrid lipid nanoparticles, or with free BrPA or with
encapsulated BrPA and incubated for additional 24 h. Then, DMEM was discharged and cells were
washed three times with phosphate buffered saline PBS (pH 7.2). Cells were fixed for 15 min with
buffered formalin (3.7%), extensively washed with PBS (pH 7.3), and finally stained with 0.01% crystal
violet in PBS. After removing excess stain, cells were incubated at PBS (pH 7.3). Optical images
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were captured in the bright field by using a fluorescence microscope (TCS SP5; Leica, Microsystem
GmbH, Mannheim, Germany) equipped with a digital camera (Leica, Microsystem GmbH, Mannheim,
Germany).

3.4.4. Ethidium Bromide (EB)

Cells were washed with 1× PBS buffer (pH 7.4), fixed with absolute methanol for 10 min, and
washed again with 1× PBS buffer (pH 7.4). Cells were stained with 50 μL of EB (100 μg/mL) for
10–15 min and then they were immediately washed with PBS and observed under a light microscope.

3.4.5. Trypan Blue

According to procedure used by Uliasz and Hewett, 2007 [12], 50 mL of sterile 0.4% trypan blue
solution (final concentration 0.05%) was added to each culture well and the plate placed back into the
incubator (37 ◦C) for 15 min. Then dye-containing media was gently removed by washing (3 × 750 mL)
with ice-cold phosphate buffered saline (0.01 M PBS). A slow, steady wash prevents loss of injured
cells that may originate from mechanical handling. Visual analysis of the cultures showed a mixture
of live (trypan blue negative) and dead (trypan blue positive) cells in each experimental condition.
Cells were then lysed with 200 mL of sodium dodecyl sulfate (SDS; 1% w/v) and the contents gently
fractured taking care not to introduce air bubbles. At the end, 175 mL of the SDS: trypan blue solution
was transferred to a 96-well culture dish and measured spectrophotometrically at 590 nm.

4. Conclusions

Chitosan-grafted OA was used as a vehicle to encapsulate BrPA through electrostatic reaction
of amino–hydroxyl groups. Hence, the OA layer acts as a molecular fence to prevent drug release.
Finally HPLPNCs were fabricated with smart properties, such as nano-sized diameter, spherical shape,
control drug release properties, good drug capacity, and dual combination targeting. Crystal violet
and ethidium bromide results confirm efficiency of encapsulated BrPA, compared to HPLPNCs alone.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/1/34/s1.
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Abstract: Angiogenesis plays an important role in both soft and hard tissue regeneration, which can
be modulated by therapeutic drugs. If nanoparticles (NP) are used as vectors for drug delivery,
they have to encounter endothelial cells (EC) lining the vascular lumen, if applied intravenously.
Herein the interaction of unloaded polyelectrolyte complex nanoparticles (PECNP) composed of
cationic poly(L-lysine) (PLL) and various anionic polysaccharides with human vascular endothelial
cells (HUVEC) was analyzed. In particular PECNP were tested for their cell adhesive properties, their
cellular uptake and intracellular localization considering composition and net charge. PECNP may
form a platform for both cell coating and drug delivery. PECNP, composed of PLL in combination
with the polysaccharides dextran sulfate (DS), cellulose sulfate (CS) or heparin (HEP), either unlabeled
or labeled with fluorescein isothiocyanate (FITC) and either with positive or negative net charge
were prepared. PECNP were applied to human umbilical cord vein endothelial cells (HUVEC)
in both, the volume phase and immobilized phase at model substrates like tissue culture dishes.
The attachment of PECNP to the cell surface, their intracellular uptake, and effects on cell proliferation
and growth behavior were determined. Immobilized PECNP reduced attachment of HUVEC, most
prominently the systems PLL/HEP and PLL/DS. A small percentage of immobilized PECNP was
taken up by cells during adhesion. PECNP in the volume phase showed no effect of the net charge sign
and only minor effects of the composition on the binding and uptake of PECNP at HUVEC. PECNP
were stored in endosomal vesicles in a cumulative manner without apparent further processing.
During mitosis, internalized PECNP were almost equally distributed among the dividing cells. Both,
in the volume phase and immobilized at the surface, PECNP composed of PLL/HEP and PLL/DS
clearly reduced cell proliferation of HUVEC, however without an apparent cytotoxic effect, while
PLL/CS composition showed minor impairment. PECNP have an anti-adhesive effect on HUVEC
and are taken up by endothelial cells which may negatively influence the proliferation rate of HUVEC.
The negative effects were less obvious with the composition PLL/CS. Since uptake and binding for
PLL/HEP was more efficient than for PLL/DS, PECNP of PLL/HEP may be used to deliver growth
factors to endothelial cells during vascularization of bone reconstitution material, whereas those of
PLL/CS may have an advantage for substituting biomimetic bone scaffold material.

Nanomaterials 2018, 8, 358; doi:10.3390/nano8060358 www.mdpi.com/journal/nanomaterials65



Nanomaterials 2018, 8, 358

Keywords: poly(L-lysine); cellulose sulfate; dextran sulfate; heparin; polyelectrolyte complex
nanoparticle (PECNP); vascular endothelial cells; cell attachment; cellular uptake; proliferation

1. Introduction

Angiogenesis plays an important role in both soft and hard tissue regeneration, which can be
modulated by therapeutic drugs. Dispersed nanoparticles (NP) can be used to deliver drugs, growth
factors or genes to distinct tissues, or NP immobilized at given implants or bone substitution materials
(BSM) can be used to increase their biophysical stability, biocompatibility, and cell adherence [1]. When
incorporated into scaffold matrices they may additionally support their mechanical stability and enhance
biocompatibility of the implanted scaffold material [2]. For both modes of application, vascular endothelial
cells represent the prime cellular target as they are port of entry for drugs from the blood circulation into
tissue and are essential for the vascularization of tissue reconstitution material [3]. When used as soluble
carriers for e.g., anti-cancer drugs, nanoparticles coated with distinct protein ligands for specific cell
surface receptors can be directed to the respective tumor tissue thereby improving the pharmacokinetics
and pharmacodynamics of the respective cytotoxic drug [4,5]. In particular, encapsulation of these drugs
in nanoparticles may increase their half-life in the blood circulation and enhance their concentration in
the tumor tissue [6,7]. In order to reach tumor cells, nanoparticles have to overwhelm barriers of the
tumor microenvironment which are represented, as one of the first steps, by the endothelial layer of blood
vessels during the extravasation of the drug delivery system.

A possible strategy to enhance migration and settlement of vascular endothelial cells, thereby initiating
neo-angiogenesis, could be to integrate modified nanoparticles into scaffolds. For instance, attempts have
been described to stabilize and controllably release the endothelial chemokine VEGF (vascular endothelial
growth factor) by binding to polysaccharide-conjugated polyelectrolyte complexes [8].

In order to find an effective nanoparticle vehicle for delivery of growth factors, cytotoxic drugsor
adhesion proteins to vascular endothelial cells, several factors such as composition, size, and charge of
nanoparticles with regard to their endothelial binding, uptake, and possible cytotoxicity have to be
analyzed [9,10]. Various nanoparticle systems composed of charged polysaccharides, polypeptides
or synthetic polyelectrolytes have been used as drug delivery systems [11–13] and may also support
cellular ingrowth into a scaffold material [14–16].

Nanoparticles containing biopolymers such as polysaccharides can support controlled release of
drugs and cellular adhesion within scaffold material [17,18]. Heparin based nanoparticles have been
shown to improve biocompatibility of nanoparticles in various applications [19].

In our study, we applied polyelectrolyte complex nanoparticles (PECNP), composed of the
polycation poly(L-lysine) (PLL) combined with the three anionic polysaccharides dextran sulfate
(DS), cellulose sulfate (CS) or heparin (HEP), to human umbilical cord vein endothelial cells in vitro
(HUVEC) and investigated their effect on cell binding, uptake, intracellular localization, proliferation,
as well as on cellular attachment to surfaces and subsequent migration. We analyzed the influence of
the composition, namely the effect of the anionic polysaccharides CS, DS, HEP within PECNP, both in
the volume phase and immobilized at a model substrate. As an additional feature we used PECNP
with either positive or negative net charge, which can be achieved by mixing polycation and polyanion
solutions in defined ratios [11]. The potential of these PECNP with regard to directed sizing (20–500
nm), shaping (spheres, rods), and controlled charge of their surfaces has been outlined previously [11].

Adhesive coatings of PECNP were previously investigated for their loading and retarded release
of distinct drugs such as bisphosphonates [12,20] and for the effect of their composition on the viability
of human mesenchymal stromal cells (hMSC) [21] in the context of bone healing and remodeling. To go
further, their interaction to human vascular endothelial cells (HUVEC) is now addressed in the context of
angiogenesis during bone healing.
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2. Materials and Methods

2.1. Preparation of Polyelectrolyte Complex Nanoparticles (PECNP)

Polyelectrolyte complex nanoparticles (PECNP) composed of the polycation poly(L-lysine) (PLL,
MW = 50,000 g/mol, (Sigma-Aldrich, Schnelldorf, Germany), in combination with the polyanions
cellulose sulfate (CS, degree of substitution dS = 2.8, MW = 1,200,000 g/mol, Janssen, Beerse, Belgium),
dextran sulfate (DS, dS = 3.0, MW = 500,000 g/mol, Carl Roth GmbH, Germany) or heparin (HEP,
MW = 20,000 g/mol, Carl Roth GmbH, Karlsruhe, Germany) and the fluorescein isothiocyanate (FITC)
labeled PECNP species were prepared as described in detail elsewhere [11,21,22]. Briefly summarized,
2 mM clear solutions of cationic PLL and anionic CS, DS or HEP were mixed at pH = 7.0 and more
or less turbid (milky) dispersions resulted. According to their molar number of charged repeating
units (n+: molar number of cationic repeating units; n−: molar number of anionic repeating units) two
molar mixing ratios denoted n−/n+ were applied, which were n−/n+ = 0.9 and n−/n+ = 1.1. These
two molar mixing ratios resulted in PECNP, which had a slightly positive net charge (PECNP-0.9,
n−/n+ = 0.9, cationic excess) or slightly negative net charge (PECNP-1.1, n−/n+ = 1.1, anionic excess),
which was proven by zeta-potential measurements (see below). Furthermore, sizes i.e., hydrodynamic
radii RH of these PECNP were determined by dynamic light scattering (see below). The particle sizes
of the herein used PECNP can be found in the Table 1.

Table 1. Hydrodynamic radius (RH), zeta-potential at pH = 7.4, PLL conformation and morphology
(dry spin coated state at poly(styrene) (PS) film) of the PECNP samples used in this work. Numbers
of individual measurements are given in brackets. The data have been partly already given in [21],
whereby slight deviations within the error range might prevail.

PECNP Sample RH/nm Zeta-Potential/mV PLL Conformation Morphology

PLL/CS-0.9 106 ± 7 (#9) +45 + 5 mV α-helical granular, spherical
PLL/DS-0.9 69 ± 12 (#14) +45 + 5 mV α-helical -

PLL/HEP-0.9 62 ± 8 (#3) — α-helical -
PLL/CS-1.1 101 ± 10 (#13) −43 + 5 mV α-helical granular, spherical
PLL/DS-1.1 88 ± 17 (#8) −44 + 5 mV α-helical granular, spherical

PLL/HEP-1.1 67 ± 7 (#6) — α-helical granular, spherical

2.2. Dynamic Light Scattering (DLS)

Hydrodynamic radii (RH) of PECNP were determined by DLS using Jianke Portable Particle Sizer
(Jianke Instruments Co. Ltd., Wuhu, China). A scattering angle of 89.3◦ was applied. Two mL of PECNP
dispersions were filled in cuvettes with a circular bottom (D = 10 mm). The autocorrelation function was
recorded for 180 s and RH values were calculated from values of the translational diffusion coefficient D
using the Stokes–Einstein equation RH = kBT/(D 6 πη) (Boltzmann constant kB; temperature T = 298 K;
and viscosity η). The ALV-5000/E/EPP-Software (ALV GmbH, Langen, Germany) was used for the
computation of DLS parameters applying the “Simple Fit” tool. Intensity weighted size distributions
were computed and plotted. Error values of RH given in Table 1 were related to the standard deviation
of (3–14) individual but equally prepared PECNP samples.

2.3. Zeta-Potential

The Zeta-potential measurements on PECNP dispersions in order to determine the net
charge of PECNP were performed at neutral pH values (pH = 7.4) using a Zetasizer 3000
(Malvern Instruments Ltd., Worchestershire, UK).

2.4. Cells

HUVEC (human umbilical cord vein endothelial cells, PromoCell, Heidelberg, Germany) were
cultivated in endothelial cell basal media full medium (ECBM-FM; PromoCell) consisting of endothelial
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cell basal media supplemented with 10% fetal bovine serum (FBS) and endothelial cell growth medium
supplement (PromoCell). Cells were cultured at 37 ◦C, 5% CO2 atmosphere and 95% relative humidity.
HUVEC were split before reaching confluence and were used up to cell culture passage 6 for functional
assays. HUVEC were detached using the Detach Kit (PromoCell) according to the manufacturers’
protocol. In detail, cells were washed with HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
and subsequently with trypsin/EDTA (Ethylenediaminetetraacetic acid) for a few seconds. Cells were then
detached by applying fresh trypsin/EDTA to the cells. As soon as cells started to detach the cell culture
flask was gently tapped to detach the remaining adherent cells. The enzymatic reaction was stopped using
trypsin neutralizing solution (PromoCell). All cells were cultured under sterile conditions at 37 ◦C, 5%
CO2 atmosphere, and 95% relative humidity. Fresh media exchanges were performed twice a week.

2.5. Growth Pattern of HUVEC on PECNP

PECNP (100 μL/cm2 of a 2 mM PECNP dispersion) were immobilized on the bottom of
an 8-well-μ-slide, ibiTreat (Ibidi, Martinsried, Germany) on a waving platform shaker under sterile
conditions overnight at room temperature. HUVEC (4 × 104 cells in 300 μL basal ECBM medium)
were seeded into the wells and photographic microscopy images were acquired after 0, 10, and 20 h of
incubation using a ZEISS cell observer. (Carl Zeiss, Oberkochen, Germany).

2.6. Cellular Uptake of Immobilized PECNP (Light Microscopy)

Fluorescein isothiocyanate (FITC)-labeled PECNP (52.6 μL/cm2 of a 2 mM dispersion) were
immobilized under motion on a 24-well plate overnight. Then, wells were washed with phosphate
buffered saline (PBS), 4 × 104 HUVEC were seeded on the PECNP layer in 1 mL basal ECBM and
incubated at 37 ◦C and 5% CO2 and 95% relative humidity for 24 h. The media were then replaced
with fresh basal ECBM and cells were incubated for another 24 h. For further analysis, cells were
detached and transferred to an 8-well-μ-slide–ibiTreat. After 24 h of incubation in ECBM-FM, cells
were fixed as indicated below.

For fluorescence microscopic analysis of the cellular uptake of dispersed PECNP, 2.3 × 104 cells were
seeded on an 8-well μ-slide–ibiTreat and FITC-labeled PECNP were added to the attached cells for 1 h,
4 h, and 24 h after exchange of culture media to ECBM. The uptake of PECNP was stopped by washing
the cells with Ca2+/Mg2+-containing PBS followed by fixation with 4% paraformaldehyde (PFA) in PBS
(v/v) for 10 min at room temperature. After 3 washing steps in PBS, 4 drops of iTFx Signal Enhancer
(Thermo Fisher, Dreieich, Germany) were applied for 30 min to block unspecific binding. HUVEC were then
incubated with biotinylated anti-CD31 mouse mAb (PECAM-1, platelet/endothelial cell adhesion molecule
1; Becton&Dickenson (B&D), Heidelberg, Germany) for 30 min followed by a Cy3-coupled streptavidin
antibody (Dianova, Hamburg, Germany) for 30 min. Cell nuclei were stained with Hoechst 33342 (Biotium,
Fremont, CA, USA) for 10 min. For preservation, fluorescent mounting media (Dako, Hamburg, Germany)
was added to the cells. Cells were analyzed using a widefield microscope (Zeiss Cell Observer Z1; Carl
Zeiss, Oberkochen, Germany) and a confocal microscope (Leica TCS SP5 II, Wetzlar, Germany).

2.7. Analysis of Cellular Interactions with PECNP (Transmission Electron Microscopy, TEM)

ACLAR film slides (Redding, CA, USA) were placed in 24-well plates and 1 × 105 HUVEC were
seeded on top in 1 mL media and incubated for 24 h at 37 ◦C, 5% CO2, and 95% relative humidity.
A volume of 25 μL of a 2 mM PECNP dispersion was added to the media (final dilution 1:40) for 4 h.
Incubation was stopped by the addition of a primary fixative (4% formaldehyde,2% glutaraldehyde
and 1 mM MgCl2, in 100 mM sodium phosphate buffer at pH 7.2). Following two post-fixations steps,
buffered OsO4 (1%) and ethanolic uranyl acetate (0.5%), respectively, samples were flat-embedded in
epoxy resin (Serva, Heidelberg, Germany) for ultrathin sectioning. Sections were post-stained with
uranyl and lead and investigated by TEM (EM912, Carl Zeiss, Oberkochen, Germany).
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2.8. Analysis of Cellular Interactions with Fluorescent PECNP (Flow Cytometry)

Detached HUVEC were incubated with PE-conjugated mouse antibodies against CD31 on ice for
30 min in the dark. For setting parameters of live-dead discrimination, HUVECs were incubated in parallel
with 4% PFA in another reaction tube. After two washing steps, cells were resuspended in 100 μL of basal
culture medium (i.e., ECBM) containing FITC-labeled PECNP (1:40 dilution of a 2 mM stock suspension)
and incubated for 1 h. After careful washing, cells were resuspended in a 1:15 dilution of BD-via probeTM

(B&D, Heidelberg, Germany) for exclusion of dead cells. Flow cytometric analysis was performed using
a BD FACS CantoTM II (BD Biosciences, San Jose, CA, USA), analyzing 50.000 cells/sample, and data
were analyzed by the FlowJoTM software (Version 10, Ashland, OR, USA). Background values for PE- and
FITC-fluorescence were calculated using unstained cells. In order to analyze PECNP internalization, cells
incubated with FITC-labeled PECNP were analyzed for their fluorescence signal intensity. Then, trypan
blue was added to the samples and the signal intensity was re-analyzed resulting only in the excitation
of the internalized PECNP as the signal of PECNP on the surface was quenched [23]. For analysis of
uptake kinetic, HUVEC were incubated with FITC-labeled PECNP for 5, 30, 60, or 120 min. HUVECs
were first analyzed for the total amount of cell-associated FITC-label (PECNP signal). Then, 120 μL of
a 0.4 mg/mL solution of trypan blue was added to the cells and samples were immediately measured again.
Unlabeled HUVEC were used as negative control (threshold value for FITC-signal). Each measurement
was performed for 10,000 cells.

2.9. Analysis of Cell Proliferation ([3H]-Thymidine Incorporation Assay)

PECNP in several concentrations (2.5, 5, 10, 50 μL/cm2 of a 2 mM PECNP stock dispersion, diluted
in sterile water) were immobilized on a 96-well tissue culture plate. For this, PECNP were applied to the
bottom of the wells of a tissue culture plate under sterile conditions, and incubated overnight under motion
on a waving platform shaker at room temperature. HUVEC were seeded in triplicates in media without
heparin (Promocell culture media supplement DM2, PromoCell, Heidelberg, Germany) on PECNP-coated
96-well plates at a cell density of 3.5 × 103 cells/well. Cells were allowed to adhere for 2–4 h and then
1 μCi [3H]-thymidine/well was applied. For analyzing the influence of dispersed PECNP on proliferation,
HUVEC were seeded into 96-well plates, incubated at 37 ◦C and 5% CO2 and 95% relative humidity
for 1 h and 10 μL of PECNP solution in the concentrations as indicated above was added to the culture
media. Then, 1 μCi [3H]-thymidine was added to the media. All tissue culture plates were incubated
under cell culture condition for 24–26 h. The incubation was stopped as cells were detached and frozen.
For this, the cell media was carefully removed and 200 μL of a solution of trypsin-EDTA (Detach kit,
PromoCell) was applied to the well. The plates were incubated at 37 ◦C for 5–10 min and the cells were
subsequently frozen at −20 ◦C. An additional thawing–freezing step was applied and the cell debris
(including the cellular DNA) was transferred to a printed filter mat A (PerkinElmer, Waltham, MA, USA)
using a TomTec harvester (TomTec, Hamden, CT, USA). The dried filters were transferred to a sample bag
(PerkinElmer) and the [3H]-thymidine incorporated into DNA was measured using a Betaplate scintillator
and a MicroBeta TriLux scintillator counter (both PerkinElmer).

3. Results and Discussion

We analyzed the influence of composition and net charge of biorelated polyelectrolyte complex
nanoparticles (PECNP) on human umbilical cord vein endothelial cells (HUVEC) with regard to their effect
on cell adhesion, uptake, and cytotoxicity. Biorelated cationic poly(L-lysine) (PLL) was combined with the
three biorelated anionic polysaccharides cellulose sulfate (CS), dextran sulfate (DS), and heparin (HEP)
resulting in the PECNP of PLL/CS, PLL/DS, and PLL/HEP. The interaction to HUVEC was studied for
PECNP in the volume phase as well as bound at model substrates such as tissue culture plates. In the
following, first colloidal properties of the used PECNP systems are introduced (Section 3.1), second, results
on the interfacial interaction between HUVEC and immobilized PECNP coatings (Section 3.2), and third
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interaction between HUVEC and PECNP in the volume phase (Section 3.3) are shown. Finally, proliferation
of HUVEC in contact to PECNP in both states will be screened (Section 3.4).

3.1. Colloidal Properties of PECNP

Six PECNP systems composed of PLL/CS, PLL/DS, and PLL/HEP with positive and negative net
charge, indicated as PLL/polysaccharide-0.9 (n−/n+ = 0.9) or PLL/polysaccharide-1.1 (n−/n+ = 1.1),
respectively, were prepared. Their colloidal parameters hydrodynamic radius (RH), from dynamic
light scattering (DLS) measurements, as well as net charge from zeta-potential measurements are
summarized in Table 1.

Generally, the RH values (sizes) of all PECNP ranged between 62–106 nm, where PECNP of PLL/CS
(101–106 nm) were considerably larger, and those of PLL/DS (69–88 nm) and PLL/HEP (62–67 nm) smaller.
However, given the obvious molecular weight (MW) differences of the polyanions (see Materials and
Methods section) no correlation between MW (CS > DS > HEP) and PECNP size (CS > DS > HEP) should
be drawn within the given error range. Hence for all compositions HUVEC should encounter PECNP with
diameters DH = 2 RH between ≈ 120–210 nm. Expectedly, PECNP with slight excess of polycation
(n−/n+ = 0.9, PEC-0.9) featured positive, while those with slight excess of polyanion (n−/n+ = 1.1,
PEC-1.1) featured anionic net charge at pH = 7.4, which was detected by zeta-potential measurements.
The extended zeta-potential courses versus pH are given in the Supplementary Material (SM, Figure
SM1a–d) for PLL/CS and PLL/DS (data on PLL/HEP not shown). Obviously, for all compositions the
cationic PECNP (n−/n+ = 0.9) showed a drop of positive zeta-potential beginning at around pH = 9,
which is due to the deprotonation of PLL primary amino groups having isoelectrical point IEP ≈ 9.5.
Whereas, anionic PECNP (n−/n+ = 1.1) kept their negative zeta-potential for the whole pH range at values
in the range −50 to −40 mV.

Furthermore, the conformation state of PLL within PECNP was studied both in the volume phase
by circular dichroism (CD) spectroscopy and bound to polystyrene (PS) films relevant for the cell
culture experiments by attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy.
In Figure SM2 CD spectra on 0.002 M dispersions of PLL/CS-1.1, PLL/DS-1.1 and PLL/HEP-1.1 are
given, which all show a doublet at 208/225 nm with negative intensity as well as a positive signal at
195 nm, both diagnostic for the α-helical secondary structure (similar data for PLL/CS-0.9, PLL/DS-0.9,
and PLL/HEP-0.9 is not shown). Additionally, in the Figure SM3 ATR-FTIR spectra on respective PECNP
samples bound to PS films show Amide I and Amide II maxima at 1653 and 1546 cm−1, which are also
diagnostic for the α-helical secondary structure of PLL (similar data for PLL/DS-0.9 and PLL/HEP-0.9 is
not shown). The PLL conformation state for all six PECNP samples is included in the Table 1.

Finally, scanning force microscopy (SFM) images of spin-coated PECNP at poly(styrene) (PS)
films after rinsing in HEPES buffer given in the Figure SM4 of the SM show dense coverage and
granular morphology of merged and single PECNP, which is summarized in the Table 1. Interestingly,
for PLL/CS-0.9 (Figure SM4a) the presence of both microparticles and nanoparticles can be identified,
where the microparticle seems to be composed of nanoparticles (“blackberry model”) as was also
claimed for complexes between synthetic polyelectrolytes earlier [24].

Conclusively, all three PECNP compositions PLL/CS, PLL/DS, and PLL/HEP for both positive
(n−/n+ = 0.9) and negative (n−/n+ = 1.1) net charge did not show substantial differences in their colloidal
behavior with respect to size and net charge magnitude and also on the secondary structure as well as
morphology level there were no significant differences. Hence in the following in-vitro experiments on the
PECNP interaction with HUVEC, argumentation on a chemical level should be justified.

3.2. Cell Growth on Immobilized PECNP Coatings

In order to see what impact these PECNP in immobilized state have on the growth behavior of
HUVECs , surfaces of various cell culture dishes and microscopic slides were coated with PECNP,
modified by CS, DS, and HEP. Additionally, for fluorescence microscopy and flow cytometric analysis
also PECNP labeled with FITC were applied. Light microscopy of immobilized PECNP on slides
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revealed, that even under constant motion during coating, PECNP did not spread and attach
homogeneously on the bottom of 8-well ibiTreat slides, coated with 100 μL/cm2 of a 0.4 mM dispersion
of the respective PECNP, which can be obtained from Figure 1A and 1B. HUVEC seemed to avoid
areas coated with high concentrations of PECNP. This was also demonstrated by coating the slides
with a higher concentration of PECNP (100 μL/cm2 of a 2 mM dispersion). Cell attachment in areas
with high concentration of PECNP (ring-shaped areas) was less dense as compared to those with lower
concentration of PECNP, which is shown in kinetics of cell growth on these slides (Figure 1C). This effect
was most prominent for PECNP composed of PLL/HEP and PLL/DS (Figure 1C, black dashed line),
which grew in a web-shaped manner. As compared to control cultures without PECNP-coating, cells
grew in a looser, reticular pattern on PLL/CS PECNP (Figure 1C, dashed red line).

 

Figure 1. Influence of immobilized polyelectrolyte complex nanoparticles (PECNP) on human umbilical
cord vein endothelial cells (HUVEC) seeding. Microscopic images of PECNP distribution on various areas
of slide surface (scale bar: 250 μm). Cationic (0.9) or anionic (1.1) PECNP composed of poly(L-lysine)
(PLL) and either cellulose sulfate (CS), dextran sulfate (DS) or heparin (HEP) were used. (A) PECNP in
some cases attached to the surface during the drying process in ring-shaped patterns which entailed areas
of high and low PECNP concentration (Scale bar: 250 μm); (B) Magnification of PEC-1.1 PLL/DS from
A—ring-shaped pattern of dried PECNP; (C) PECNP immobilized on Ibidi-slides at high concentrations
(100 μL/cm2 of a 2 mM PECNP dispersion). PECNP distributed inhomogeneously on the surface of the
8-well μ-slide–ibiTreat slides during the drying process. HUVEC cells (4 × 104 cells) were seeded onto
the slides and photos were taken at times indicated. Depending on the modification and concentration
of PECNP applied, alterations in cell growth and adhesion patterns were observed. Cells avoided areas
with higher concentrations of PECNP as outlined by black dashed lines. This effect was most prominent
for PECNP composed of PLL/DS-1.1 and of PLL/HEP-0.9. Cells grew in a looser, web-shaped pattern
on PECNP of PLL/CS. High concentrations of PLL/CS (red dashed line) had less effect than PLL/DS or
PLL/HEP PECNP.
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3.3. Cell Growth on Dispersed PECNP in the Volume Phase

3.3.1. Cell Surface Attachment of PECNP

The next issues to be studied were whether and to what extent PECNP in the volume phase
attach to the cell surface and are further taken up by HUVECs. The attachment process was quantified
by flow cytometric analysis using fluorescein isothiocyanate (FITC)-labeled PECNP in dispersion.
For measuring cell surface attachment, HUVEC were incubated with FITC-labeled PECNP on ice for
1 h and the amount of PECNP on the cell surface of live cells was estimated (Figure 2). Apparently,
cell surface attachment of PECNP of PLL/HEP, regardless of net charge was slightly better than that
of PLL/CS and PLL/DS. An obvious reason for this may be that heparin is an endogenous molecule
of mammalian physiology and that heparin may interfere with surface receptors on HUVEC like
VEGF-R2 or the hyaluronic acid receptor for endocytosis (HARE) [25]. Thus the charge of interfering
particles with, as a rule, slightly negatively charged cell surfaces is less decisive than functional
interaction with a specific cell surface receptor for binding efficacy.

Figure 2. Interaction of polyelectrolyte complex nanoparticles (PECNP) with the cell surface of human
umbilical cord vein endothelial cells (HUVEC). HUVEC were incubated on ice for 1 h with fluorescein
isothiocyanate (FITC)-labeled PECNP, cells were stained with an anti-CD31 monoclonal antibody
conjugated to PE and subjected to flow cytometric analysis. (A) Cells were live-gated by VIA-probe and
gated according to CD31-PE surface staining (y-axis) and FITC staining (x-axis). As negative control,
cells without FITC-labeled PECNP were taken and gates set accordingly. Cells with bound FITC-labeled
PECNP were counted in comparison to negative control (percentage of positive cells given for each
analysis, right upper quadrant); (B) Percentage of cells with surface-bound PECNP compared to
control without PECNP set as 100%, mean ± SD, number of experiments: n = 4. CS = cellulose sulfate,
DS = dextran sulfate, HEP = heparin-containing PECNP.

3.3.2. Cellular Uptake of PECNP

In a next step, the uptake of PECNP was measured in comparison to cell surface attachment in
a kinetic experiment (Figure 3). In this experiment, PECNP composed of PLL/CS were picked out and
incubated for up to 120 min with HUVECs under cell culture conditions. The cell surface attachment
was distinguished from uptake by quenching the FITC signal on the cell surface by trypan blue.
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Figure 3. Analysis of polyelectrolyte complex nanoparticles (PECNP) internalization into human
umbilical cord vein endothelial cells (HUVEC). FITC-labeled PECNP were incubated with HUVEC for
5 to 120 min, HUVEC were detached and immediately prepared for flow cytometric analysis. Cells
were live-gated (VIA-probe) and further gated according to their scatter signals (forward (FSC) vs.
sideward scatter signal (SSC)). Cells without PECNP incubation were taken as controls to set the
background threshold for PECNP-FITC interaction. Cells were measured and the percentage of cells
with bound PECNP in relation to the controls was determined (red bars in (A) histograms, red lines in
(B) flow cytometric diagrams). By the addition of trypan blue, the cell surface attached FITC signal
was quenched and flow cytometric analysis was repeated, measuring only the FITC signal within the
cells (blue bars in (A), blue lines in (B) and as exemplified in the upper right scheme).

Uptake of PECNP for all three combinations PLL/CS, PLL/DS and PLL/HEP was also observed
in confocal microscopy using both PECNP in the volume phase and immobilized on a model substrate
(Figure 4). In a time range of 1 h to 24 h it became apparent, that for all compositions and net charges
PECNP were taken up by HUVEC. However, the composition influenced the uptake rate of soluble
PECNP. PECNP of PLL/HEP were taken up very early and fast, leading to big clusters already
after 1 h incubation. This result was in accordance with our observations shown in Figure 2, where
PLL/HEP attached on live cells already after 1 h of incubation. Remarkably, after 24 h of incubation
the fluorescence signal of internalized PECNP of PLL/HEP faded in contrast to that of PLL/DS and
PLL/DS, which may be due to degradation of the PLL/HEP PECNP by endogenous heparinases
of endothelial cells [26] while PLL/CS and PLL/DS PECNP may be non-digestible by endothelial
cells. After 24 h incubation, the PECNP signal strength, regardless of net charge and composition, was
concentrated to the largest extent in the perinuclear area of the cells. The PECNP were exclusively
situated in this endo-lysosomal compartment but none in the cytosol or in the nucleus which was
reported for charged polystyrene based nanoparticles [27]. Also, surface-immobilized PECNP were
taken up by the cells though to a much smaller extent than of soluble PECNP and within a longer time
frame (Figure 4).
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Figure 4. Uptake of polyelectrolyte complex nanoparticles (PECNP) into human umbilical cord vein
endothelial cells (HUVEC). HUVEC were investigated for their uptake of PECNP-FITC (fluorescein
isothiocyanate), either from the volume phase or from the immobilized state, demonstrated by confocal
microscopy. Cells were cultivated either with PECNP in endothelial medium (volume phase) for times
indicated or in contact with immobilized PECNP (surface) for 48 h cultivation time (bottom row).
After cultivation, cells were detached and transferred to Ibidi slides and stained with Hoechst 33342
(cell nuclei) and an anti-CD31 (PECAM-1) monoclonal antibody conjugated to biotin, followed by
incubation with an anti-mouse antibody conjugated to Cy3/streptavidin.

In more detail, transmission electron microscopy (TEM) showed neat attachment of PECNP to the
plasma membrane of cells, preferentially in clustered form, and internalized PECNP in vesicles. PECNP
in plasma membrane transit had not been seen unambiguously. In particular, none of the many coated
vesicles abundant in HUVEC cell periphery ever contained PECNP indicating that internalization
is not receptor-mediated in contrast to previously published data on charged nanoparticles which
were taken up via the clathrin-mediated pathway [28]. This observation may also be in contrast to
another report which describes that differently composed polyelectrolyte nanoparticles have an affinity
to caveolae during endothelial cell uptake [29]. No apparent cell surface damage by binding and
uptake of PECNP was observed by TEM. The observed vesicles increased with time of incubation,
indicating that newly internalized PECNP-containing vesicles fuse with older ones. After long-time
incubation, e.g., 72 h, huge vesicles occupied a great portion of the cytoplasmic space. Stuffed with
PECNP, they also included stacked membranes, while both components appeared segregated within
the same membrane-bound space (Figure 5).
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Figure 5. Ultrastructural demonstration of the polyelectrolyte complex nanoparticle PECNP
compartment in human umbilical cord vein endothelial cells (HUVEC). HUVEC cell cultures admixed
with PECNP composed of positively charged poly(L-lysine)/cellulose sulfate (PLL/CS-0.9) in the
volume phase were fixed for TEM measurements after incubation times as indicated (1 h/4 h/24 h/72 h).
1 h/4 h incubation (upper row): disperse clusters of bead-like PECNP are in contact with the cells.
Individual beads are compact, of variable shape and of typically 40 nm size. They frequently connect
to each other into short chains (arrow). Close contact with the cell surface does not involve particular
cell-surface coats. Internalized beads (B), i.e., PECNP, are rarely seen after 1 h incubation, more readily
within the 4 h-samples, and always within membrane-enclosed vesicles. These vesicles differ in size
from the typical endothelial vesicles of HUVEC. 24 h/72 h incubation (bottom row): vesicles with
internalized PECNP grew beyond 1 μm-size. This “nanobead compartment” now occupied an essential
volume of the cell cytoplasm. The PECNP-vesicles also feature inclusions of stacked membranes (S)
which appear segregated from the bead-clusters. These membrane convolutions get more prominent
with increasing time. B: (nano)beads/PECNP; ER: rough endoplasmatic reticulum; N: cell nucleus,
G: Golgi apparatus, V: endosomal vesicles, all four images at same magnification.

The observation that PECNP accumulated with time in large endosomal vesicles indicates
that lysosomal digest did not efficiently take place. Distinct endothelial proteins, such as PECAM,
integrated into vesicles may be crucial for further intracellular processing [30]. Thus, it may be that
the PLL/polysaccharide composition of PECNP does not suffice for further intracellular processing
of nanoparticles, at least in endothelial cells, but additionally requires specific cell-specific proteins
integrated into the PECNP as mentioned above. Also, it has to be considered that incubation with
PECNP for several days, which may not occur under physiological conditions, represents an extreme
situation and was performed to clearly demonstrate the intracellular localization and showed that
lysosomal degradation did not take place. As has been shown by light microscopy and flow cytometry,
uptake happened in shorter times (5–120 min).

In contrast to physical measurement of particle size (Table 1), size estimation by TEM revealed
somewhat smaller sizes for single PECNP (extracellular: 39 ± 9 nm; intracellular after 4 h incubation:
50 ± 8 nm; intracellular after 24 h incubation: 42 ± 7nm). Interestingly, the incorporated FITC-labeled
PECNP were equally distributed during mitosis (Figure 6).
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Figure 6. Distribution of internalized polyelectrolyte complex nanoparticles (PECNP) during cell
division. Human umbilical cord vein endothelial cells (HUVEC) were incubated with 300 μL each of
50 μM fluorescein isothiocyanate (FITC)-labelled PECNP dispersed in endothelial culture medium
for 24 h as described in Materials and Methods. After 3 washing steps, cells carrying PECNP were
analyzed in the telophase of cell division by widefield microscopy. Images show separation of cells
loaded with PECNP at time points indicated. The number of PECNP within cells apparently was
split in approximately equal portions during cell division. PEC: polyelectrolyte complex; PEC-1.1:
negatively charged PECNP; PEC-0.9: positively charged PECNP; PLL: (poly-L)lysine; CS: cellulose
sulfate; (Scale bar: 20 μm).

3.4. Effect of PECNP on Cell Proliferation in the Volume Phase and Immobilized State

Since PECNP were taken up in large amounts, it was analyzed whether they may influence cell
proliferation both in the volume phase and attached on a surface. To this end, the influence of PECNP
on proliferation of HUVEC was tested by their [3H]-thymidine uptake during a cultivation time of
24 h (Figure 7). All PECNP samples reduced proliferation in a dose-dependent fashion which was
evident both for the immobilized as well as for the volume phase state though the negative influence
was stronger for the immobilized PECNP (black bars Figure 7B). PLL/HEP and PLL/DS PECNP had
significant anti-proliferative effects at medium and high concentration (20 and 50 μL/cm2, respectively).
Negatively charged PLL/CS PECNP (PEC-1.1), especially in lower concentrations (5 and 10 μ/cm2),
had the lowest anti-proliferative effect. Reflected in reduced proliferation rates after PECNP uptake,
the time-dependently high endosomal accumulation of PECNP may have caused stress for the cells.
We did not find a significant difference with regard to uptake and intracellular localization between
negatively and positively charged nanoparticles as has been reported [26]. However, as estimated
by analysis of TEM images it appeared, that positively charged PECNP showed a larger number of
vesicles with particles than negatively charged PECNP after 24 and 72 h incubation (data not shown),
which may be due to the slightly negatively charged cell membrane. It was suggested that charged
nanoparticles of various materials are more cytotoxic than uncharged ones which may however not
apply for polysaccharide based nanoparticles as for instance those containing chitosan [10].
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Figure 7. The influence of polyelectrolyte complex nanoparticles PECNP on cell proliferation.
The influence of PECNP on proliferation of human umbilical cord vein endothelial cells (HUVEC) was
assayed by [3H] thymidine incorporation as described in Materials and Methods. (A) Influence on
proliferation, shown as fold change for each PECNP preparation compared to untreated (i.e., without
PECNP addition) control HUVEC cultures. HUVECs were seeded on culture plates coated with PECNP.
Black bars indicate 95% confidence interval (number of experiments: n = 4), red * indicate significant
changes in proliferation using a two-tailed, paired t-test. Horizontal bars and black * indicate significant
differences between various concentrations of the same PECNP applied or between various PECNP
of same concentration (ANOVA, one way analysis of variance), * p < 0.05, ** p < 0.01) (B) Direct
comparison of HUVEC proliferation rates affected by PECNP in the immobilized state (black bars)
and in the volume phase (grey bars). Proliferation rates were normalized to those of control cultures
(ctr). The highest concentration of PECNP in fluid state was 31 μL/cm2, and for immobilized PECNP
50 μL/cm2. The other concentrations of PECNP were as indicated. Error bars indicate standard
deviation of at least triplicates/assay.

In our study, all PECNP, in the volume phase and in an immobilized state reduced cell proliferation
in HUVECs in a concentration-dependent manner albeit to various extents. In another study cytotoxic
effects of iron oxide nanoparticles on human endothelial cells were reported [31]. Although in our
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study the proliferation rate was reduced by addition of PECNP, it has to be stressed that this did not
entail a higher cytotoxicity. Flow cytometric analysis of dead versus live cells after application of
PECNP did not show a higher propensity for dead cells (data not shown). Also, the fact that mitosis
was not influenced by internalized PECNP supports this finding. As the intracellular load of PECNP is
apparently bisected after each cell division the non-digestible PECNP will gradually be diminished.
In another study uptake of modified polystyrene nanoparticles by mesenchymal stem cells did not
affect the viability of these cells [13].

Immobilized PECNP can be used as an integrative part of a scaffold material and hence it is
important to know how endothelial cells are able to adhere to and migrate on a PECNP coated surface.
Application of PECNP to surfaces of culture dishes or microscopic slides resulted in heterogeneous
spreading of nanoparticles. Under these conditions PECNP had generally an anti-adhesive effect.
This repulsive effect was lowest with PECNP of PLL/CS, which suggests these nanoparticles are
more appropriate for coating of scaffold surfaces. A further advantage for in-vivo application may be
that both, HEP and CS have anti-coagulant activities [32,33]. In an earlier study we investigated the
interaction between PECNPs and human mesenchymal stromal cells (hMSC) and found, similar to
the findings of this study, that net charge did not significantly influence adhesion and uptake, while
PECNP composition affected e.g., metabolic activity of hMSC [21]. It has also been shown that PECNP
can be applied as drug delivery system when cast as particle films [12,20,34,35]. In our study we found
differential effects of PECNP on endothelial cell adhesion. Therefore, when applying PECNP in cast
form for surface mediated drug delivery the possible anti-adhesive effect of several PECNP has to be
considered and certainly those with lowest anti-adhesive effect have to be preferred for this purpose.

4. Conclusions

Our study showed that PLL/polysaccharide based PECNP attached to the cell surface of vascular
endothelial cells and were taken up into the vesicular compartment in a cumulative manner. Among
the three PECNP compositions used here, PLL/HEP seemed to be the ideal vehicle for transport
of drugs or growth factors to endothelial cells, because (i) attachment and uptake was faster than
for the other modifications, (ii) PLL/HEP seemed to be digested in the lysosomal compartment by
endogeneous glycosidases and (iii) possibly sulfatases, and (iii) interactions with growth factors,
important for vascularization, such as vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF), have a high binding capacity for heparin, and thus PECNP of PLL/HEP may be
helpful for supporting the presentation of these growth factors [36] to vascular endothelial cells and
may also reduce release of the growth factors during cellular regeneration for example of bone tissue
within scaffolds [14] (iii). On the other side, PECNP of PLL/CS may be better suited for coating surfaces
of scaffold material since its anti-adhesive effects and its anti-proliferative impact were much smaller
compared to PECNP composed of PLL/HEP or PLL/DS. Depending on the specific requirements for
nanoparticle application, mixing of HEP and CS in ternary complexes of PLL/CS/HEP in appropriate
fractions may be advantageous to design specific properties for several applications as mentioned here.
Finally, the net charge of the PECNP, which can be modulated by the excess of either cationic PLL or
one of the three anionic polysaccharides, did not play an essential role in our experimental approach,
which is in line with former results on the interaction of PECNP with comparable compositions with
human mesenchymal stromal cells (hMSC) [21].

Our study has yielded basic insights into the biocompatibility of PECNP for vascular endothelial
cells. In future experiments, using PECNP, the influence of shear stress and stretched conditions has to
be taken into account, since it is known that under flow conditions, equivalent to the physiological
condition in the blood stream [37], uptake of nanoparticles may be different [38,39]. In an earlier study,
by measuring uptake of silica nanoparticles into human endothelial cells it was found, that cytotoxicity
was not increased (i) and endocytosis was decreased as compared to maintenance of cells under static
conditions (ii) [40]. So far, we were able to show interactions with endothelial cells in the volume
phase via the comparatively harsh shear stress conditions of flow cytometry confirming data of other
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groups [23]. Therefore, adhesion and uptake may be lower under dynamic than under static conditions
and thereby anti-proliferative effects may also be diminished in the in-vivo situation. Also, in-vivo
studies have to clarify the potential clearance of PECNP from the body with time.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/6/358/s1,
Figure SM1: Zeta-potential/pH profiles of PECNP, Figures SM2 and SM3: PLL conformation in PECNP samples,
Figure SM4. Morphology of PECNP at poly(styrene) (PS) found by scanning force microscopy (SFM).
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Abstract: The exceptional magnetic properties of superparamagnetic iron oxide nanoparticles
(SPIONs) make them promising materials for biomedical applications like hyperthermia, drug
targeting and imaging. Easy preparation of SPIONs with the controllable, well-defined properties
is a key factor of their practical application. In this work, we report a simple synthesis of
Ho-doped SPIONs by the co-precipitation route, with controlled size, shape and magnetic properties.
To investigate the influence of the ions ratio on the nanoparticles’ properties, multiple techniques
were used. Powder X-ray diffraction (PXRD) confirmed the crystallographic structure, indicating
formation of an Fe3O4 core doped with holmium. In addition, transmission electron microscopy
(TEM) confirmed the correlation of the crystallites’ shape and size with the experimental conditions,
pointing to critical holmium content around 5% for the preparation of uniformly shaped grains,
while larger holmium content leads to uniaxial growth with a prism shape. Studies of the magnetic
behaviour of nanoparticles show that magnetization varies with changes in the initial Ho3+ ions
percentage during precipitation, while below 5% of Ho in doped Fe3O4 is relatively stable and
sufficient for biomedicine applications. The characterization of prepared nanoparticles suggests that
co-precipitation is a simple and efficient technique for the synthesis of superparamagnetic, Ho-doped
SPIONs for hyperthermia application.

Keywords: superparamagnetic iron oxide nanoparticles; SPIONs; rare-earth doping;
holmium; endoradiotherapy

1. Introduction

In recent years, magnetic nanoparticles like magnetite (Fe3O4) have allowed for significant
progress in the field of drug delivery and cancer treatment [1,2]. Efforts focused on the rapid
development and study of magnetic iron-oxide-based nanoparticles have drastically increased,
especially in the case of their applications in oncology [3], where highly efficient carcinogenic cell
destruction is needed.

Nanosized iron oxide exhibits a wide range of magnetic properties depending on the shape, size
and chemical composition of the particles. Magnetite nanoparticles ranging from a few nanometers up
to 100 nm are very attractive in a wide array of modern scientific fields, such as nanotechnology [4–6]
biotechnology [7], MRI contrast agents [8], magnetic separation and immobilization [9] etc. These
nanomaterials can also be effective for medical applications including bioimaging [10] and biosensing
in diagnostics (theranostics) [11,12], controlled drug delivery and cancer therapeutics [13–16]. Several
excellent reviews have been published on the synthesis, functionalization and application of magnetic
nanoparticles [17,18].
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Much of the literature focuses on the medical application of nanoparticles based on the
superparamagnetic iron oxide nanoparticles SPIONs because of their easy synthesis, stability
and biocompatibility [19–21]. Due to their biocompatibility, they are already used in clinical
trials [22,23]. A very interesting prospect is to enhance their size-dependent properties like low toxicity,
facile synthesis [24], surface-to-volume ratio, superparamagnetism [25,26] and affect the magnetic
interactions through doping the core of nanoparticles with different metal ions. Usually transition
metals are effective dopants, changing the magnetic properties of iron oxide nanoparticles [27,28].
Whilst doping of magnetite with lanthanides such as Ho, Gd, Tb, as well as other metals, e.g.,
Re, Y, is common and simple in principle, establishing the synthesis procedure with controlled
shape, size and magnetic properties is difficult [10,15,16]. Lanthanide-doped nanoparticles can
be directed to the tumour tissues with the help of an external magnet. Thus, they can serve not
only as drug carriers in targeted drug delivery or magnetic hyperthermia, but also in so-called
endoradiotherapy. The latter feature can be easily implemented by replacing the “cold” atoms of
lanthanides in the superparamagnetic core with their “hot” nuclei, emitting soft β(-) radiation suitable
for the internal radiotherapy, localized directly within the tumour. Thus, these nanoparticles can
be used simultaneously in targeted drug delivery, hyperthermia and endoradiotherapy. Moreover,
the amount of radionuclides per single nanoparticle greatly exceeds the amount of radionuclides per
single molecule found in radiopharmaceuticals being currently used in radiotherapies. Therefore,
such multifunctional nanoparticles may become indispensable in many areas of modern medicine.
For that application the lanthanides of ionic radius matching the SPIONs crystal lattice and high
magnetic moment have to be chosen. The spinel structure in magnetite-based nanoparticles of formula
MFe2O4, where Fe3+ ions occupy octahedral sites [29] and divalent metal ions M such as Fe2+, Ni2+, etc.
occupy the tetrahedral positions in the crystal [30], can be modified through the substitution of the Fe3+

with different trivalent ions. Substitution with ions with an ionic radius similar to Fe3+ (0.785 Å) [31]
does not affect the magnetic behaviour of the doped SPIONs significantly, while the incorporation of
lanthanide ions like Ho3+ (1.01 Å) [32] with a large radius, ca. 30% larger than Fe3+, may lead to core
anisotropy, crystallographic lattice alterations and a decrease in the magnetic properties due to the
Fe(III) and Ho(III) ionic radii mismatch [33,34].

The influence of the incorporation of lanthanide ions into the core of SPIONs is still poorly
understood. We are aware of the fact that the largest, octahedral site of the magnetite lattice can
accommodate cations up to ca. 85–90 pm radius, and there is a large ionic radii mismatch for Ho3+

(104 pm) as compared to Fe3+ (78.5 pm) ions that are to be replaced in this lattice. However, the literature
data [35] and our results for SPIONs modified with Tb (106 pm) [33] indicate that such replacement
is possible, at least for terbium cations, requiring local lattice distortion and favouring incorporation
of these ions into octahedral and surface sites. On the other hand, most ferrites are ferrimagnetic,
i.e., part of magnetic moments of the constituent ions are antiparallel, partially compensating for the
overall magnetic moment of SPIONs. Therefore, the introduction of lanthanide metal ions of different
ionic radii than Fe3+ may alter the crystallographic structure, resulting in an increase of unpaired spins
and enhancing the saturation magnetization. This behaviour would be very advantageous for a drug
delivery system based on SPIONs.

Since the properties of magnetic nanoparticles are strongly related to their shape and size, various
methods and synthetic conditions are directed towards control over their chemical composition,
morphology of formed crystallites, degree of agglomeration and magnetic properties.

The literature refers to co-precipitation, the microemulsions polyol process, solvothermal and
sonochemical techniques as suitable solutions for the preparation of iron-oxide-based nanoparticles
dispersed in water [36–38]. Among the many SPIONs synthetic procedures, co-precipitation is a
promising technique due to its simplicity and productivity. The conditions of synthesis like ion
concentration, pH of the solution as well as duration of synthesis and heat treatment are crucial to
determine the physicochemical properties of SPIONs.
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In this paper, we report on the morphology and magnetic and structural properties of Ho-doped
iron oxide magnetic nanoparticles synthesized by the co-precipitation method from a solution
containing different molar concentrations of all ions forming the nanoparticle core. To avoid elimination
by clearance organs, the hydrodynamic diameter of the nanoparticles should remain in the range of
10–100 nm [16]. Therefore, we focused on nanoparticles that were uniform in size, with a hydrodynamic
diameter below 100 nm. Holmium dopant was chosen since it can be easily replaced by its 166Ho
radionuclide emitting β(-) “soft radiation suitable for targeted endoradiotherapy” and due to its high
magnetic moment (~10.6 μB) [39], which is expected to enhance a magnetization of ferrites studied.
On the other hand, the atomic size mismatch is found to distort the atomic lattice and weaken the
magnetic properties.

2. Materials and Methods

Iron (II) chloride tetrahydrate FeCl2·4H2O puriss p.a. ≥99% (RT), iron (III) chloride hexahydrate
FeCl3·6H2O Aldrich ACS reagent 97% were supplied from Sigma-Aldrich, Germany, holmium (III)
chloride hexahydrate HoCl3·6H2O 99.9% trace metals was obtained from Sigma-Aldrich, 25% ammonia
solution NH4OH was supplied from CHEMPUR, Poland. All chemicals were of analytical grade
standards and used as received. Deionized water with resistivity 18.2 MΩ cm at 25 ◦C was obtained
using the Milli-Q ultra-pure water filtering system (Merck, Darmstadt, Germany). Successfully
prepared SPIONs were modified with 3-phosphonopropionic acid obtained from Sigma-Aldrich with
94% grade acid with the use of analytical-grade NaOH from CHEMPUR, Poland.

SPIONs were synthesized by the co-precipitation technique in aqueous media containing different
batches of ions having a molar percentage of Ho(III) vs. total iron content of 1%, 2.5%, 5%, 7.5% and
10%. The required amounts of salts were dissolved in a beaker to reach the complete dissolution of
87.5 mL solution with pH around 1.9 and molarity 0.1 M of the FeCl2·4H2O, 0.1 M of the FeCl3·6H2O
and HoCl3·6H2O in amounts from 1–10% instead of Fe3+ ions. The solution was stirred mechanically
for 10 min at a rate of 500 rpm (chosen as the minimum to obtain a stable vortex), and after that
the ammonia was added drop by drop to the solution, and stirred for an additional 30 min. During
the addition of ammonia the solution turned black, indicating the formation of a suspension with
nanoparticles (see Figure 1). The schematic reaction taking place during synthesis is presented
as follows:

xFe3+ + (2 − x)Ho3+ + Fe2+ + 8OH− → Ho(2−x)FexFeO4 + 4H2O.

After 30 min the beaker with suspension was left on the magnet for an additional 30 min for
sedimentation, and suspended nanoparticles were washed with water and acetone alternatively to
remove the residual NH4OH and all unreacted compounds.

 

Figure 1. Image of the co-precipitation of Ho-doped ferrite nanoparticles under NH3 addition.

Nanoparticles were stabilized with 3-phosphonopropionic acid (CEPA), where 20 mg of CEPA
were used per 1 mg of nanoparticles. The SPIONs were suspended in water, and then a CEPA
solution with a pH of ~5 (set by the addition of an appropriate amount of 0.1 M NaOH) was added
dropwise with mechanical stirring. After CEPA addition into the SPIONs suspension, the solution was
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continuously stirred for the next 30 min and the suspension of nanoparticles stabilized with CEPA was
washed several times with water to remove any unreacted products.

Transmission electron microscopy images were recorded using EF-TEM, Zeiss Libra 120 Plus,
Stuttgart, Germany microscope operating at 120 kV. Samples were prepared from the sonicated
aqueous suspensions and a drop was placed on the copper grid covered with formvar/carbon
layer and dried in air. Dynamic light scattering (DLS) was used as a complementary technique
to analyse the size of nanoparticles. Measurements were carried out with Malvern Instruments
Zetasizer Nano ZS, Malvern, United Kingdom. The powder X-ray diffraction patterns were recorded
with a powder diffraction X-ray diffractometer (PXRD) Bruker D8 Discover, Massachusets, USA
operating with Debye–Scherrer geometry with Cu Kα radiation with line λ = 1.540598 Å and a scan
rate of 1◦ per minute in 0.012◦ steps covering the 2θ angle range from 20◦ to 130◦. Measurements
were performed at RT. The X-ray photoelectron spectroscopy (XPS) measurements were performed
using PHI 5000 VersaProbe (ULVAC-PHI) spectrometer, Gothenburg, Sweden with monochromatic
Al Kα radiation (hν = 1486.6 eV) from X-ray source operating at 100 μm spot size, 25 W and 15 kV.
XPS data were analysed with CasaXPS software ver. 2.3.16, Wimslow, United Kingdom. The binding
energy values were calibrated and normalized to the C 1s peak at 284.8 eV. The magnetic behaviour of
samples was verified with a QD vibrating sample magnetometer VSM over the magnetic field range
from −2.0 T to +2.0 T in the temperature from 100 K to 300 K stabilized to accuracy of about 0.01 K.
Magnetization and coercive fields were measured with accuracy better than 1%. Thermogravimetric
analysis (TGA) was performed with TGA Q50 (TA Instruments), New Castle, USA, under nitrogen.

3. Results

SPIONs were synthesized through the co-precipitation method, which is a widely used technique
for the preparation of SPIONs from aqueous solutions [40,41]. To verify how changes in the holmium
doping affect the shape, size, crystallinity and magnetic properties of the synthesized SPIONs, multiple
techniques were used. The magnetic properties of the superparamagnetic core are affected by size and
shape. Smaller SPIONs with a high surface area to volume ratio yield smaller mass magnetization
than larger SPIONs due to the increased contribution of the surface anisotropic layer decreasing the
overall magnetization. This is usually explained in terms of a core-shell model, where the magnetically
dead layer, strains and distortions at the surface are claimed to be responsible for the particle size
effects [42]. Therefore, in order to elucidate only the effects of holmium doping on the magnetic
behaviour of SPIONs, we have chosen a synthetic procedure yielding SPIONs of low size distributions
and good crystallinity. The controlled size distribution is also beneficial from the point of view of their
prospective medical applications, as discussed in Section 1.

3.1. Morphology Studies

The changes of morphology of SPIONs under Ho doping were studied with TEM. The images
obtained by TEM reveal the differences in the morphology for nanoparticles with various
concentrations of Ho3+ vs. Fe3+ used during the synthesis. The high level of aggregation
observed on the presented images is caused by sample preparation for TEM analysis: the ethanol
suspension is placed on the TEM grids and during the solvent evaporation the nanoparticles
aggregate (the Marangoni effect). The literature attributes the dependence of morphology to the
experimental conditions, indicating the formation of nanoparticles (SPIONs) having spherical [43],
quasi-spherical [44], and even octahedral [45] shapes. As can be seen in Figure 2, the aggregates
of undoped nanoparticles (a), doped with 1% (b), and 2.5% (c) of holmium have a spherical shape
with an average diameter of about 10–15 mm, whereas higher doping results in an irregular axial
growth of the crystals and an increase of the grain size up to 30–40 nm. Spherical particles, similar
to pristine magnetite nanoparticles (Figure 2a), are formed when holmium doping does not exceed
2.5%, only slightly affecting the crystal structure of nanoferrites. Exceeding the critical value of the
holmium dopant in the ferrite lattice stimulates the crystal growth in one direction. Particles shown in
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Figure 2a,b appear to be monodispersed, and of similar morphology. Typical histogram exemplifying
the size distribution of nanoparticles for Fe3O4@2.5%Ho, is shown in Figure 3, below.

(a) (b) (c) 

(d) (e) (f) 

Figure 2. TEM images of (a) undoped iron oxide SPIONs, and doped with (b) 1%; (c) 2.5%; (d) 5%;
(e) 7.5%; (f) 10% of holmium obtained by co-precipitation (scale bar: 50 nm).

 

Figure 3. Histogram for Fe3O4@2.5%Ho.

3.2. Size Distribution and Zeta Potential Studies

The size distribution of all samples was also investigated by means of dynamic light scattering
(DLS) in an aqueous dispersion. Likewise assessed from the TEM analysis, the size of the investigated
SPIONs is similar; however, SPIONs are not stabilized with any organic shell, and therefore they tend
to precipitate spontaneously within a few minutes. Therefore, we stabilized them with a CEPA shell.

As can be seen in Figure 4, the size of the unmodified SPIONs containing 2.5% of holmium is
ca. 89 nm in diameter, while after modification of their surface with CEPA this value is lower by ca.
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20 nm. A lower diameter of SPIONs covered with CEPA suggests that they are more dispersed than
the unmodified ones. In comparison to the TEM analysis, the diameter value for uncovered SPIONs
is higher because DLS reports the hydrodynamic diameter including the solvation shell of SPIONs
agglomerate, whereas TEM images show only the solid core of nanoparticles. To confirm if unmodified
SPIONs agglomerate, the zeta potential corresponding to the surface potential was measured. The zeta
potential value for uncovered SPIONs suspended in water is about −2.7 mV, while after covering with
CEPA the zeta potential value is about −32.5 mV. SPIONs covered with CEPA are stable at pH 7 for
more than a week, while non-covered tend to aggregate spontaneously.

This behaviour suggests the presence of strong electric charges on the SPIONs covered with CEPA,
keeping all SPIONs away from each other.

Figure 4. Size distribution by volume for Fe3O4@2.5%Ho unmodified (blue curve) and modified with
CEPA (black curve).

3.3. Thermogravimetric Analysis

The TGA analysis of nanoparticles doped with 1% and 2.5% of holmium and surface-modified
with 3-phosphoropropionic acid was carried out in the range from ambient temperature to 600 ◦C
with a heating rate of 10 ◦C/min under the nitrogen atmosphere. The TG curves indicate a total
weight loss of Fe3O4@2.5%Ho nanoparticles due to the decomposition of the organic material from
the surface of nanoparticles. On the basis of the thermograms presented in Figure 5, the quantity of
3-phosphoropropionic acid was evaluated. The organic shell constitutes ca. 7.5% for Fe3O4@1%Ho
and 9% for Fe3O4@2.5%Ho of the conjugate mass, which gives 0.075 mg (4.9·10−7 mol) per 1 mg of
Fe3O4@1%Ho SPIONs, and 0.09 mg (5.8·10−7 mol) per 1 mg of Fe3O4@2.5%Ho SPIONs. Based on the
zeta potential studies, it is seen that such an amount of CEPA is sufficient to stabilize SPIONs.

  
(a) (b) 

Figure 5. Thermograms of the SPIONs modified with 3-phosphoropropionic acid:
(a) Fe3O4@1%Ho@CEPA, and (b) Fe3O4@2.5%Ho@CEPA.
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3.4. Crystallographic Structure

Powder diffraction patterns were recorded with a powder diffraction X-ray diffractometer (PXRD)
operating with Debye–Scherrer geometry and Cu Kα radiation with line λ = 1.540598 Å. Measurements
were performed at RT and a scan rate of 1◦ per minute in 0.012◦ steps, covering the 2θ angle range
from 20◦ to 130◦. For nanoparticles containing 1–10 at. % of holmium, the diffraction patterns consist
of a series of peaks, whose positions reveal the Fe3O4 phase (JCPDS file, No. 19-0629 for magnetite)
(see Figure 6). Due to the high iron content in the crystals, the X-ray fluorescence is revealed as a noisy
background in all recorded patterns. Synthesized nanoparticles have a high surface-to-volume ratio,
crystal strains and surface defects, which contributes to the full width at half maximum (FWHM) of
the reflexes. Their small size also correlates to the relatively broad shape of these patterns. According
to the literature, the experimental conditions influence the crystal structure of prepared nanoparticles
as well as other properties [46].

Figure 6. PXRD patterns of undoped and Ho-doped nanoferrite crystallites.
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Samples doped with 1 at. % and 2.5 at. % holmium reveal reflexes characteristic of the Fd-3
m space group with single phase composition, while increasing holmium doping leads to poorer
crystallinity and the additional formation of Pbnm space group of goethite: α-FeOOH. The PXRD
patterns explain the sudden change of crystal shape presented in the TEM images (see Figure 2),
where crystallites with irregular shape appear. Line broadening in the recorded XRD patterns enables
the calculation of the crystal size based on the Scherrer formula [47] and subsequent comparison
to the TEM results. The average crystallite size in pure Fe3O4 is about 10 nm, while the size of the
doped SPIONs increases to ca. 17 ± 2 nm (below 5% doping), which correlates with the TEM studies.
The appearance of goethite with a 5–10% doping level leads to the poorer crystallinity and increasing
amorphism of the obtained precipitate. Additionally, the shape of SPIONs is elongated due to the
presence of FeOOH, which appears within this doping in the crystallites and, contrary to Fe3O4,
crystallizes as a rhombic structure. [48]. In accordance with the literature [39], we do not observe a
separate phase of Ho2O3.

The literature [35] suggests that lanthanide ions are incorporated into the octahedral sites of
the crystallographic lattice, while such a replacement of Fe3+ with larger ions can cause a distortion
of the lattice. Within this work we replaced Fe3+ having an ionic radius about 78.5 p, with Ho3+

ions, which are around 30% larger (~101 pm). The diffraction patterns show that the crystallinity is
poorer for samples with the highest holmium content. Doping above 5% leads to polycrystallinity,
and randomly distributed vacancies in the spinel structure appear. Drastic lattice deformation occurs
with 5% holmium doping at Fe3O4 crystal. It is obvious that within such changes of the structure,
the morphology of formed nanoparticles and magnetic properties should also change. We are inclined
to assign the observed changes to the fact that at this doping level the amount of Ho is too large to
be accommodated within the Fd-3m space group. As a consequence, this may lead to the observed
polycrystallinity of SPIONs. Nevertheless, these results show that, up to a given doping level, Ho3+

ions can be incorporated within magnetite crystallites and not merely adsorb onto the surface of
SPIONs. Such adsorption will not lead to lattice distortions. However, we cannot exclude at least
partial adsorption on Ho3+ ions onto a well-developed surface of SPIONs.

3.5. XPS Analysis

In addition to the XRD studies, X-ray photoelectron spectroscopy was applied to investigate
the chemical composition of the formed nanoparticles with 2.5% holmium doping. For this purpose,
the analysis of the binding energy of Ho 4d and Fe 2p regions was carried out. The overall survey
spectrum of the holmium-doped iron oxide nanoparticles is presented in Figure 7.

 

Figure 7. XPS survey spectrum of Fe3O4@2.5 at. % Ho nanoparticles.
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Figure 8a,b shows the indicative regions of Fe 2p and Ho 4d binding energies, respectively, with
deconvolution. As can be seen in Figure 8a, the spectrum can be fit to the doped iron oxide, where the
peak positions of the Fe 2p3/2 and Fe 2p1/2 corresponding to the Fe3+ octahedral species [49] are located
at binding energy 710.4 eV and 723.9 eV, respectively. The peak at 710.4 eV can be deconvoluted into
two peaks: Fe2+ 2p3/2 and Fe3+2p3/2, respectively, ascribed to magnetite, but the precise deconvolution
depends largely upon the model used [50]. The presence of satellite peaks at 718.7 eV and 732.5 eV
may originate from the high-spin Fe2+ 2p3/2 shake-up. [50].

(a) (b) 

Ho 4d5/2 Ho 4d3/2 

Figure 8. XPS spectra of (a) Fe 2p and (b) Ho 4d region for Fe3O4@2.5%Ho SPIONs.

The experimental results are similar to the literature data for iron at different oxidation states [51].
Figure 8b presents the peaks at binding energies 160.5 eV and 162.7 eV, characteristic to Ho3+ 4d5/2/
and 4d3/2, indicating that holmium has been incorporated into the crystal lattice of iron oxide [52].
Due to the low amount of holmium in our samples, these peaks are of low intensity; therefore, their
further analysis can be inaccurate.

3.6. Magnetic Analysis

Magnetic measurements of the ferrite-based nanoparticles were performed in a broad range of the
applied magnetic field. Magnetization of the SPIONs studied increases abruptly in magnetic fields up
to about 300 Oe and then approaches saturation at both 100 K and 300 K (Figure 9). The corresponding
values of magnetization are lower for the 300 K isotherm than for the 100 K one. This magnetization
decrease is consistent with a magnetization description given by the Brillouin function, which predicts
magnetization suppression caused by the rising temperature [42,53,54]. The saturation magnetization
Ms measured at 100 K for the pure Fe3O4 nanoparticles is found to be 83 emu/g, which is close to the
value obtained for the undoped bulk magnetite. The magnetization value of nanoparticles depends
on the experimental conditions during synthesis [54,55]. The Ms magnetization decreases down to
65 emu/g with the rise in temperature from 100 to 300 K (see Figure 9). The magnetization at both
100 K and 300 K decreases gradually when Ho doping rises from 1% to 10%. For 1% of Ho doping,
only a slight Ms reduction is observed. The saturation magnetization, Ms, of SPIONs doped with
2.5% being about 50 emu/g at 300 K is sufficient for magnetic separation under the applied external
magnetic field (see Figure 9); however, subsequent doping above 2.5% of holmium leads to a decrease
in the magnetization and degradation of the superparamagnetic properties, which is not satisfactory
from a biomedical point of view.

The more detailed inspection of magnetization hysteresis loops in weak fields (Figure 10) allows
us to determine the coercive field Hc. At a temperature of 300 K, the coercive fields are equal 15 Oe and
10 Oe for the pure magnetite and SPIONs with 1% of Ho, respectively. Such a low coercive field (Hc)
as well as the shape of the magnetization curve are the characteristic features of superparamagnetic
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materials. The coercive field also remains low for the 2.5% and 5% doping, whereas Hc increases
for 7.5% and 10% doping (Figure 11). On the other hand, one may notice the remarkably larger Hc

values ranging between about 60 and 120 Oe, when the SPIONs studied become ferromagnetic at
100 K (Figure 11) [56].

 
(a) (b) 

Figure 9. Magnetization isotherms for SPIONs with different Ho content measured at (a) 100 K and
(b) 300 K.

 
(a) (b) 

Figure 10. Magnetization loops K for (a) Fe3O4, (b) Fe3O4@1% Ho registered at 100 K and 300 K from
−200 Oe to 200 Oe.

  
(a) (b) 

Figure 11. Values of (a) saturation magnetization at 20.000 Oe and (b) coercive field as a function of
holmium content in SPIONs measured at 100 K and 300 K. Error bars are smaller than the data symbols.
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A depletion of magnetic properties is observed for the higher holmium content. The saturation
magnetization MS drops when Ho doping is above 2.5% (Figure 11). This is accompanied by an
increase in the coercive field Hc above 5% of Ho. The observed changes may be due to several reasons.
The crystallographic lattice is found to be distorted at an Ho content exceeding 2.5%, as discussed in
chapter 3.4. Crystallographic Structure.

It is also observed that the grains start to deviate from a spherical shape. Moreover, the doped
ferrites become multiphasic as the additional α-FeOOH goethite phase appears in the NPs. This
goethite phase is known to contain vacancies, which enhance the coercivity fields [57]. Thus,
the magnetization results correlate well with the crystallographic data (vide supra).

The observed degradation of magnetic properties of studied ferrites is consistent with a two-phase
approach of the so-called core-shell model, which is commonly used in analysis of fine structured
materials [54]. The magnetic and electrical properties of transition-metal-based oxides are known
to be strongly affected by various types of structural and chemical disorder [54,58–60]. The level of
disorder may be accounted for by the volume fraction of disordered phase contained in the solid.
In the polycrystalline and nanocrystalline solids a mean size of grains/crystallites is on the order of
micrometers or tens of nanometers, respectively.

The surface layer/shell of grains and crystallites contains a material that is strongly structurally
disordered as compared to the inner core of crystallites, which preserves the long-range translational
symmetry characteristic of the bulk material. The thickness of the surface layer/shell extends from
one to about a few nanometers and weakly depends on preparation method [43]. Thus, the volume
fraction of a surface shell is known to increase abruptly when grain sizes are reduced down to the
nanometer range [48,49,54]. In a rough approximation, the surface shell is often assumed to be
nonmagnetic or weakly magnetic. Therefore, the magnetization of a nanostructured solid becomes
suppressed as compared to the bulk material of the same chemical composition. In order to enhance
their magnetization, materials like magnetite are doped with e.g., rare earth ions bearing a large
magnetic moment. This approach may be successful to some extent since the atomic size mismatch
between Fe and rare earth atoms starts to distort the atomic lattice and deplete the magnetic parameters.
Finally, the magnetic properties of the doped ferrites studied in this work result from two competing
factors: the atomic size mismatch and the high magnetic moment of Ho ions.

The magnetic properties of prepared SPIONs are stable. The dependence of magnetization in the
Zero-Field-Cooled (ZFC) and Field-Cooled (FC) modes in the applied DC field of 100 Oe was measured
versus temperature range from 60 to 350 K (Figure 12). The FC magnetization varies only weakly
in the temperature range studied. The ZFC magnetization is a monotonically increasing function of
temperature; however, the ZFC maximum related to the blocking temperature TB, may be located
above 350 K. The shape of the ZFC curve may be due to the relatively broad grain size distribution.

  
(a) (b) 

Figure 12. Temperature dependence of ZFC and FC magnetization at 100 Oe for nanoparticles doped
with (a) 1% and (b) 2.5% of holmium.
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4. Discussion

The aim of this work was to introduce a simple approach to incorporate the lanthanide, Ho3+,
ions into the ferrite oxide nanoparticles through the co-precipitation synthesis at room temperature,
forming Ho-doped multifunctional SPIONs for their further modifications for biomedical applications.
SPIONs doped with holmium were successfully synthesized in conditions enabling us to control
their properties, such as shape, size, magnetization and structure. We have found that 2.5% molar of
holmium in the ferrite-based SPIONs is maximal value yielding SPIONs with homogeneous phase and
high magnetization above 60 emu/g. Undoped and 1–2.5% Ho-doped samples have a size ranging
from a few to 20 nm in diameters, whereas further increase in the holmium content causes the growth
of their size and irregular shape of the grains. We also observed an unusual drop in the magnetic
properties at 5% of holmium in SPIONs, which we are inclined to assign to the size mismatch of
Ho3+ and Fe3+ ions, leading to crystal lattice strain, defects in the structure and the formation of the
goethite phase. The conclusion on the formation of α-FeOOH in the synthesized nanoparticles is
additionally supported by the appearance of coercivity under the influence of an external magnetic
field. XPS analysis confirmed the presence of holmium-doped iron oxide SPIONs. In contrast to the
heterogeneous samples, SPIONs doped with 1–2.5% reveal superparamagnetic behaviour at room
temperature and XRD patterns confirm that they maintain a homogeneous phase with well-formed
crystallites. As they are synthesized, SPIONs tend to aggregate in the aqueous media. Subsequent
modification with a CEPA organic shell stabilizes the suspension due to the electrostatic repulsion of
negatively charged carboxylic groups of 3-phosphoropropionic acid shell. Further studies will attempt
to implement the replacement of “cold” atoms of Ho in the superparamagnetic core with its 166Ho
radionuclide, emitting “soft” β(-) radiation limited only to the distance of several millimeters, for the
multiplied therapeutic effect of endoradiotherapy and magnetic hyperthermia.

5. Conclusions

In summary, using an efficient co-precipitation technique we obtained and characterized SPIONs
doped with holmium. Taking into account their physicochemical properties, the superparamagnetic
SPIONs doped with 1–2.5% holmium can be used for biomedical applications. The incorporation of
such an amount of lanthanide is optimal for maintaining high magnetization and the homogeneous
crystal structure of SPIONs, as a core SPIONs for modification with organic linkers and antitumor
drugs. SPIONs prepared via the proposed route have great potential application in the biomedical field.

6. Patents
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Abstract: Quantum dots (QD) are widely used for cellular labeling due to enhanced brightness,
resistance to photobleaching, and multicolor light emissions. CdS and CdxZn1−xS nanoparticles
with sizes of 6–8 nm were synthesized via a ligand assisted technique inside and outside of 50 nm
diameter halloysite clay nanotubes (QD were immobilized on the tube’s surface). The halloysite–QD
composites were tested by labeling human skin fibroblasts and prostate cancer cells. In human
cell cultures, halloysite–QD systems were internalized by living cells, and demonstrated intense
and stable fluorescence combined with pronounced nanotube light scattering. The best signal
stability was observed for QD that were synthesized externally on the amino-grafted halloysite.
The best cell viability was observed for CdxZn1−xS QD immobilized onto the azine-grafted halloysite.
The possibility to use QD clay nanotube core-shell nanoarchitectures for the intracellular labeling
was demonstrated. A pronounced scattering and fluorescence by halloysite–QD systems allows for
their promising usage as markers for biomedical applications.

Keywords: bioimaging; nanoarchitectures; halloysite; intracellular labeling

1. Introduction

Nanomaterials show great promise when it comes to targeted drug delivery, diagnostics, and
controlled-release drug treatment. In recent years, formulations based on halloysite clay nanotubes
have attracted attention in biology and medicine as a drug delivery vehicle [1–6], in implants and
tissue engineering [7], and in chemical- and bio-sensing [8,9]. Halloysite nanotubes can be employed
as encapsulation containers due to their tubular structure, mesoporous 10–15 nm diameter lumen, and
site-dependent chemistry with positively (Al2O3) and negatively (SiO2) charged inner and outer tube
surfaces [10–13].

Halloysite has been proposed as a template for synthesis and stabilization of various nanoparticles
following a core–shell nanoarchitecture strategy. Halloysite–metal nanoparticle composites have
been employed in heterogeneous catalysis [14,15]. Antibacterial Ag [16,17], as well as plasmonic
Au nanoparticles [18], were synthesized into and onto halloysite tubes to form new nanosystems
with enhanced biological activity. Metal chalcogenide halloysite-based formulations have already
been tested in photocatalysis and bioimaging [19,20]. Metal chalcogenide quantum dots (QD) are

Nanomaterials 2018, 8, 391; doi:10.3390/nano8060391 www.mdpi.com/journal/nanomaterials97
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semiconductor nanoparticles with a size of up to 10 nm that emit light with a wavelength that can be
finely tuned from ultraviolet to infrared, depending on sizes, structure, and composition; among them,
cadmium containing QDs are one of the most useable [21]. QDs are favorable for intracellular labeling
because of the easily tunable light emission, wide absorption band, high resistance to photobleaching,
and possibilities of surface modification by conjugation with proteins [22].

One of the main problems with nanomaterial applications in living organisms is the toxicity of
such tiny objects. For example, QD for bioimaging are often synthesized using complicated stabilization
techniques to make them less cytotoxic and better dispersible in water, and this is especially important
for cadmium-containing QDs [23]. Halloysite clay encapsulation could help dispersing the quantum
dots in water, as well as decrease the toxicity of QD via the tube surface immobilization and decreasing
amounts of free CdSe or CdS. These natural alumosilicate clay rolled structures, named halloysite, are
known to be biocompatible [24]. One of the first reports on halloysite exposition for HeLa and MCF-7
mammal cell lines demonstrated that halloysite has low toxicity at concentrations up to 100 μg/mL.
Although halloysite can be easily taken up by the cultured cells, its toxicity was reported to be very low,
both for cell cultures and in vivo for animals [25]. Even at higher concentrations (up to 1500 μg/mL),
halloysite nanotubes conjugated with noble metal nanoparticles, which have low toxicity for plants,
as was reported for radish seeds [26].

Here, we report that site-selective immobilization of cadmium-containing QDs on halloysite
nanotubes opens the way to obtain new fluorescent materials with broad emission spectra, good
stability, and low in vitro toxicity. To reduce the cadmium content, a solid solution of cadmium-zinc
sulfide was also used as fluorescent nanoparticle shells on core clay nanotubes.

2. Materials and Methods

Halloysite nanotubes (HNT), (3-Aminopropyl)triethoxysilane (APTES), furfural, hydrazine
hydrate, cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O), zinc nitrate hexahydrate (Zn(NO3)2·6H2O),
thioacetamide (TAA), ethylenediaminetetraacetic acid (EDTA), ammonium hydroxide solution
(NH4OH), and ethanol 96% were all purchased from Sigma-Aldrich (Rushim, Moscow, Russia).

2.1. QDs Stabilization on Halloysite

Cadmium sulfide and cadmium-zinc sulfide QDs were stabilized on halloysite using the two
following synthesis strategies.

In first case, APTES was used as a grafting agent. The halloysite salinization was performed
using 0.2 g of APTES per 1 g of halloysite dispersed in ethanol and stirred at 60 ◦C for 24 h
(modified from [27]). After the reaction, the dispersion was washed several times with ethanol.
The resulting precipitate was dried for 12 h at 60 ◦C. Afterwards, the resulting HNT-NH2 was
dispersed in a Cd(NO3)2 solution and stirred for 30 min using sonication. Then a TAA solution
was added in the cadmium-containing mixture, and pH was adjusted to 10 using NH4OH. After 5 min,
the yellow precipitate was centrifuged, washed with ethanol several times, and dried at 60 ◦C for 24 h.
The obtained sample was labeled as HNT-NH2-CdS (see Scheme 1).

In second case, azine produced from furfural and hydrazine hydrate was used as a ligand to
form stable CdS and CdxZnyS QD on halloysite nanotubes. The procedure for HNT-Azine synthesis is
described elsewhere [20,28]. The synthesis of CdS QDs was performed according to the same procedure
described above. The obtained sample was labeled as HNT-Azine-CdS. The same HNT-Azine was
used to stabilize Cd0.7Zn0.3S QD, where a solution of Cd(NO3)2 and Zn(NO3)2 with Cd:Zn molar ratio
of 0.7:0.3 was taken as a metal precursor solution. The procedure of QD synthesis was the same as for
HNT-NH2-CdS and HNT-Azine-CdS. The sample was labeled as HNT-Azine-Cd0.7Zn0.3S.

To compare the photostability of synthesized HNT-QD materials with commonly used fluorescent
dyes, we prepared rhodamine 6G (R6G) and fluorescein (Fluor) dyes that were adsorbed onto the
halloysite nanotubes. Dyes were adsorbed on the halloysite surfaces from concentrated ethanol
solutions, using a vacuum for better loading. After soaking the halloysite in dye solution for 30 min,
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the ethanol was evaporated under vacuum, and obtained composites (HNT-R6G and HNT-Fluor) were
washed with ethanol and dried overnight.

Scheme 1. Synthesis of halloysite-CdS composites.

2.2. Cell Cultures

Epithelial human prostate cell line (PC-3) was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were seeded in a sterile culture flask with a growth area of
75 cm2 (Corning Inc., Corning, NY, USA), and contained 12 mL of Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10% fetal bovine serum (PAA laboratories, Dartmouth, MA, USA), 100
IU/mL of penicillin, and 100 ng/mL of streptomycin. The cells were cultivated at 37 ◦C in a humidified
atmosphere containing 5% CO2, and sub-cultured by trypsinization every three days at 80% confluency.

2.3. Characterization

Fluorescent materials’ morphology evaluation and elemental analysis were performed with
a JEM-2100 transmission electron microscope (Jeol, Tokyo, Japan), equipped with a JED-2300 X-ray
fluorescence spectrometer (Jeol, Tokyo, Japan). Size distributions of QD were estimated by measuring
the diameters of electron-dense particles in transmission electron microscopy (TEM) images with
ImageJ v1.50i suite (National Institutes of Health, Bethesda, MD, USA). Reflectance spectra of the
synthesized materials were registered in 45◦/45◦ geometry using a 150 W xenon arc lamp (LOT Oriel,
Darmstadt, Germany) and QE65000 spectrometer (Ocean Optics, Dunedin, FL, USA). Elemental
analysis was performed using an ARL™ PERFORM’X Sequential X-ray Fluorescence Spectrometer
(Thermo Scientific, Waltham, MA, USA).

For the study of cells’ morphology and cytoskeleton structure, 1 × 105 cells were added to the
six-well plate re-suspended in medium (1 mL) on coverslips (10 mm), where the plate was previously at
the bottom of each well. The cells were grown for 24 h, the HNT-QD (100 mg/mL) was added, and cells
were cultured for 24 h (37 ◦C and 5% CO2). Then, the cells were washed with phosphate-buffered saline
(PBS) and stained with 4′,6-diamidino-2-phenylindole (DAPI) solution (1 mg/mL) and Phalloidin
Alexa Fluor® 488 (Thermo Fisher Scientific Inc., Waltham, MA, USA), according to the standard
protocols. The slides were observed with laser scanning microscope Carl Zeiss LSM-780 (Jena City,
Germany) with 543 nm, 488 nm, and 405 nm lasers, and images were processed using ZEN Black
software (Carl Zeiss MicroImaging GmbH, Göttingen, Germany). Enhanced dark-field microscopy
images were obtained using an Olympus BX51 upright microscope (Tokyo, Japan) equipped with
a CytoViva® oil immersion dark-field condenser (Auburn, AL, USA).
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2.4. Cell Viability

To measure the cell viability while incubated with HNT-QD, they were seeded in a sterile culture
flask with growth area of 75 cm2 (Corning Inc., Corning, NY, USA) until the confluence reached
~80%. Cells were rinsed with PBS and then were detached from the substrate by trypsinization.
Then, the cells were grown in a six-well plate for 24 h and HNT-QD were added. After 24 h of
incubation in standard conditions, we assessed cell death induction using ReadyProbes® Cell Viability
Imaging Kit (Blue/Green) (Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the standard
protocol. The nuclei of all cells were analyzed with a standard DAPI filter (excitation/emission maxima:
360/460 nm), and the nuclei of dead cells with compromised plasma membranes were detected with
standard FITC/GFP (green) filter set (excitation/emission maxima: 504/523 nm) on a flow cytometer
FACS (BD Biosciences, San Jose, CA, USA).

3. Results

3.1. Fluorescent Materials Morphology and Composition

Halloysite nanotubes (HNT) that were used varied in length from 300 nm to 1 μm, with an
average length of 600 nm, inner diameter of 15–20 nm, and their chemical formula is similar to
kaolinite (Al2Si2O5(OH)4·nH2O). The outer surface of halloysite is negatively charged at pH above
4 and was comprised of silica [29]. Surface modification of halloysite with silane is a common method
that allows nanoparticles to bind to halloysite surface and to prevent their detachment from the tubes
and aggregate [30–32]. In the case of cadmium containing QD (CdS or Cd0.7Zn0.3S), it is preferable
to have complexation agents that cover QD to prevent cadmium release. Therefore, we have chosen
an organic azine as a ligand for chalcogenide nanoparticle formation. This technique makes it possible
to load nanoparticles inside the lumen of halloysite nanotubes [15], preventing QD nanoparticles
from aggregating.

Figure 1 shows TEM images of halloysite nanotubes before modification (A), and after synthesis of
fluorescent nanomaterials (B–D). The content of CdS in the samples, as evaluated by X-ray fluorescence
elemental analysis, was 3.2, 3.5, and 2.9 wt% for cadmium sulfide quantum dots immobilized onto the
amino-grafted halloysite HNT-NH2-CdS (Figure 1B), cadmium sulfide quantum dots immobilized
onto the azine-grafted halloysite HNT-Azine-CdS (Figure 1C), and cadmium-zinc sulfide quantum
dots immobilized onto the azine-grafted halloysite HNT-Azine-Cd0.7Zn0.3S (Figure 1D), respectively.

Figure 1. TEM images of pristine HNT (A); HNT-NH2-CdS (B); HNT-Azine-CdS (C); and HNT-Azine-
Cd0.7Zn0.3S (D). Particle size distributions derived from measurements of 100 particles for each sample
are shown in insets (B–D), (see also Table S1 in Supplementary Materials).
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As shown above, the particle location on the tubes was different in every case. In the case
of amino-grafted halloysite, the clusters were distributed all over the nanotubes. The particle size
varied in a wide range from 2 to 13 nm (Figure 1B, inset). The concentration of nanoparticles in
case of amino-grafted halloysite (Figure 1B) was lower than that of azine-grafted QD (Figure 1C,D).
HNTs-Azine-CdS materials contained QD with better monodispersity; the majority of QD have size
within 6 to 8 nm (Figure 1C,D, insets). There were no large Cd-clusters observed separate from the
nanotubes. HNTs-Azine-Cd0.7Zn0.3S had densely located particles with size from 5 to 10 nm. Such
a difference in the nanoparticle size distributions caused a variation in the material’s spectral properties.

The synthesized cadmium QD materials had a bright yellow color, which is associated with their
strong light absorption in blue spectral range (Figure 2). The positions of absorption peaks imply that
these nanomaterials might demonstrate fluorescence when excited by a laser in the 400–500 nm range.

Figure 2. Diffusive reflectance spectra of HNT-NH2-CdS (A); HNT-Azine-CdS (B); and HNT-Azine-Cd0.7Zn0.3S
(C). Spectra were registered using pristine halloysite as a reference.

3.2. Laser Scanning and Dark Field Microscopy

We applied the halloysite-QD composites to label human cells in vitro to demonstrate the optical
effects of these materials within live cells. Figure 3 presents the laser scanning microscopy (LSM) images
of different Cd-composites with QD stabilized on halloysite nanotubes. Bright and well-resolved
fluorescence was observed in all cases. It can be seen that every material had different emission
spectra ranging from green (HNTs-Azine-CdS), to yellow-red (HNTs-Azine-Cd0.7Zn0.3S), to red
(HNT-NH2-CdS). Figure 3C shows the confocal microscopy image of the sample that had been stored
for nine months. Cell nuclei were stained with DAPI, and were visible as large blue spots. Smaller
red, yellow-red, and green spots around the nuclei correspond to HNT-QD composites, and imply
that these composites are well-distributed on the cells’ surfaces or inside them. These images confirm
the effective uptake of QD-modified halloysite; apparently the uptake occurs in the same way as with
dextrin-coated clay nanotubes [6].

Figure 3. Laser scanning microscopy (LSM) images of PC-3 cells that were QD-labeled with
HNTs-Azine-CdS (A), HNTs-NH2-CdS (B), and HNTs-Azine-Cd0.7Zn0.3S (C). The nuclei were stained
with DAPI (blue channel, 405-nm laser), QD are shown in green (488-nm laser) and red channel
(543-nm laser).
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More detailed distributions of the QD-nanotubes within the PC-3 cell are presented in Figure 4,
demonstrating the correlative microscopy images taken using dark-field and epifluorescence
microscopy. When observed using enhanced darkfield microscopy (Figure 4A), halloysite nanotubes
appear as bright spots due to their good light-scattering properties. The cell membrane and cytoplasm
can also be seen; however, at the same illumination intensity, the halloysite-lacking regions of the cell
appeared to be faint. The corresponding fluorescence image of the same cell (Figure 4B) was stained
with ReadyProbes® viability dye, while HNT-NH2-CdS appeared as red spots, and their locations
correspond to the brightest spots in Figure 4A, allowing us to correlate the QD fluorescence with
halloysite light scattering.

Figure 4. Visualization of PC-3 cell labeled with HNT-NH2-CdS: dark-field microscopy image of
PC-3 with HNT-NH2-CdS (A) and fluorescence image of cells stained with ReadyProbes® Cell
Viability Imaging Kit (Blue/Green) (ThermoFisher) (B). HNT-NH2-CdS appeared as bright white
spots (A, marked by arrows), or yellow and red spots (B), (marked by arrows).

3.3. Luminescence Stability

Time-dependent change of the intensity of QD fluorescence was observed using a laser confocal
microscope equipped with a 405-nm diode laser in time-series mode. The signal intensity was recorded
every 30 min for 4 h, and is shown in Figure 5. In Figure 5, the photostability of synthesized materials
is shown, along with the photostability of fluorescent dyes rhodamine 6G and fluorescein immobilized
onto the halloysite (HNT-R6G and HNT-Fluor, respectively). It is known that photobleaching of
fluorescent dyes follows pseudo-first-order kinetics [33,34], so experimental points (circles and crosses
in Figure 5) were approximated by first-order kinetics fits (lines in Figure 5). The highest luminescence
signal stability was observed for the HNTs-NH2-CdS (k = 0.00086 min−1), which is comparable with
the photostability of rhodamine 6G (k = 0.0012 min−1). Azine-grafted materials (HNT-Azine-CdS
and HNT-Azine-Cd0.7Zn0.3S) and halloysite-fluorescein composite (HNT-Fluor) showed a decreasing
fluorescence intensity with time (k = 0.0139, 0.0057, and 0.0045 min−1, respectively).
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Figure 5. Time-dependent luminescence intensity of the synthesized materials (lines are first-order
kinetics fits; see also Table S2 in Supplementary Materials).

3.4. Cytotoxicity

Earlier, we have shown the lack of toxic effects of halloysite-QD on cells with colorimetric assays
and flow cytometry [20]. The toxicity of quantum dots depends on their size, chemical structure,
and coating used [35,36]. We developed QDs that have a wide range of fluorescence, which is crucial
for in vivo visualization. The toxicity of quantum dots was measured using the flow cytometry
method. As one can see, viability of the cell is high in all cases as compared to the control (Figure 6).
The percentage of live cells is higher when the HNT-Azine-Cd0.7Zn0.3S was used in cell cultivation.
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Figure 6. Flow cytometry data on viability of PC-3 cells exposed to halloysite-QD composites. Error
bars are sample standard deviations (see also Figures S5–S8 in Supplementary Materials).

4. Discussion

The synthesis of halloysite with grafted nitrogen-containing electron donating groups leads
to the formation of fluorescent core-shell materials, which are comprised of QDs immobilized
onto the surface of the clay nanotubes. The nature of the grafted groups affects the particle
organization, size distribution, and spectral properties of the formed QD systems. Generally,
azine-grafted materials provide a higher surface coverage of halloysite nanotubes with QDs and
a narrower cadmium-containing nanoparticle size distribution. The immobilization of QDs onto
the halloysite nanotubes prevents the aggregation of QD and ensures their good dispersibility in
water. This immobilization approach is suitable even for nanoparticles without hydrophilic ligands or
an amphiphilic polymer coating employed for the surfactant-stabilized nanoparticles [37].

One of the known problems of QD bioimaging applications is their blinking behavior, namely
the transition between a photoluminescent “on” state and the Auger-recombination “off” state [38].
The halloysite-QD composites with high surface QD coverage provide a simple and robust workaround
of the blinking problem because the luminescence is provided by many QD, thus making the blinking
by individual QD negligible.

The produced halloysite-QD tubular nanocomposites demonstrate the affinity towards living
cells; PC-3 cells were contrasted by the designed nanosystems, and no free fluorescent particles
were detected. The remarkable differences in the fluorescence signal stability show that better
particle size distribution and higher concentration of QD do not guarantee the stability of composites.
HNTs-NH2-CdS formulations show higher photobleaching resistance, probably because of more
sparsely distributed particles that are resistant to aggregation. The high photobleaching stability is
crucial for real-life applications, such as study of the dynamics of intracellular processes, or prolonged
diagnostics of organism malfunctions.

As one can see in Figures 3 and 4, halloysite-QD composites are either taken up by human cells
or adsorbed onto the cell membranes. The underlying mechanism is not clear yet, but based on
earlier observations [39], we assume that uptake of halloysite occurs via endocytosis, and depends on
proliferation rate of different cell cultures.
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The surface modification of halloysite affects not only the synthesis and immobilization of
cadmium chalcogenide nanoparticles, but also the cytotoxicity of the halloysite-QD composites.
The HNTs-NH2-CdS formulations were most resistant to photobleaching, but at the same time
demonstrated the highest cytotoxicity. Cadmium-containing QD are known to be cytotoxic because of
Cd2+ ion emissions and direct interaction of QD with cell surface [40]. Thus, the immobilization of QD
onto the surface of halloysite nanotubes may lower the cytotoxicity induced by the latter mechanism.
Interestingly, among the azine-grafted halloysite composites, HNTs-Azine-Cd0.7Zn0.3S showed the
lowest cytotoxicity together with moderate photobleaching resistance. The lower cytotoxicity of
HNTs-Azine-Cd0.7Zn0.3S is probably due to the lower emission of Cd2+ ions from mixed cadmium-zinc
sulfide, combined with the immobilization of QD.

We conclude that cadmium-zinc sulfide QD azine-grafted onto the halloysite clay nanotubes are
the most promising materials for bioimaging.

Supplementary Materials: The following materials are available online at http://www.mdpi.com/2079-4991/
8/6/391/s1. Figure S1: Source TEM image of pristine HNT (Figure 1A); Figure S2: Source TEM image of
HNT-NH2-CdS (Figure 1B); Figure S3: Source TEM image of HNT-Azine-CdS (Figure 1C); Figure S4: Source TEM
image of HNT-Azine-Cd0.7Zn0.3S (Figure 1D); Figure S5: Flow cytometry graphs of the control sample of PC-3
cells; Figure S6: Flow cytometry graphs of PC-3 cells exposed to the HNTs-NH2-CdS sample; Figure S7: Flow
cytometry graphs of PC-3 cells exposed to the HNT-Azine-CdS sample; Figure S8: Flow cytometry graphs of PC-3
cells exposed to the HNTs-Azine-Cd0.7Zn0.3S sample; Table S1: Measured diameters of electron-dense particles
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Abstract: To develop a pH-sensitive dual targeting magnetic nanocarrier for chemo-phototherapy
in cancer treatment, we prepared magnetic graphene oxide (MGO) by depositing Fe3O4 magnetic
nanoparticles on graphene oxide (GO) through chemical co-precipitation. MGO was modified
with polyethylene glycol (PEG) and cetuximab (CET, an epidermal growth factor receptor (EGFR)
monoclonal antibody) to obtain MGO-PEG-CET. Since EGFR was highly expressed on the tumor
cell surface, MGO-PEG-CET was used for dual targeted delivery an anticancer drug doxorubicin
(DOX). The physico-chemical properties of MGO-PEG-CET were fully characterized by dynamic
light scattering, transmission electron microscopy, X-ray diffraction, Fourier transform Infrared
spectroscopy, thermogravimetric analysis, and superconducting quantum interference device.
Drug loading experiments revealed that DOX adsorption followed the Langmuir isotherm with
a maximal drug loading capacity of 6.35 mg/mg, while DOX release was pH-dependent with
more DOX released at pH 5.5 than pH 7.4. Using quantum-dots labeled nanocarriers and confocal
microscopy, intracellular uptakes of MGO-PEG-CET by high EGFR-expressing CT-26 murine
colorectal cells was confirmed to be more efficient than MGO. This cellular uptake could be inhibited
by pre-incubation with CET, which confirmed the receptor-mediated endocytosis of MGO-PEG-CET.
Magnetic targeted killing of CT-26 was demonstrated in vitro through magnetic guidance of
MGO-PEG-CET/DOX, while the photothermal effect could be confirmed in vivo and in vitro after
exposure of MGO-PEG-CET to near-infrared (NIR) laser light. In addition, the biocompatibility
tests indicated MGO-PEG-CET showed no cytotoxicity toward fibroblasts and elicited minimum
hemolysis. In vitro cytotoxicity tests showed the half maximal inhibitory concentration (IC50)
value of MGO-PEG-CET/DOX toward CT-26 cells was 1.48 μg/mL, which was lower than that
of MGO-PEG/DOX (2.64 μg/mL). The IC50 value could be further reduced to 1.17 μg/mL after
combining with photothermal therapy by NIR laser light exposure. Using subcutaneously implanted
CT-26 cells in BALB/c mice, in vivo anti-tumor studies indicated the relative tumor volumes
at day 14 were 12.1 for control (normal saline), 10.1 for DOX, 9.5 for MGO-PEG-CET/DOX,
5.8 for MGO-PEG-CET/DOX + magnet, and 0.42 for MGO-PEG-CET/DOX + magnet + laser.
Therefore, the dual targeting MGO-PEG-CET/DOX could be suggested as an effective drug delivery
system for anticancer therapy, which showed a 29-fold increase in therapeutic efficacy compared
with control by combining chemotherapy with photothermal therapy.

Nanomaterials 2018, 8, 193; doi:10.3390/nano8040193 www.mdpi.com/journal/nanomaterials108
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1. Introduction

Claiming the lives of 8.8 million people in 2015 alone, cancer is always a serious leading cause of
death worldwide [1]. Currently, there are several different treatment techniques, including surgery,
radiation, chemotherapy, targeted therapy, and immunotherapy [2]. Among these, chemotherapy has
remained as one of the most common therapy methods for the treatment of different kinds of cancers.
However, to be successful, chemotherapy may be dependent on several factors, including optimization
of drug delivery to a specific targeting site, hence minimizing undesirable side effects to normal
cells [3].

Advanced drug delivery systems are able to overcome the problems in conventional chemotherapy
by offering carrier systems the possibility to hold sufficient amount of drug, prolong the circulation
time, and provide controlled release of drug within tumor cells [4]. In particular, the application
of nanotechnology in chemotherapeutics has huge potential to overcome the problems faced in
drug delivery, and also provides a platform for the development of a multi-functional drug
delivery nano-system for theranostic nanomedicine [5]. Although several nanomaterial-based
chemotherapeutics have been successfully translated to clinical applications, the successful clinical
translation of promising nanotherapy from benchside to bedside still faces plenty of hurdles.
The inconsistency between the pre-clinical and clinical studies and the heterogeneity found in tumors
may be suggested as two of the major challenges that nanomaterial-based anti-tumor therapies are
facing for translational medicine [6].

Nanoparticles provide ample means of enforcing targeted therapy via passive targeting that refers
to efficient localization of nanoparticles within the tumor microenvironment, as well as active targeting
that represents the active uptake of nanoparticles by tumor cells. The miniscule size of nanoparticles
not only enables far greater intracellular uptake as compared with micron-sized particles [7], it also
allows for an inherent passive targeting by means of the enhanced permeability and retention (EPR)
effect across tumor tissue’s leaky microvasculature [8–10]. Furthermore, new classes of carbon-based
nanomaterials, such as carbon nanotube [11] and graphene [12], augment the passive targeting
mechanism by releasing their therapeutic moieties in response to a given external environment
pH. As epidermal growth factor receptor (EGFR) is highly expressed on the surface of tumor cells,
active targeting could be achieved through the surface modification of nanoparticles with a targeting
ligand, the EGFR monoclonal antibody (cetuximab, CET), to increase the bindings of drug-loaded
nanocarriers with surface receptors of cancer cells and to significantly enhance their intracellular
uptake by targeted cancer cells [13,14]. On the other hand, there have been numerous studies exploring
the conjugation of magnetic nanoparticles with chemotherapeutic agents, which can then be specifically
targeted to localized tumors by guidance with an external magnetic field, hence further increasing the
efficiency of anti-cancer therapy through magnetic targeting [15–17].

Graphene is currently the thinnest material in existence with a thickness of only 0.35 nm [18].
It has a two-dimensional planar structure composed of a sp2 mixed-layer orbital with a considerably
large specific surface area, making it suitable for carrying large quantities of substances (e.g., metal,
biomolecules, and drugs) [19]. When used as a drug carrier, graphene is typically converted
into graphene oxide (GO) to increase hydrophilicity by the introduction of oxygen-containing
functional groups and bind with chemotherapeutic drugs, such as doxorubicin (DOX), by physical
adsorption [20,21]. With loading capacities of up to 2.35 mg/mg of DOX, GO has a substantially
greater loading capacity than other conventional drug carriers, such as polymeric micelle, hydrogel
microparticles, and liposomes [22]. Furthermore, the adsorption between GO and DOX is pH-sensitive,
which offers controlled drug release after intracellular uptake of DOX-loaded GO by cancer cells
through endocytosis into the endosomes for release of its cargo in the low pH (~5) endosomal
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environment. Indeed, the blood’s physiological pH (pH 7.4) is expected to prevent burst DOX release
in the circulation after intravenous injection of DOX-loaded GO, whereas the lower pH environment
after endocytosis into cancer cells would trigger the release of the drug intracellularly for enhanced
chemotherapeutic efficacy [22–24].

It should be noted that current literature proposes that GO may induce the generation of reactive
oxygen species in target cancer cells, which was deemed as one of the most important nanotoxicity
mechanisms of GO [25]. Nonetheless, the nanotoxicity depends on the number of layers, size, surface
properties, and methods of the synthesis of GO, in addition to the dose, time of exposure, cell type,
and administration method [26]. Thus, generalizations of GO nanotoxicity should be avoided due
to the presence of several parameters affecting the toxicity profile of GO. For cellular responses to
sheet-like GO, discrepancies were reported for different cell types [27]. However, GO of greatly
different sizes (350 nm vs. 2200 mm) was selectively internalized by two macrophages by phagocytosis
and showed equal uptake amount in macrophages [28].

Another advantage that is offered by GO is its strong optical absorption in the near-infrared
(NIR) tissue transparency window that may allow its potential use as a photothermal therapy agent.
Photothermal therapy involves the use of light absorbents so as to absorb 808 nm NIR light and convert
the light energy into thermal energy for the killing of cancer cells and the ablation of tumor tissue [29,30].
In recent years, researchers have successfully demonstrated that GO exposed to NIR could destroy
cancer cells in vitro and shrink tumor size from animal experiments [31]. Thus, irradiating GO with
NIR light after its intracellular uptake by cancer cells could be employed as a noninvasive method for
cancer treatment in conjunction with its advantages as a nanocarrier for DOX.

Taken together, all of the considerations mentioned above, we aim to utilize GO’s unique
properties, pH-sensitive drug release, high drug loading, and strong optical NIR absorption, to develop
a multi-functional DOX-carrying drug delivery system that incorporates dual-targeting drug delivery
with photothermal therapy. We focus on using magnetic graphene oxide (MGO) by chemical
co-precipitation of Fe3O4 magnetic nanoparticles on GO nano-platelets [32], which was further
modified with polyethylene (PEG) and CET (MGO-PEG-CET), for magnetic and the receptor-mediated
dual targeted delivery of DOX. We thoroughly characterize the properties of the nanocarriers and
evaluate the anti-cancer therapeutic efficacy both in vitro and in vivo using high EGFR-expressing
CT-26 murine colorectal cells.

2. Results and Discussion

2.1. Preparation and Characteriazation of MGO, MGO-PEG-CET and MGO-PEG-CET/DOX

The nanocarriers were synthesized according to the scheme in Figure 1. Modification using
ClCH2COOH introduced abundant –COOH groups on MGO surface, which reacted with the
–NH2 groups of avidin through carbodiimide-mediated amide bond formation catalyzed by
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS). Using biotin-PEG-NHS that has a terminal –NHS groups to react spontaneously with the
–NH2 groups of CET (or quantum dots, QDs), we prepared biotinylated PEG-CET (or PEG-QDs).
Finally, MGO-PEG-CET (or MGO-PEG-CET-QDs) could be facially prepared by taking advantage of
the high affinity of avidin toward biotin (Kd = 10−15 M) and the capacity to bind up to four biotin
molecules per avidin [33]. Also, as the bond formation between avidin and biotin is very rapid and is
not unaffected by pH and temperature, which further facilitate the approach adopted here to conjugate
CET to PEGylated MGO.

This method also provides a simple method for PEGylation of MGO, which is expected to
decrease the aggregation of MGO by diminishing its interaction with serum proteins to modulate
the EPR effect, reduce the reticuloendothelial system (RES) uptake, and increase the circulation
time of MGO-PEG [34]. It was demonstrated that after coating with PEG, drug-loaded nanocarriers
could accumulate less in the liver to result in higher tumor accumulation than unmodified ones
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without PEGylation [35]. From chemical analysis, the toluidine blue O (TBO) dye adsorption assay
confirmed that each milligram of MGO contained 2.38 × 10−4 ± 5.04 × 10−5 mmol of –COOH for
conjugation with avidin. Quantitative analysis with protein assays indicated that the amount of avidin
and CET conjugated to MGO is 1.938 ± 0.102 mg of avidin and 2.52 ± 0.212 mg of CET per mg of
MGO, respectively.

Figure 1. The flow diagram for producing doxorubicin (DOX)-loaded Magnetic Graphene
Oxide (MGO)-polyethylene glycol (PEG)-cetuximab (CET) (MGO-PEG-CET/DOX). Fe3O4 magnetic
nanoparticles were deposited on GO by chemical co-precipitation to prepare MGO. Avidin was bound
to MGO by covalent binding while biotin-PEG N-hydroxysuccinimide (NHS) was conjugated to
cetuximab (CET) or quantum dots (QDs). Mixing of avidin-modified MGO with biotin-PEG-CET
and biotin-PEG-QDs could produce MGO-PEG-CET and MGO-PEG-CET-QDs for doxorubicin (DOX)
loading and fluorescent tracking after intracellular uptake.

The structure of GO, MGO and MGO-PEG-CET were observed under transmission election
microscope (TEM). Figure 2a shows the laminar stacking form of GO with size less than 300 nm,
while Figure 2b depicts the appearance of black nanoparticles in MGO from the electron dense
magnetite after chemical co-precipitation of Fe3O4 magnetic nanoparticles. After negative staining
with 2% phosphotungstic acid that selectively binds to the basic groups (lysine and arginine residues)
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of proteins [36], magnetic nanoparticles appeared black while the light grey zones revealed the presence
of avidin and CET in the TEM image of MGO-PEG-CET (Figure 2c). Figure 2d illustrates the crystal
lattices of Fe3O4 on the MGO detected through selected area electron diffraction of the circled area of
MGO, which further confirms the presence of well-crystallized Fe3O4 magnetic nanoparticles in MGO.
For suspension stability, 1% MGO is stable in deionized (DI) water for 24 h, but not in phosphate
buffered saline (PBS) (Figure 2e). Consistent with a previous report that surface modification with PEG
and proteins (avidin and CET) could substantially improve the stability of GO [37], MGO-PEG-PET
was confirmed to be free from agglomeration and sedimentation in PBS and cell culture medium
after 24 h (Figure 2e).

Form Table 1, the average hydrodynamic diameter obtained from dynamic light scattering
(DLS) indicated that the particle size was significantly increased from GO to MGO after decorating
GO with Fe3O4. However, the particle size showed no significant difference between MGO and
MGO-PEG-CET after grafting with soft polymer chains. As nanoparticles with hydrophilic surfaces
and threshold size ~200 nm will show improved EPR effect by increasing residence time in blood [38],
MGO-PEG-CET falls within this size range and is expected to reach the tumor and endocytosed by
cancer cells. For zeta potentials, GO showed a highly negative value due to the presence of abundant
oxygen-containing functional groups on GO surface. The zeta potential of MGO slightly increased
to −35.1 mV as Fe3O4 showed a positive zeta potential (28.8 ± 0.3 mV) from the –NH2 groups in
ammonia used during chemical co-precipitation. When CET was conjugated to MGO, the zeta potential
of MGO-PEG-CET further increased to ~20 mV as CET is a chimeric antibody with an isoelectric point
of about 8.5 [39]. Nonetheless, the zeta potential is still high enough to confer dispersion stability by
resisting aggregation.

Figure 2. Transmission electron images of graphene oxide (GO) (a); MGO (b); and, MGO-PEG-CET
after staining with 2% phosphotungstic acid (c); (d) The selected area electron diffraction patterns of
MGO in the circled area in (b); (e) The suspension stability of 0.1 mg/mL MGO and MGO-PEG-CET in
deionized (DI) water, phosphate buffered saline (PBS) and cell culture medium after 24 h.
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Table 1. The particle size and polydispersity index (PDI) by dynamic light scattering (DLS) and zeta
potential of different nanocarriers.

Sample Particle Size (nm) Polydispersity Index Zeta Potential (mV)

GO 136.4 ± 5.7 0.18 ± 0.05 −44.3 ± 2.8
MGO 205.5 ± 19.9 * 0.28 ± 0.03 * −35.1 ± 0.9 *

MGO-PEG-CET 215.7 ± 18.4 * 0.29 ± 0.03 * −19.8 ± 0.4 *,#

* p < 0.05 compared with GO; # p < 0.05 compared with MGO.

Figure 3a shows X-ray diffraction (XRD) patterns of Fe3O4 and MGO. GO will show a typical
diffraction peak at 2θ = 11.6◦ due to the (0 0 2) reflection with spacing d = 0.91 nm [40,41]. For MGO,
new diffraction peaks were found at 2θ = 30.1◦, 35.4◦, 43.1◦, 53.2◦, 56.9◦, and 62.5◦, and identified as
the cubic spinel crystal planes of Fe3O4 from JCPDS database [42]. In addition, the crystallite size of
Fe3O4 could be estimated to be 10.9 nm from the strongest (3 1 1) reflection using the Debye-Scherrer
equation [43].

From Fourier transform infrared (FTIR) analysis in Figure 3b, GO reveals characteristic bands
at 1265 and 1074 cm−1 due to C–OH and C–O stretching vibrations, while the characteristic bands
at 1623 and 3400 cm−1 are due to C=C and –OH [44]. In addition, the band at 1725 cm−1 could be
assigned to C=O stretching vibrations from carbonyl and carboxylic groups in GO. MGO shows an
additional characteristic peak at 572 cm−1 from the stretching vibration of Fe–O bond, suggesting that
Fe3O4 is bound to GO successfully. For MGO-PEG-CET, additional peaks at 843, 947, and 1106 cm−1

could be assigned to PEG [45].

Figure 3. Characterization of MGO and MGO-PEG-CET by X-ray diffraction (XRD) (a);
Fourier transform infrared (FTIR) (b); thermogravimetric analysis (TGA) (c); differential thermal
analysis (DTA) (d); and superconducting quantum interference device (SQUID) (e). The table lists the
wavenumbers of characteristic peak found in the FTIR spectra in (b).

Thermogravimetric analysis (TGA) was conducted on GO, Fe3O4, MGO, and MGO-PEG-CET
(Figure 3c). After initial weight loss due to water, substantial weight loss (~21%) was shown by GO
when heated from 130 to 250 ◦C with the decomposition of its oxygen-containing functional groups,
which gave a peak decomposition temperature of 200 ◦C and 33% residual weight at 700 ◦C [46,47].
Fe3O4 had minimal weight loss of ~3% at 700 ◦C, corresponding to the loss of surface –OH functional
groups [48]. PEG underwent ~90% weight loss between 330 ◦C and 420 ◦C with a peak decomposition

113



Nanomaterials 2018, 8, 193

temperature at ~400 ◦C from the differential thermal analysis (DTA) curve in Figure 3d, to give zero
residual weight at 700 ◦C, as expected for an organic polymer [49]. For MGO, thermal decomposition
was delayed and more residual weight (~72%) than GO was found at 700 ◦C. The difference in the
residual weight between GO and MGO was used to calculate the mass percentage of Fe3O4 in MGO,
which was ~42% after considering the weight loss of Fe3O4. When considering the TGA curve of
PEG, MGO-PEG-CET showed additional weight loss from 340 to 440 ◦C and a peak decomposition
temperature at ~400 ◦C, which correspond to the thermal decomposition of PEG and confirms the
presence of PEG in the nanocarrier. The final residual weight was also consistent with MGO-PEG-CET
(38%) < MGO (72%), as grafted PEG, in addition to avidin and CET, will contribute to additional
weight loss. Using inductively coupled plasma-optical emission spectroscopy (ICP-OES), the weight
percentage of Fe3O4 in MGO could be also confirmed to be 43%.

A superconducting quantum interference device (SQUID) magnetic field intensity analysis
was conducted to obtain the hysteresis curves of the nanocarriers (Figure 3e). The saturation
magnetization was 75.1 emu/g for Fe3O4, 33.4 emu/g for MGO, and 5.5 emu/g for MGO-PEG-CET.
The reduced Fe3O4 weight percentage in the nanocarriers may lead to reduced saturation
magnetization [50]. Thus, the saturation magnetization of MGO calculated from the saturation
magnetization is 44% that of GO, which is close to the values from TGA (42%) and ICP-OES
(43%). Further grafting with high molecular weight proteins (avidin molecular weight = ~67 kDa
and CET molecular weight = ~152 kDa), and PEG is expected to substantially decrease the weight
percentage of Fe3O4 in MGO-PEG-CET and influence the saturation magnetization. Nonetheless,
calculation based on SQUID saturation magnetization indicated that MGO-PEG-CET contained 7%
Fe3O4, which is less than that predicted by ICP-OES (12%). Thus, the reduced saturation magnetization
value may originate from the diamagnetic natures of avidin, CET, and PEG on the MGO surface [50,51].
From the magnetization curve, the residue magnetization (remanence) was close to zero without
applied external magnetic field (0.13 emu/g for Fe3O4, 0.6 emu/g for MGO, and 0.1 emu/g for
MGO-PEG-CET) and no hysteresis loop was observed. Taken together, MGO-PEG-CET could be
confirmed to be superparamagnetic from the SQUID magnetization curve, an important property for
magnetic targeted delivery of DOX.

2.2. Drug Loading and Release

Figure 4a shows the effect of initial DOX concentration on the loading content (weight of
DOX loaded per unit weight of MGO-PEG-CET) and the loading efficiency (weight percentage of
DOX loaded) of DOX. As initial DOX concentration increased eight-fold from 0.05 to 0.4 mg/mL,
the loading efficiency decreased only slightly from 89.8 to 82.1%, indicating high loading capacity
of DOX on MGO-PEG-CET. However, the loading content increased continuously with increasing
DOX concentration, in close to linear manner, and reached 3.26 mg/mg. With continuously increasing
loading capacity, we also modeled the adsorption DOX to MGO-PEG-CET with the Langmuir
adsorption isotherm, assuming MGO-PEG-CET to be an ideal adsorbent composed of series of distinct
sites capable of binding DOX. Figure 4b indicated that the adsorption could be modeled satisfactory
by the Langmuir adsorption isotherm with (R2 = 0.99) and the maximal adsorption capacity could
be obtained at 6.35 mg/mg [52]. Though initial DOX concentration could be theoretically increased
to approach the maximum drug loading, the corresponding increase in solution viscosity hindered
recovery of MGO by magnetic separation; therefore, the concentration ratio between MGO-PEG-CET
and DOX was set at 1:4 (0.1 mg/mL MGO-PEG-CET with 0.4 mg/mL DOX) for future studies.

The release of DOX from MGO-PEG-CET/DOX was investigated from the cumulative percentage
of DOX released at 37 ◦C in pH 7.4 or pH 5.7 PBS to simulate the extracellular and the intracellular
environment (Figure 4c). Sustained release of DOX from MGO-PEG-CET/DOX was observed and the
percentage of DOX released at pH 5.7 (54.6%) is about twice that released at pH 7.4 (29%) within one
week, thus confirming the pH-sensitive DOX release. Moreover, the initial slope of the release curve
at pH 5.7 demonstrates the effective and rapid release of drug in an acidic environment, fulfilling
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the requirement for intracellular DOX release in the endosome after intracellular uptake [53,54].
GO could adsorb DOX through π–π stacking and by hydrogen bonds between –OH (–COOH) groups
of MGO-PEG-CET and –OH group of DOX [55]. Therefore, the pH-sensitive drug release may be
due to the weakening of those hydrogen bonds when H+ weakens hydrogen bond interactions and
promotes drug release. By releasing its drug cargo in the acidic endosomal environment (pH < 6) after
intracellular uptake, the cytotoxicity of MGO-PEG-CET/DOX toward cancer cells could be enhanced.

Figure 4. (a) Drug loading content and loading efficiency when a DOX solution with different initial
concentration was mixed with an equal volume of 0.1 mg/mL MGO-PEG-CET; (b) The drug loading
was satisfactorily modeled with the Langmuir adsorption isotherm where Ce is the equilibrium DOX
concentration in the solution and qe is the adsorbed DOX amount; and, (c) The release of DOX from
MGO-PEG-CET/DOX in pH 7.4 and 5.7 PBS at 37 ◦C.

2.3. Intracelular Uptake

The high expression of EGFR on CT-26 surface is expected to facilitate ligand-targeting of CT-26
cancer cells using CET, an EGFR antibody [56]. This targeting effect could manifest itself through
intracellular uptake of quantum dots (QDs)-tagged nanocarriers observed under a confocal microscope.
Indeed, the confocal images in Figure 5 confirmed that CT-26 cells showed more intracellular uptake of
MGO-PEG-CET than MGO-PEG from the signal intensity of QDs. Furthermore, the intracellular uptake
of MGO-PEG-CET was inhibited when CT-26 cells were pre-treated with CET, thus confirming the
receptor-mediated endocytosis of MGO-PEG-CET, as EGFR on cell surface could be blocked with excess
CET. Therefore, we could confirm the enhanced intracellular uptake of CET-conjugated nanocarrier is
governed by the binding of CET in MGO-PEG-CET to EGFR on CT-26 surface, which could provide an
active targeting mechanism for targeted drug delivery.

The process of endocytosis was further confirmed by TEM. The TEM micrographs in Figure 6
clearly identified aggregates of MGO-PEG-CET within the endosomes after intracellular uptake,
which are located in the cell cytoplasm and in close proximity to the cell nucleus. The endocytosis
of MGO-PEG-CET is consistent with a previous report that studied the size-dependent intracellular
uptake of protein-coated GO [57]. The authors reported that small GO (420 nm equivalent diameter)
enter cells mainly through clathrin-mediated endocytosis, while large GO (860 nm equivalent diameter)
enter through both phagocytosis and endocytosis.

Visualization of QDs-tagged MGO-PEG-CET/DOX after contacting with CT-26 cells revealed the
green fluorescence of QDs-labeled MGO-PEG-CET in the cell cytoplasm, while the red fluorescence
of DOX could only be identified in cell nuclei and merged with the blue fluorescence from the
DAPI-stained cell nuclei (Figure 5). This implied DOX could be released from MGO-PEG-CET/DOX
in the acidic intracellular environment after endocytosis, followed by releasing DOX into the nucleus
to chelate with DNA molecules and exert cytotoxicity toward cancer cells [58]. Taken together,
the confocal microscopy and TEM results strongly suggested that the cytotoxicity effects of DOX
toward CT-26 could be facilitated by endocytosis of MGO-PEG-CET/DOX, followed by drug release
at low endosomal pH value to enhance the anticancer activity of the drug.
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Figure 5. The confocal microscopy images of CT-26 cells after incubated with MGO-PEG,
MGO-PEG-CET or MGO-PEG-CET/DOX for 1 h. Blocking of interaction between EGFR and CET
(MGO-PEG-CET CET blocking) was carried out by pre-incubating CT-26 cells with CET (1 mg /mL)
for 1 h to block EGFR receptors on cell surface followed by incubating with MGO-PEG-CET for 1 h.
Bar = 20 μm.

Figure 6. The transmission electron microscope (TEM) micrographs of CT-26 cells after contacting
with MGO-PEG-CET for 1 h, bar = 4 μm. (b) is the magnified image of the red square shown in (a),
bar = 1 μm.

2.4. Magnetic Targeting and Laser-Induced Hyperthermia

Through Live/Dead cell viability staining, we verified that an applied magnetic field in vitro
could successfully guide MGO-PEG-CET/DOX to the magnetic targeting zone created by a magnet
under the well in the cell culture dish. Within the magnetic targeting zone, there were hardly any live
cells, while dead cells within this zone were likely to be detached from the well surface and removed
during rinsing (Figure 7a). In contrast, abundant live cells (stained green) were detected outside the
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magnetic targeting zone, endorsing the possibility to magnetically guide MGO-PEG-CET/DOX to the
tumor site in vivo using a magnetic field for magnetic targeting [58].

The photothermal effect was studied in vitro by measuring the temperature rise of solutions
containing nanocarriers after irradiating with NIR laser at 2.5 W/cm2 for 3 min (Figure 7b). Both GO
and MGO showed a temperature rise, but the temperature increase was more pronounced for MGO.
This is consistent with previous reports that both GO [59] and Fe3O4 magnetic nanoparticles [60]
showed photothermal effects after absorbing light in the NIR region. The introduction of polymer and
protein, such as PEG, avidin, and CET, may partially hamper the absorption of NIR light by MGO,
resulting in a lower temperature rise for MGO-PEG-CET.

To observe the photothermal effect in vivo, MGO-PEG-CET was injected into healthy BALB/c
mice (Figure 7c) or tumor-bearing BALB/c mice with CT-26 cells implanted subcutaneously (Figure 7d).
Magnets were attached to the tumor for 2 h and both of the mice were exposed to NIR laser for 5 min
at 2.5 W/cm2. The regional temperature of the healthy mouse only rose to 42.5 ◦C, whereas the regional
temperature of the tumor-bearing mouse rose to 60.1 ◦C. These results verified that MGO-PEG-CET is
suitable for photothermal therapy in vivo [30].

Figure 7. (a) Live/Dead staining of CT-26 cells after contacting with MGO-PEG-CET/DOX in a cell
culture dish with a magnetic targeting zone created in a well of a culture dish by placing a magnet at the
bottom of the well. The insert shows that MGO-PEG-CET/DOX was guided to the right corner of the
well in the culture dish. Green: live cells; red: dead cells. Bar = 100 μm; (b) Temperature changes in vitro
after exposure different nanocarriers (1 mg/mL in 0.2 mL of PBS) to NIR light at 2.5 W/cm2 for 3 min.
The in vivo temperature rise from thermal imaging of healthy BALB/c mouse (c) and tumor-bearing
mouse (d) after intravenous injection of MGO-PEG-CET (7 mg/kg), followed by guidance with a
magnetic field (1400 Gauss) for 2 h and exposure to NIR light (2.5 W/cm2 for 5 min).

2.5. Biocompatibility of Nanocarriers

Biocompatibility tests were performed to assess the safety of the nanocarriers, including the cell
viability test and hemolysis assay. The cell viability test was conducted on 3T3 fibroblast and CT-26 cells,
which was incubated with different concentrations of MGO-PEG and MGO-PEG-CET. Both MGO-PEG
and MGO-PEG-CET were non-toxic to fibroblasts in the concentration studies (Figure 8a). For CT-26,
MGO-PEG was also biocompatible up to 100 μg/mL (Figure 8b). In contrast, MGO-PEG-CET shows
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mild toxicity from 10 to 100 μg/mL, and the relative cell viability was significantly significant different
from those of MGO-PEG. It is well-documented that CET causes cytotoxicity to EGFR-expressing cancer
cells, which renders CET to be a FDA approved drug for treating colon and head/neck cancers [61,62].
This feature is advantageous when considering that CET in the drug-free nanocarrier (MGO-PEG-CET)
may also contribute to the killing of CT-26 cells.

An in vitro hemolysis assay was conducted to verify blood biocompatibility of MGO-PEG-CET.
The absorption spectra (Figure 8c) of the supernatant of MGO-PEG-CET (31.25~250 μg/mL in PBS)
after incubation with red blood cells (RBCs) at 37 ◦C for 2 h were conducted, with deionized (DI) water
and PBS being, respectively, designated as the positive and negative controls. The osmotic pressure
of DI water caused RBCs to rupture; thus, the absorbance spectrum of the DI water group showed
absorbance values significantly higher than that of other groups. No visible hemolysis effect was
observed after incubation with MGO-PEG-CET. The solution absorbance at 540 nm (OD540) was the
lowest for PBS, but slightly increased with increasing MGO-PEG-CET concentration, indicating that
the nanocarrier caused slight but acceptable RBC damage (Figure 8d). That both of the solution colors
and the absorbance of the MGO-PEG-CET solution were similar to that of the PBS endorsed minimum
hemolysis due to MGO-PEG-CET and its safety for in vivo application as a drug carrier.

Figure 8. The biocompatibility of MGO-PEG and MGO-PEG-CET toward 3T3 fibroblasts (a) and CT-26
(b) by incubating cells with nanocarrier at different concentrations for 24 h and the relative cell viability
was determined by MTT assays relative to culture medium (* p < 0.05); The hematological compatibility
of MGO-PEG-CET was determined from the absorption spectra of the supernatant of MGO-PEG-CET
after incubation with red blood cells in PBS for 2 h (c) for hemolytic assay and the optical density
at 540 nm (OD540) of the supernatant of MGO-PEG-CET was determined (d). Water and PBS were used
as the positive and the negative controls, respectively. The temperature was at 37 ◦C. The concentrations
of MGO-PEG-CET were 100 μg/mL (1), 200 μg/mL (2), 400 μg/mL (3) and 800 μg/mL (4) in (d).
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2.6. The Efficacy of Combined Therapy In Vitro and In Vivo

Cell cytotoxicity assay was performed to assess the half maximal inhibitory concentration
(IC50) of DOX after 24 h incubation with CT-26 cells in order to compare the efficacy of
different treatments in vitro (Figure 9). The IC50 of DOX, MGO-PEG/DOX, MGO-PEG-CET/DOX,
and MGO-PEG-CET/DOX + laser were 5.64, 2.64, 1.48, and 1.17 μg/mL, respectively. The results
showed that MGO-PEG/DOX showed higher cytotoxicity than DOX, owing to the cellular uptake
of MGO-PEG/DOX. The cytotoxicity could be further enhanced using MGO-PEG-CET/DOX with
CET ligand-targeting to enhance the intracellular uptake of the nanocarrier and increase intracellular
DOX concentration (Figure 5). Most importantly, MGO-PEG-CET/DOX treatment, followed by laser
irradiation showed the highest cytotoxicity toward CT-26 cells with only one-fifth the IC50 of DOX,
supporting the synergistic effects of chemotherapy and photothermal therapy.

The antitumor efficacy of MGO-PEG-CET/DOX was studied in vivo in a xenograft tumor model
in mice. BALB/c mice with subcutaneous CT-26 tumors of 60–100 mm3 were subjected to treatment
with normal saline (control) and DOX in different ways. Gross images of the tumor-bearing mice
taken on day 0 and 14 demonstrated the apparent tumor size differences in each group and the tumor
removed from the animal on day 14 supported the anti-tumor effects with each treatment, but to a
different degree (Figure 10a). Based on results of H&E staining of tumor tissue on day 14, necrosis of
the cancer cells was most substantial in MGO-PEG-CET/DOX + magnet and MGO-PEG-CET/DOX +
magnet + laser groups [59], but cell growth was observed in control, DOX and MGO-PEG-CET/DOX
groups (Figure 10a).

Figure 9. In vitro cytotoxicity of DOX, MGO-PEG/DOX, MGO-PEG-CET/DOX and
MGO-PEG-CET/DOX + laser after contacted with CT-26 cells for 24 h. The laser group was
subject to 2.5 W/cm2 NIR light exposure for 3 min after treating with MGO-PEG-CET/DOX. * p < 0.05
compared with DOX. # p < 0.05 compared with MGO-PEG/DOX. & p < 0.05 as compared with
MGO-PEG-CET/DOX.

The tumor volumes were recorded every other day up to 14 days and were expressed as relative
tumor volume after normalizing the tumor volume at each time point with the tumor volume at
day 0. At day 14, the average values of relative tumor volumes were 12.1 (control), 10.1 (free DOX),
9.5 (MGO-PEG-CET/DOX), 5.8 (MGO-PEG-CET/DOX + magnet) and 0.42 (MGO-PEG-CET/DOX +
magnet + laser) (Figure 10b). When compared to the control, only MGO-PEG-CET/DOX + magnet and
MGO-PEG-CET/DOX + magnet + laser groups showed substantial tumor suppression throughout the
observation period (* p < 0.05). Although both free DOX and MGO-PEG-CET/DOX groups showed a
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general trend of tumor volume reduction as compared with the control with MGO-PEG-CET/DOX
consistently performed better than DOX, both of the groups did not show significant difference in tumor
volume from the control throughout the experiment. This underscores the importance of dual targeting
with magnetic guidance in addition to ligand-targeting at the tumor site (MGO-PEG-CET/DOX +
magnet) to bring about a significant difference from the control group in tumor volume. Nonetheless,
the MGO-PEG-CET/DOX + magnet treatment failed to suppress tumor growth after day 8 with a rapid
increase of tumor volume. This uncontrolled increase in tumor size could be alleviated by combining
with photothermal therapy using laser light. Indeed, Only the MGO-PEG-CET/DOX + magnet + laser
treatment could continuously suppress tumor growth and shrank the tumor size to a value less than
the original value throughout the 14-day observation period. Undoubtedly, the significance of local
hyperthermia for photothermal tumor ablation could be inferred for this remarkable enhancement
in treatment efficacy [63]. As shown in Figure 10c, the mouse’s body weight did not exhibit any
significant difference between groups. However, mice in the control group showed a trend of better
weight gain when compared to other groups under DOX treatment, which could be ascribed to the
common adverse effect from chemotherapy. However, we did not observe any changes in appetite and
behavior throughout the observation period for all of the mice under treatment.

Figure 10. The anti-tumor efficacy in vivo with tumor-bearing BALB/C mice. BALB/c mice were
subcutaneously implanted with CT-26 cells and were given different treatment by intravenous
injection of normal saline (control), DOX, MGO-PEG-CET/DOX, MGO-PEG-CET/DOX + magnet,
and MGO-PEG-CET/DOX + magnet + laser (30 mg/kg DOX). (a) The gross observation of
tumor-bearing BALB/c mice on day 0 and 14, the gross view of incised tumor and the H&E staining of
the incised tumor on day 14 (bar = 200 μm); The relative tumor volume (b) and body weight (c) were
recorded. * p < 0.05 compared with control, DOX, and MGO-PEG-CET/DOX, # p < 0.05 as compared
with MGO-PEG-CET/DOX + magnet.

3. Materials and Methods

3.1. Materials

Graphene oxide (N002-PDE) powder was obtained from Angstron Materials Inc. (Dayton, OH,
USA). Potassium bromide (KBr) was purchased from Showa Chemical Co. (Tokyo, Japan).
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), and N-hydroxysuccinimide
(NHS) were purchased from Acros Organics (Geel, Belgium). Avidin and cetuximab (CET) was
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purchased from Calbiochem (San Diego, CA, USA) and Merck (Darmstadt, Germany), respectively.
Biotin-PEG-NHS (molecular weight = 3400 Da) was purchased from Nanocs Inc. (New York, NY,
USA). Doxorubicin (DOX), 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI), and RPMI-1640 medium for cell culture
were all purchased from Sigma (St Louis, MO, USA). Live/Dead viability/cytotoxicity kit was
purchased from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum (FBS) purchased from Hyclone,
GE Healthcare (Logan, UT, USA) was used for cell culture. All of the reagents were of analytical grade.

3.2. Preparation of Magnetic Graphene Oxide (MGO)

GO nano-platelets was prepared by a modified Hummers’ method, as reported before [20].
Chemical co-precipitation was used to deposit Fe3O4 on GO surface by dispersing 25 mg of GO,
108 mg of FeCl3·6H2O and 40 mg of FeCl2·4H2O (mole ratio of Fe2+:Fe3+ = 1:2) in 50 mL of deionized
(DI) water by sonication for 30 min. The solution was purged with N2 for 30 min (to prevent oxidation
of Fe3O4) and was heated to 65 ◦C. Next, 1 g of ClCH2COOH was added to the solution to convert
–OH to –COOH. After 1 h, 2 g of NaOH was added to the solution for reaction at a basic environment
for an additional 30 min. A magnet was used to collect magnetic graphene oxide (MGO) from the
solution, followed by washing with copious DI water. The amount of –COOH groups on MGO surface
was determined by the toluidine blue O (TBO) assays.

3.3. Preparation of MGO-PEG-CET and MGO-PEG-CET-QDs

0.05 mL of 60 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 0.05 mL of 60 mM
N-hydroxysuccinimide (NHS) were prepared in phosphate-buffered saline (PBS, pH = 7.4) and mixed
with 0.5 mL of MGO (1 mg/mL) solution prepared above at 4 ◦C for 30 min for activation of the
–COOH groups of MGO. 1 mg of avidin was then added and the solution was left to react for 12 h
at 4 ◦C for formation of amide bond between –COOH of MGO and –NH2 of avidin (MGO-avidin).
MGO-avidin was recovered from the solution with a magnet and washed with PBS. The amount of
avidin in MGO-avidin was quantified from the amount of unbound avidin in the solution using the
Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

To synthesized biotin-PEG-CET and biotin-PEG-QDs, 0.2 mg of biotin-PEG-NHS was reacted
with 4.2 mg of CET or 20 μL of quantum dots (QDs, QSA-490, with amine group from Ocean Nanotech,
San Diego, CA, USA) in 1 mL PBS for 12 h at 4 ◦C through a spontaneous covalent bond formation
between NHS esters and –NH2 groups in CET or QDs. Biotin-PEG-CET was reacted with MGO-avidin
prepared above and incubated at 4 ◦C for 30 min for binding between avidin and biotin to from
MGO-PEG-CET. MGO-PEG-CET was separated from the solution with a magnet and its CET content
was determined from the unbound CET in the supernatant using Coomassie (Bradford) Protein Assay
Kit. Biotin-PEG-QDs were used to bind empty biotin binding sites of avidin on MGO-PEG-CET to
prepare fluorescently labelled MGO-PEG-CET-QDs. MGO-PEG and MGO-PEG-QDs were prepared
similarly by replacing CET with glycine to react with biotin-PEG-NHS.

3.4. Physico-Chemical Properties of Nanocarriers

The particles size, polydispersity (PDI) and zeta potential of nanocarriers were determined by
dynamic light scattering (DLS) using a Nano ZA90 Zetasizer (Malvern Instruments Ltd., Worcestershire,
UK) with particle suspensions that were prepared in DI water. For transmission electron microscopy
(TEM), the particles was diluted to 0.01 mg/mL in DI water and then dropped onto a 200 mesh
carbon-coated copper grid, followed by drying at 25 ◦C for one day before loading into the microscope.
MGO-PEG-CET was stained with 2% phosphotungstic acid for 30 s before drying. The morphology
and size of particle were observed by TEM (JEOL JEM-1230, Tokyo, Japan) at 100 kV. For Fourier
transform infrared (FTIR) spectroscopy, the samples were blended with KBr, compressed to form
a pellet and analyzed with a TENSOR II FTIR Spectrometer (Bruker Optics Inc., Billerica, MA,
USA). The transmission spectra were obtained from 400 to 4000 cm−1 at 2.5 mm/s with a resolution
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of 4 cm−1. The iron contents of samples were analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES, Optima 2100 DV, Perkin Elmer, Waltham, MA, USA). For X-ray diffraction
(XRD) analysis of the crystal structures of samples, a D2 PHASER X-ray powder diffractometer (Bruker
AXS Inc., Madison, WI, USA) was used by scanning dried power in the 2 θ range of 5◦–70◦. The step
size was 0.04◦ and measurement time was 2 s per step. The phases were compared with the JCPDS
database for identification. The crystallite size was determined using the Debye-Scherrer equation.
Thermogravimetric analysis (TGA) was conducted with 8~10 mg of powder sample in nitrogen
atmosphere from 25 to 750 ◦C, with a heating rate of 10 ◦C/min using a Q50 TGA from TA Instruments
(New Castle, DE, USA). The magnetization curves were obtained with a superconducting quantum
interference device (SQUID) magnetometer (MPMS XL-7, Quantum Design, San Diego, CA, USA)
at 25 ◦C and applied magnetic field of 10,000 G.

3.5. Drug Loading and Release

Doxorubicin (DOX) loading onto MGO-PEG-CET was accomplished by mixing 0.1 mg
MGO-PEG-CET with different amount of DOX in 1 mL PBS (pH 7.4) at 4 ◦C for 24 h. After separating
MGO-PEG-CET/DOX by a strong magnet, the concentration of DOX in the supernatant was
determined by a UV/Vis spectrophotometer (U3010, Hitachi, Tokyo, Japan) at 490 nm. The amount
of DOX on MGO-PEG-CET/DOX was calculated from mass balance with the drug loading content
(mg/mg) being defined as weight of DOX loaded/weight of MGO-PEG-CET and the drug loading
efficiency (%) defined as (weight of DOX loaded/weight of DOX initially added) × 100.

For drug release, MGO-PEG-CET/DOX was placed in 1 mL of PBS (pH 5.7 or pH 7.4) and shaken
at 120 rpm and 37 ◦C in dark. A magnet was used to separate MGO-PEG-CET/DOX at predetermined
time points and the precipitate was re-suspended with 1 mL of fresh PBS of the same pH. The amount of
DOX released from PEG-MGO-CET/DOX was determined from DOX concentration in the supernatant
using a UV/Vis spectrophotometer at 490 nm in a cumulative manner with drug release (%), defined as
(weight of DOX released/weight of DOX loaded) × 100.

3.6. Intracellular Uptake

CT-26 murine colonic carcinoma cells were obtained from Professor Chia-Rui Shen at the Graduate
Institute of Medical Biotechnology of Chang Gung University, Taiwan. To observe the intracellular
uptake of nanocarriers by CT-26 cells, 5 × 104 cells were seeded to 15-mm glass slides placed in a
24-well plate. After adding cell culture medium (RPMI-1640 with 10% FBS) and cultured for 24 h,
MGO-PEG-QDs, MGO-PEG-CET-QDs, or MGO-PEG-CET-QDs/DOX was separately added to each
well and incubated for another 1 h. After removing the cell culture medium and washing with PBS,
cells was fixed with 4% paraformaldehyde for 15 min and were stained with 1 μg/mL DAPI for 10 min.
To further confirm that the interaction between CET and EGFR molecules was the mechanism
for enhancing the targeting efficacy of CET-conjugated nanocarriers, CT-26 cells were pre-treated
with 1 mg/mL of CET for 1 h to block the EGFR molecules on cell surface before incubating with
MGO-PEG-CET-QDs. The slides were observed under a confocal laser scanning microscope (Zeiss LSM
510 Meta, Oberkochen, Germany). The uptake of MGO and release of DOX could be visualized by the
green fluorescence of QDs-labelled MGO-PEG or MGO-PEG-CET and the red fluorescence of DOX.
The excitation wavelength is Red/Green/Blue = 543/488/364 nm and the emission wavelength is
Red/Green/Blue = 550–650/500–550/407–482 nm.

The phenomenon of cell uptake was also observed through transmission electron microscope
(TEM), where 5 × 104 CT-26 cells were grown on ThermoNox (Nunc, Thermo Fisher Scientific, Waltham,
MA, USA) coverslips and were treated with MGO-PEG-CET for 24 h. After fixing with a mixture of
2% glutaraldehyde and 2.5% paraformaldehyde for 2 h, 0.1 M sodium cacodylate buffer (pH 7.4) was
used to rinse the cells followed by post-fixing 30 min in 1.0% osmium tetroxide. Graded ethanol series
(30%, 50%, 70%, 80%, 95%, and 100%) were used to dehydrate the cells for 10 min at each concentration,
followed by two rinses in 100% propylene oxide. With infiltration and embedding in epoxy resins for
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48 h at 60 ◦C, ~80 nm ultrathin specimen were sectioned and examined under a FEI/Philips CM 120
TEM (FEI, Hillsboro, OR, USA).

3.7. Photothermla Effect

In vitro photothermal effect was determined in 0.2 mL suspensions of GO, MGO, and
MGO-PEG-PET (1 mg/mL in PBS) in 96-well cell culture plates by irradiating with an 808 nm
continuous-wave near infrared (NIR) laser at a power of 2.5 W/cm2 (0.4 cm2 laser area) for 3 min.
The temperature of the solution before and after exposure to NIR light was determined with a K-Type
thermal couple thermometer (Hanna Instruments, Woonsocket, RI, USA).

In vivo photothermal effect was from thermal imaging of a tumor-bearing BALB/c mouse after the
intravenous injection of MGO-PEG-CET. The tumor-bearing mouse was injected with MGO-PEG-CET
(7 mg/kg), followed by guidance with a magnetic field (1400 Gauss) for 2 h and exposure to NIR light
at 2.5 W/cm2 (0.4 cm2 laser area) for 5 min. Thermal images were captured with an infrared thermal
imaging camera (Thermo GEAR G100EX, Avio, Tokyo, Japan) to measure the temperature distribution
around the tumor area. A healthy BALB/c mouse was used as a control after exposure to the same
NIR light for 5 min at similar same location.

3.8. Magnetic Guidance In Vitro

To examine the effect of magnetic guidance of MGO-PEG-CET, 0.5 mL cell culture medium
containing CT-26 cells (5 × 104) was added to each well of a 24-well plate and was cultured for 24 h.
After adding MGO-PEG-CET/DOX to each well to reach a final concentration of 0.1 mg/mL, the culture
plate was placed on a magnetic separator, which had 7.5 mm diameter permanent magnets glued
to the center of each well, followed by 24 h cell culture. After washing with PBS, a Live/Dead cell
viability assay was conducted by examining with an inverted fluorescence microscope to determine
live and dead cells around the magnetic targeting zone created by the magnet.

3.9. Blood Compatibility Analysis

The hemolysis assay was conducted to evaluate the whole blood compatibility of MGO-PEG-CET.
The red blood cells (RBCs) from Sprague-Dawley (SD) rats (BioLASCO, Taipei, Taiwan) were obtained
by removing the serum from the whole blood after centrifugation at 3500 rpm at 4 ◦C for 10 min.
All of the animal experiments were conducted according to protocols approved by the Chang Gung
University’s Institutional Animal Care and Use Committee (IACUC Approval No.: CGU15-168).
Following wash with PBS five times, the cells were diluted to ten times of the original volume with PBS.
The diluted RBC (0.3 mL) suspension was mixed with 1.2 mL of DI water (positive control), 1.2 mL of
PBS (negative control), or 1.2 mL of different concentration of MGO-PEG-CET in PBS. The mixtures
were incubated at 37 ◦C for 30 min and centrifuged. The absorbance values of the supernatants were
recorded from 500 to 650 nm using an ultraviolet-visible (UV/Vis) Spectrophotometer and compared
at 540 nm (OD540) for all the samples.

3.10. In Vitro Cytotoxicity

Approximately 5 × 103 CT-26 cells in 200 μL cell culture medium were placed in each well
of a 96-well culture plate and cultured for 24 h. After removing the spent culture medium,
different concentrations of DOX (free DOX, MGO-PEG/DOX, or MOG-PEG-CET/DOX) in 200 μL
cell culture medium was added to each well and incubated at 37 ◦C for 24 h. The medium in each
well was removed and each well was washed with PBS, followed by adding 200 μL diluted MTT
solution (1 mg/mL in culture medium) and incubated for 2 h at 37 ◦C in dark. The MTT solution was
removed and purple formazan crystals in each well was dissolved with 200 μL dimethyl sulfoxide and
the solution absorbance was measured with a microplate reader at 570 nm (OD570). The cytotoxicity
to CT-26 cells was determined from the relative cell viability (%) relative to cells cultured in cell
culture medium.
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3.11. Mouse Subcutaneous Tumor Model

Female BALB/c mice weighing approximately 15–20 g (4–6 weeks old) were purchased from
BioLASCO (Taipei, Taiwan). All of the animal experiments were conducted according to protocols
that were approved by the Chang Gung University’s Institutional Animal Care and Use Committee
(IACUC Approval No.: CGU15-168). CT-26 cells were harvested by 0.1% trypsin-EDTA, washed once
with PBS, re-suspended in serum-free RPMI-1640 (1 × 107 cells in 100 μL) and were subcutaneously
injected into the right flank of each mouse. When the tumors had grown to approximately 60–100 mm3

(about 14 days), the tumor-bearing mice were randomized into five groups (n = 6 in each group):
group 1 (control) received 200 μL intravenous (IV) injection of normal saline; group 2 received
200 μL IV injection of DOX solution (30 mg/kg); group 3 received 200 μL IV injection of 9.2 mg/kg
MGO-PEG-CET/DOX (containing 30 mg/kg DOX); group 4 was treated as in groups 3, but the tumor
was exposed to a magnetic field of 1400 Gauss with a magnet for 2 h after IV injection; group 5 was
treated as in group 4 but the tumor was exposed to additional NIR irradiation (808 nm wavelength,
2.5 W/cm2) for 5 min every two days. Injections were carried out over 2 min through the tail vein,
with withdrawal of needle over 1 min to prevent back leak. The animal body weight and tumor volume
were continuously monitored on alternate days for two weeks post treatment [64]. For ethical reasons,
animals were euthanized when the volume of the implanted tumor reached 2 cm3. The tumor size was
measured using a caliper and defined as: tumor volume = (length × width × width)/2. Tumors were
collected on day 14 of the treatment, fixed in 10% buffered formalin, followed by paraffin-embedment
and sectioning to 2–3 μm thickness for hematoxylin and eosin (H&E) staining.

3.12. Statistical Analyses

All data were reported as mean ± standard deviation (SD) and subject to one-way analysis of
variance (ANOVA) analysis. Tukey’s post-hoc test was used to determine the difference between any
two groups with p-value < 0.05 considered to be statistically significant.

4. Conclusions

We presented a dual-targeting nanomedicine approach for cancer therapy using
MGO-PEG-CET/DOX that combines co-precipitated Fe3O4 magnetic nanoparticles and CET
(an EGFR antibody) for magnetic and receptor-mediated ligand-targeting of malignant CT-26 mouse
colon carcinoma. The combinatory chemo-photothermal therapy comprises the antitumor drug
DOX and laser-induced hyperthermia with contribution from the EGFR-specific antibody (CET).
Through this comprehensive design, the MGO-PEG-CET/DOX showed enhanced cytotoxicity toward
CT-26 in vitro and inhibited tumor propagation in vivo. The anti-tumor effects could be augmented
using an NIR laser for photothermal therapy in vitro and in vivo. From the proof-of-concept report
using magnetic targeting plus NIR laser irradiation, which successfully shrunk tumors to 42% of its
original volume in 14 days, this study provides a new paradigm to evolve traditional chemotherapeutic
drug (DOX) and to overcome its side effects. The dual targeting MGO-PEG-CET drug delivery system
could be implied to offer an extraordinary platform in promoting the success of cancer therapy.
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Abstract: By taking advantage of the pH-sensitive drug release property of graphene oxide (GO) after
intracellular uptake, we prepared folic acid (FA)-conjugated GO (GOFA) for targeted delivery of the
chemotherapeutic drug doxorubicin (DOX). GOFA-DOX was further encapsulated in an injectable
in-situ forming thermo-sensitive hyaluronic acid-chitosan-g-poly(N-isopropylacrylamide) (HACPN)
hydrogel for intratumoral delivery of DOX. As the degradation time of HACPN could be extended
up to 3 weeks, intratumoral delivery of GOFA-DOX/HACPN could provide controlled and targeted
delivery of DOX through slow degradation HACPN and subsequent cellular uptake of released
GOFA-DOX by tumor cells through interactions of GOFA with folate receptors on the tumor cell’s
surface. GOFA nano-carrier and HACPN hydrogel were first characterized for the physico-chemical
properties. The drug loading experiments indicated the best preparation condition of GOFA-DOX
was by reacting 0.1 mg GOFA with 2 mg DOX. GOFA-DOX showed pH-responsive drug release with
~5 times more DOX released at pH 5.5 than at pH 7.4 while only limited DOX was released from
GOFA-DOX/HACPN at pH 7.4. Intracellular uptake of GOFA by endocytosis and release of DOX
from GOFA-DOX in vitro could be confirmed from transmission electron microscopic and confocal
laser scanning microscopic analysis with MCF-7 breast cancer cells. The targeting effect of FA was
revealed when intracellular uptake of GOFA was blocked by excess FA. This resulted in enhanced
in vitro cytotoxicity as revealed from the lower half maximal inhibitory concentration (IC50) value
of GOFA-DOX (7.3 μg/mL) compared with that of DOX (32.5 μg/mL) and GO-DOX (10 μg/mL).
The flow cytometry analysis indicated higher apoptosis rates for cells treated with GOFA-DOX (30%)
compared with DOX (8%) and GO-DOX (11%). Animal studies were carried out with subcutaneously
implanted MCF-7 cells in BALB/c nude mice and subject to intratumoral administration of drugs.
The relative tumor volumes of control (saline) and GOFA-DOX/HACPN groups at day 21 were
2.17 and 1.79 times that at day 0 with no significant difference. In comparison, the relative tumor
volumes of treatment groups at the same time were significantly different at 1.02, 0.67 and 0.48 times
for DOX, GOFA-DOX and GOFA-DOX/HACPN groups, respectively. The anti-tumor efficacy was
also supported by images from an in vivo imaging system (IVIS) using MCF-7 cells transfected with
luciferase (MCF-7/Luc). Furthermore, tissue biopsy examination and blood analysis indicated that
intratumoral delivery of DOX using GOFA-DOX/HACPN did not elicit acute toxicity. Taken together,
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GOFA-DOX/HACPN could be deemed as a safe and efficient intratumoral drug delivery system for
breast cancer therapy.

Keywords: thermo-sensitive hydrogel; graphene oxide; folic acid; intratumoral delivery;
cancer therapy

1. Introduction

In recent years, an effective cancer treatment platform has always been the focus of developing
advanced drug delivery systems based on different nano-sized drug carriers [1,2]. Such systems
used liposomes and/or polymer nanoparticles as the drug carrier, combining triggered release of
an anticancer drug under the characteristic environment of cancer cells and protect the drug until
it enters the cell to increase the intracellular drug concentration [3]. Thus, the ideal drug delivery
system should be not only to improve the treatment efficacy but also to decrease the systemic toxicity
effects. Graphene, a novel two-dimensional (2D) honeycomb material, has been recognized as one of
the most promising nanomaterials used as a filler in polymer matrices [4]. With a 2D planar structure
composed of sp2 mixed-layer trajectories, graphene-based nanomaterials have been widely studied for
applications in biotechnology [5]. When used as a drug carrier, graphene is usually modified to increase
its hydrophilicity and reduce the thickness by converting it into an oxidized form (i.e., graphene oxide,
GO) [6,7]. Indeed, GO was shown to be a functional nano-sized carrier for delivery of anticancer drugs
based on π–π stacking, such as camptothecin (camptothecin, CPT), camptothecin derivatives (SN38)
and adriamycin (doxorubicin, DOX) [8]. The hydrogen bond interactions between GO and the drug
can result in a large amount of drug being adsorbed onto GO due to its large specific surface area [9,10].
An added advantage of GO for chemotherapeutic drug delivery is the pH-dependent drug release
behavior, where enhanced drug release at a low pH value (pH 5.0 to pH 5.5) will provide efficient
intracellular drug release after its endocytosis by the cell for drug release in the endosome [11,12].

Targeted delivery of anticancer drugs for cancer therapy could be more effective than
traditional chemotherapy. The targeting therapy could be divided into active targeting and passive
targeting [13,14]. For active targeting therapy, the drug carrier is modified with a ligand or a
monoclonal antibody on the surface to increase the ability of the carrier to be specifically recognized
by diseased cells. Folic acid (FA) is a group of water-soluble vitamin B that exists in green leaves,
vegetables and other plants. It is an important element for all cells and involved in DNA synthesis or
cell division. Folic acid is transported into healthy cells or cancer cells through their folate receptors
on cell surface. As cancer cells require more FA for maintaining cell differentiation and proliferation,
there are over-expressed folate receptors on the cell membrane of cancer cells, compared with healthy
and/or normal cells [15]. Thus, modifying an anticancer drug nano-carrier, such as GO, with FA could
enhance its ability to be recognized and its intracellular uptake efficiency by cancer cells through
ligand-mediated targeting drug delivery [16,17]. Previously, we have used FA-conjugated multi-walled
carbon nanotubes (a 1D carbon nanomaterial) for targeted delivery of DOX to cancer cells [18].

In-situ forming thermo-sensitive hydrogel undergoes physical sol-to-gel phase transition as
temperature increases. It can be easily administered via injection using a conventional syringe needle
after in-situ gelation at the physiological temperature [19]. Poly(N-isopropylacrylamide) (PNIPAm)
is one of the most studied thermo-sensitive hydrogel showing reversible sol-gel phase transition
behavior around its lower critical solution temperature (LCST) at ~32 ◦C [20,21]. PNIPAm end capped
with a carboxylic acid group could be synthesized for subsequent conjugating with carbohydrate
polymers, e.g., chitosan and hyaluronic acid, to form injectable thermo-sensitive copolymer, hyaluronic
acid-chitosan-g-poly(N-isopropylacrylamide) (HACPN) with a similar LCST to PNIPAm [22].

Compared to traditional intravenous administration of anticancer drugs, intratumoral drug
delivery systems have the potential to enable the loading and release of insoluble anticancer
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drugs through in-situ forming thermo-sensitive hydrogel. This drug delivery system can deliver
anticancer drugs locally to the tumor site, leading to low dose requirements and reduce multiple
drug administration cycles, which could reduce or eliminate adverse effects of the drug due to local
delivery and prevention of systemic drug uptake [23]. Injectable gelling depots with thermo-sensitive
hydrogel and pre-shaped implant systems are two types of intratumoral delivery systems for anticancer
drugs [24]. The injectable gelling depot based on in-situ phase separation of thermo-sensitive hydrogel
has been shown to be less invasive and lead to less pain upon injection as compared to pre-formed
implants, making them a desirable system for local administration of anticancer drugs [25]. A typical
injectable gelling depot system is formulated by simple mixing of drug and polymer solution below
the LCST of the polymer hydrogel. After injection, sol-gel transition occurs to transform the minimally
viscous solution into a drug delivery gel depot. The advantage of this method is the avoidance of
invasive surgery for implantation, a high water content of the hydrogel to improve the compatibility,
biodegradability of the thermo-sensitive polymer for excretion from the body once achieving its
intended purpose and flexibility of the design of the drug release rate by changing the formulation [26].

However, thermo-sensitive hydrogels present challenges in anticancer drug delivery applications,
i.e., initial burst release [27]. The burst release may lead to systemic toxicity due to the high dosage of
drug released. The main reasons for burst release stems from the fact that a solid gel is not formed
immediately upon injection into the body. A highly hydrophilic drug trapped in the aqueous phase
of the gel may diffuse into the body fluid uncontrollably fast before and after gelation induced by a
temperature change. To solve the burst release problem, we postulate that embedding drug-loaded GO
in in-situ forming HACPN hydrogel could provide an ideal drug delivery platform for intratumoral
delivery of anticancer drugs. A key requirement of in-situ depot-forming systems for local delivery,
and more specifically for intratumoral delivery, could be fulfilled easily by HACPN hydrogel with
its injectability through standard gauge needles [28]. Therefore, we first prepared FA-conjugated GO
as the targeted drug delivery carrier for doxorubicin (DOX) (GOFA-DOX). Then, GOFA-DOX was
encapsulated into the thermo-sensitive and biodegradable polymer hydrogel HACPN for local drug
delivery. We demonstrated that GOFA, with its high loading capacity for DOX, showed enhanced
intracellular uptake by breast cancer cell MCF-7 and pH-responsive drug release. The targeted drug
delivery in concomitant with the degradation of HACPN could alleviate burst DOX release and
enhance cytotoxicity toward MCF-7 cells in vitro. Furthermore, an efficient and safe breast cancer
therapy employing intratumoral delivery of GOFA-DOX/HACPN in xenograft tumor mouse models
with MCF-7 implanted subcutaneously in nude mice could be expected (Figure 1).

Figure 1. The schematic illustration of the antitumor effect by intratumoral delivery of DOX-loaded
GOFA in HACPN hydrogel (GOFA-DOX/HACPN) in a xenograft tumor mouse model with MCF-7
cells implanted subcutaneously in nude mice.
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2. Results and Discussion

2.1. Synthesis and Characterization of GO and GOFA

The nano-sized GO was prepared by using commercial GO as raw material through modified
Hummer method, followed by prolong (30 min) ultrasonication [29]. This reduced GO size and
introduced abundant carboxyl groups for conjugating with FA. The morphology of as-prepared GO
was characterized by transmission electron microscope (TEM) and atomic force microscope (AFM).
As shown in Figure 2, the size of GO was 150~200 nm while the thickness was about 4.0 ± 0.2 nm,
which was in agreement with previous studies [30]. Using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) as a crosslinking agent, we synthesized GOFA by covalently conjugating GO
with FA through amide bond formation between the amine groups of FA and carboxyl groups of
GO in an aqueous solution. The EDC-mediated conjugation works by activating carboxyl groups
for direct reaction with primary amines via amide bond formation. Because no portion of the EDC
chemical structure becomes part of the final bond between GO and FA, it is considered a zero-length
carboxyl-to-amine crosslinker. GOFA showed a light brownish color stable solution in phosphate
buffered solution (PBS) with no aggregation occurred up to 1 day at 0.1 mg/mL, ensuring proper
suspension during DOX loading. After FA was conjugated to GO to form GOFA, the size remained
the same but the thickness increased to 12.0 ± 0.3 nm from TEM and AFM observation (Figure 2).
The roughness also increased from 1.5 ± 0.4 nm to 5.3 ± 0.5 nm. Controlling the size of GOFA within
200 to 500 nm was very important for its efficient intracellular uptake into cells [31].

The modified Hummer method used here oxidized commercial GO with concentrated sulfuric
acid and introduced more oxygen molecules, including abundant carboxyl groups, to GO. An aqueous
suspension of GO exhibits a zeta potential of −33.0 ± 1.1 mV, indicative of negatively charged
surfaces caused by the presence of hydrophilic carboxyl groups. The zeta potential of GO changed to
−24.7 ± 0.9 mV after conjugation with FA as the carboxyl groups was consumed after reacting with
the primary amine groups of FA. The changes in thickness, roughness and zeta potential indicated
successful conjugation of FA with GO nano-sheet.

Figure 2. Transmission electron microscopic (TEM), atomic force microscopic (AFM) and Fourier
transform infrared (FTIR) spectroscopic analysis of GO and GOFA.
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From Fourier transform infrared (FTIR) spectroscopy analysis, major peaks of GO at 3400 cm−1

(OH), 1731 cm−1 (C=O), 1640 cm−1 (C=C), 1246 cm−1 (C–OH) and 1060 cm−1 (C–O) were identified
(Figure 2). After FA conjugation to GO, the absorption peaks at 1731 cm−1 disappeared due to
consumption of carboxylic acid C=O with concomitant appearance of the additional aromatic C–H
bending at 862 cm−1 due to FA. Taken together, the FTIR analysis indicated successful incorporation
of FA in GOFA. This was also supported by quantitative analysis of the amount of FA conjugated to
GO, which is 98.2 μg FA/mg GOFA with 92.8% loading efficacy.

2.2. Synthesis and Characterization of HACPN

Due to the toxicity of PNIPAm, copolymers containing PNIPAm and other biocompatible natural
polymers were preferred for biomedical applications. Modification of PNIPAm by grafting with
other biocompatible polymers could fortify the mechanical properties of the hydrogel and reduce its
cytotoxicity [32]. Thus, the HACPN hydrogel is more practicable as an injectable hydrogel vehicle for
drug delivery [33]. The relative compositions of chitosan, hyaluronic acid and PNIPAm in HACPN
could be calculated to be 12.6% (w/w), 5.5% (w/w) and 81.9% (w/w), respectively [28]. The HACPN
solution was free free-flowing at 25 ◦C and transformed into gels at 37 ◦C [32]. Furthermore, the solid
hydrogel remained stationary when the sample vial was inverted, verifying the high structural strength
of the injectable thermo-sensitive polymer hydrogel at the physiological temperature. The LCST was
determined from the sol-gel phase transition by measuring the turbidity of a 10% (w/v) polymer
solution. The relative absorbance of the polymer solution increased with temperature and the LCST
could be calculated to be 30.5 and 30.3 ◦C for 5% and 10% (w/v) HACPN solutions, respectively,
by defining the LCST being the temperature corresponding to half of the maximum change in the
absorbance (Figure 3A). The gelling processes of HACPN was also thermo-reversible as subsequent
cooling cycle resulted in gel-sol transition and fully reversible gel melting [28].

The phase transition kinetics analysis was carried out to investigate the gel formation time of
HACPN solutions. As shown in Figure 3B, the relative absorbance rose sharply as the temperature was
shifted from 25 to 37 ◦C. The gel formation kinetics of 5% HACPN was slower than that of 10% HACPN
albeit both completed gel formation in less than 5 min. The fast gel formation will ensure fast in-situ
gel formation to entrap DOX-loaded GOFA and prevent burst release of the drug. It should be noted
that the volume of polymer solution used here (2 mL) for in vitro gel forming kinetics measurements
was much larger than the volume used for in vivo injection (0.2 mL). Therefore, we expect the gel
formation time will be shorter than that shown in Figure 3B (~4 min). With comparable LCST but
faster gel formation kinetics, 10% HACPN was chosen for further studies.

The effect of GOFA on the phase transition of HACPN was studied using differential scanning
calorimetry (DSC). From DSC analysis (Figure 3C), the temperatures at the onsets of the differential
scanning calorimetry (DSC) endotherms were at 28.70 and 29.53 ◦C for HACPN and GOFA/HACPN,
respectively, while the corresponding peak temperatures were 29.95 and 30.07 ◦C, which could be
referred to as the LCST [34]. Moreover, the enthalpy change of the phase transition, which was
calculated by integration of peak area, increased from 0.9763 to 1.299 J/g during the heating process of
the DSC cycle, indicating the replacement of water molecules around the hydrophilic polar groups by
GOFA at a temperature lower than the LCST and the endothermic heat caused by the dehydration of
polar groups increased [35].

The drug release behaviors from a hydrogel matrix depended on several factors, such as diffusion
through the matrix, osmosis, degradation or weight loss of the matrix and physical parameters of
the polymer matrix [36]. Taking advantage of the weight loss of HACPN hydrogel is an attractive
characteristic for intratumoral drug delivery since the hydrogel does not need to be removed after local
application [37]. From the weight loss at 37 ◦C in phosphate buffered saline (PBS), HACPN showed
quick degradation rate initially with ~65% remaining weight at day 7 (Figure 3D). After this period,
the degradation rate slowed down moderately with ~12% remaining weight at day 28. The degradation
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of HACPN hydrogel in vitro implies that GOFA/DOX could be continuously released in vivo after
intratumoral delivery, followed by intracellular uptake of the nano-drug by cancer cells.

Figure 3. (A) Phase transition behavior of thermo-sensitive polymer HACPN at 5% and 10% (w/v)
from 25 to 33 ◦C; (B) Kinetics of phase transition of 5% and 10% (w/v) HACPN solutions during
heating with instantaneous temperature change from 25 to 37 ◦C; (C) Thermal properties of HACPN
and GOFA/HACPN with 0.1% (w/w) GOFA from differential scanning calorimetry; (D) The weight
loss of 10% (w/v) HACPN in pH 7.4 PBS at 37 ◦C.

2.3. DOX Loading and Release

Drug loading and release behavior are the most important characteristics to evaluate a drug
delivery system. Figure 4A shows the drug loading performance of GOFA. The high surface area and
conjugate structure of GO could facilitate strong π–π stacking interactions with DOX and to achieve
high DOX loadings [9]. By increasing the amount of DOX used during drug loading, the loading
content (the weight of DOX to the weight of GOFA) of DOX increased sharply and reached as high
as 25 mg DOX/mg GOFA when 3 mg DOX reacted with 0.1 mg GOFA. On the contrary, the DOX
loading efficiency (the weight percentage of initial DOX bound to GOFA) decreased with increasing
amount of DOX used and reduced from 95.5% to 37.6% when 3 mg DOX was used. Thus, reacting
2.0 mg DOX with 0.1 mg GOFA (DOX/GOFA = 20) was deemed the best condition for preparing
GOFA-DOX considering both drug loading efficiency and loading content with the former being 51.2%
and the latter being 14.2 mg/mg. It should be noted the DOX loading content reported here is much
higher than the values (32 μg/mg and 1.84 mg/mg) reported previously using FA-conjugate carbon
nanotubes [18,38]. For DOX loading to GO, the loading contents reported previously were 2.35 and
0.294 mg/mg [10,39]. These results indicated that GOFA is a highly efficient nano-carrier for loading
and delivery of DOX.

The release of drug from GOFA-DOX at 37 ◦C in PBS at pH 7.4 and 5.5 is presented in Figure 4B.
The pH values for evaluating drug release were chosen based on the physiological and the endosomal
pH value of cancer cells, respectively. The drug release curves showed that DOX loaded on GOFA was
released at a slow and controlled manner at pH 7.4, to the extent of 18.7% in 216 h. The release rate
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of DOX was significantly enhanced at pH 5.5 and the amount of drug released was 89.4% within the
same time period.

That the release rate of DOX at pH 5.5 was significantly higher than that at pH 7.4 may be caused
by weakening of hydrogen bonds between DOX and GOFA. Noncovalent attachment of DOX to GOFA
involves hydrogen bonds between –COOH of GOFA and –OH of DOX and between –OH of GOFA and
–OH of DOX [18]. The degree of hydrogen bond interactions between DOX and GOFA is a function of
the pH value. The H+ in solution would compete with the hydrogen bond-forming group and weaken
the hydrogen bond interactions at pH 5.5, leading to greater release of DOX. Alternatively, the high
release rate at acidic conditions may be caused by the amine (–NH2) groups of DOX getting protonated
to result in partial dissociation of hydrogel-bonding interaction [40]. The high drug loading and the
pH-sensitive release of DOX suggest that GOFA is a promising delivery vehicle for the anticancer drug.

The drug release behavior of DOX from GOFA-DOX/HACPN showed the same pH dependence
as GOFA but is much slower than GOFA (Figure 4B). Thus, we can anticipate effective modulation of
the burst release of DOX by entrapping GOFA-DOX in HACPN at the physiological pH extracellularly,
followed by copious DOX release at the endosomal pH in cancer cells to exert enhanced cytotoxicity
following the intracellular uptake of GOFA-DOX.

 
Figure 4. The loading and release of DOX. (A) Drug loading efficiency and drug loading content when
0.1 mg GOFA was reacted with different amount of DOX; (B) Drug release from GOFA-DOX and
GOFA-DOX/HACPN at pH 7.4 and pH 5.5 in PBS (37 ◦C).

2.4. In Vitro Cell Culture

2.4.1. Cellular Uptake

Eukaryotic cells could form endocytotic vesicles to enclose extracellular substances through
invagination of their plasma membrane segments. The specific uptake of GOFA by MCF-7 cells
could be strongly suggested by receptor-mediated endocytosis to show efficient and targeted delivery
of DOX by GOFA-DOX [9]. Folate receptor is a common tumor marker expressed at high levels
on the surfaces of various cancer cells, which can facilitate cellular internalization of GO through
receptor-mediated endocytosis after conjugating FA to GO. Confocal microscopy revealed intracellular
fluorescence corresponding to quantum dot (QD)-labeled GOFA when MCF-7 cells were exposed
to GOFA for 1 h and quenched with trypan blue to eliminate the residual fluorescence bound to
cell membrane (Figure 5A). When folate receptors on MCF-7 cell surface were blocked by FA before
contacting with GOFA, less receptor-mediated intracellular uptake was expected for GOFA. Indeed,
we observed drastically diminished intracellular fluorescence signal of GOFA by blocking with excess
FA (Figure 5B). This difference is due to the efficient blockage of folate receptor on MCF-7 cell surface
with free FA in solution, which competitively inhibited the affinity of folate receptor toward GOFA.
Overall, our result was in agreement with previous studies that revealed folate receptor-dependent
cellular uptakes by cancer cells for anticancer drug delivery [41].
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Two possible mechanisms of cellular DOX uptake from nanoparticles have been suggested:
(1) DOX is released from the nanoparticle outside the cells, or (2) DOX is carried by the nanoparticle
and released inside the cells [42]. Folic acid modification could increase the cytotoxicity of DOX
encapsulated in nanoparticles toward MCF-7 cells by minimizing extracellular DOX release [43].
Upon incubation of MCF-7 with free DOX at 37 C for 1 h, red fluorescence was found mostly confined
within the nucleus of shrunken cells, where DOX is chelated with DNA (Figure 5C). For GOFA-DOX,
green fluorescence of GOFA appears in the cytoplasm of shrunken cells (Figure 5D). This provides a
direct evidence for endocytosis of GOFA, which accumulated in the cytoplasm after internalization.
Red fluorescence was only observed in the cell nucleus, indicating DOX released from GOFA in the
cytoplasm could translocate across the nuclear membrane to interact with DNA molecules in the cell
nucleus (Figure 5D). That the red signal due to DOX is much stronger for GOFA-DOX than DOX also
implied GOFA could facilitate DOX diffusion across the cell membrane through intracellular uptake
of GOFA-DOX to enhance the cytotoxicity toward cancer cells. Taken together, the results suggest
that DOX-loaded GOFA could be transported across cell membrane via endocytosis and DOX was
subsequently released under the acidic intracellular environment.

Figure 5. Confocal microscopy images of MCF-7 cells after incubated with GOFA for 1 h (A); incubated
with 0.1 mg/mL folic acid for 1 h to block cell surface folate receptors and then treated with GOFA for
1 h (B); incubated with free DOX for 1 h (C); incubated with GOFA-DOX for 1 h (D). Bar = 25 μm.

Internalization of GOFA by MCF-7 cells was also observed by transmission electron microscope
(TEM) to confirm endocytosis. Intracellular uptake was evident after contacting GOFA with cells,
which were found within the endosomes in the cytoplasmic region (Figure 6). The presence of GOFA
in close proximity to the nuclear region could be also observed. In vitro confocal and TEM images
therefore strongly support efficient entry of GOFA into cancer cells through endocytosis after releasing
from HACPN. It could be postulated that GOFA could potentially enhance the apoptotic effects of
DOX via its efficient endocytosis by the cancer cells and increase the intracellular anticancer activity of
the drug [44].
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Figure 6. (A) Transmission electron microscope (TEM) micrographs of MCF-7 cells treated with GOFA
for 1 h. (B) is an enlarged view of the square in (A). (A) Bar = 2 μm, (B) Bar = 500 nm.

2.4.2. In Vitro Cytotoxicity and Biocompatibility Studies

After confirming the successful entry of GOFA-DOX into the cells and release the drug, cell
viability assay was used to compare the cytotoxicity of GO-DOX, GOFA-DOX and free DOX at
different DOX concentrations toward MCF-7 cells (Figure 7A). When treated with an equivalent
concentration of DOX, MCF-7 cells showed the lowest viability when treated with GOFA-DOX,
followed by GO-DOX and free DOX. The IC50 values were calculated to be 7.3, 10 and 32.5 μg/mL
for GOFA-DOX, GO-DOX and free DOX, respectively. This suggests GOFA-DOX can efficiently
deliver the drug to the cell nucleus area due to the high cellular internalization of FA-conjugated
GO via receptor-binding endocytosis. The biocompatibility of GOFA was confirmed over a broad
concentration range using MCF-7 cells (Figure 7B), where the relative cell viability is above 90% up to
100 μg/mL, which covers the concentrations of GOFA studied in Figure 7A, indicating cell cytotoxicity
shown by GOFA-DOX was indeed from DOX released but not from the drug carrier itself.

Figure 7. (A) Cytotoxicity of free DOX, GO-DOX and GOFA-DOX against MCF-7 cells. The cells
were treated for 24 h. The relative cell viability was compared to the control without DOX. * p < 0.05
compared with DOX, # p < 0.05 compared with GO-DOX; (B) Viability of MCF-7 cells after incubated
with different concentration of GOFA for 24 h. The relative cell viability was compared to the control
without GOFA. * p > 0.05 compared with control; (C) Cell viability of MCF-7 cells after incubated
with GOFA/HACPN and GOFA-DOX/HACPN at different DOX concentrations for 24 and 72 h.
The control is cell culture medium. & p > 0.05 compared with control, * p < 0.05 compared with
control, # p < 0.05 compared with GOFA-DOX/HACPN 0.001 mg/mL DOX. Data are presented as
mean ± standard deviation (SD), n = 6.

For the cytotoxicity of GOFA-DOX/HACPN toward MCF-7 cells, when cells were incubated at a
low DOX concentration (0.001 mg/mL), cell survival rate was 90% after 24 h (Figure 7C). When MCF-7
cells were cultured for 72 h in the presence of GOFA-DOX/HACPN, cell viability was further decreased
to ~30%. At a higher DOX concentration (i.e., 0.025 mg/mL), the same cytotoxicity effect could be
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observed. That the cytotoxicity of GOFA-DOX/HACPN was both DOX dose and time-dependent,
indicating GOFA-DOX could be released from HACPN continuously to exert the cytotoxicity effect
toward MCF-7 cells. The biocompatibility of GOFA/HACPN could be also observed from Figure 7C
with the relative cell viability not significantly different from the control, indicating GOFA/HACPN
does not elicit cytotoxicity toward MCF-7 cells in vitro.

2.4.3. Cell Apoptosis Induced by DOX In Vitro

Doxorubicin is known as an anthracycline antibiotic effective in treating a variety of cancers.
It functions primarily at the DNA level by blocking the replication and transcription processes [45,46].
DOX also activates damage-inducible DNA repair and prevent the triggering of programmed cell
death by spontaneous and induced DNA damage [47]. To confirm the cytotoxicity of GO-DOX and
GOFA-DOX toward MCF-7 cells was induced by apoptosis as of free DOX and compare the apoptosis
ratio, Annexin V-FITC/PI staining assays was performed and the apoptotic and necrotic cells were
quantified by flow cytometry. The percentages of necrotic (Q1), late apoptotic (Q2), early apoptotic
(Q3) and live cells (Q4) are shown in Figure 8. The flow cytometry analysis revealed that early and
late apoptosis represented the major death mode of MCF-7 cells, which was caused by free DOX or
DOX released form GO (GOFA). The ratio of apoptosis cells treated with GOFA-DOX was 30.3%,
compared with that of free DOX (8.6%). Most importantly, it is worth noting that the ratio of apoptosis
cells treated with GOFA-DOX was markedly higher than that in cells treated with GO-DOX (11.2%),
endorsing the targeting effect of FA. In general, the results of flow cytometry were consistent with
the cell viability results by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assays (Figure 7A), underlining the importance of using GOFA to facilitate the entrance of DOX-loaded
nano-carrier into the cells through endocytosis and subsequently release DOX that enters the nucleus
to exert the cell cytotoxicity (Figure 5C,D). Furthermore, the FA-mediated intracellular uptake of GOFA
could enhance the endocytosis of the nano-carrier to substantially increase the extent of cytotoxicity of
DOX toward MCF-7 though cell apoptosis (Figure 5A,B).

 

Figure 8. Flow cytometer analysis of the apoptotic and necrotic cells by Annexin V-FITC/PI staining (Q1:
necrotic; Q2: late apoptotic; Q3: early apoptotic; Q4: live) after 24 h incubation with free DOX, GO-DOX
and GOFA-DOX, respectively. The numbers in Q1 to Q3 indicate the percentage of cells after the treatment.
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2.5. Animal Study

2.5.1. Antitumor Effect

With an aim to improve antitumor therapeutic effects and to decrease the side effects of DOX,
we have successfully demonstrated that GOFA nano-carrier could conjugate with DOX and be
encapsulated in HACPN to enhance its cytotoxicity toward MCF-7 breast cells in vitro. To validate
those data in vivo, we administered the DOX-loaded GOFA in HACPN by taking advantage of the
in-situ gelling property of the thermo-sensitive hydrogel. All BALB/c nude mice with an aggressive
subcutaneous MCF-7 cells tumor were injected intratumorally with formulations containing saline
(control), GOFA/HACPN, free DOX, GOFA-DOX or GOFA-DOX/HACPN, followed by measuring
the tumor size and mouse body weight. In order to successful determining the anti-tumor effects
in vivo, the size of the tumor was controlled within 60–100 mm3 when the treatment started.

As shown in Figure 9A, the same trends of tumor growth were observed in the control group
and the GOFA/HACPN group. The relative tumor volume increased rapidly during the treatment
period and reached 2.17 ± 0.02 (control) and 1.79 ± 0.16 (GOFA/HACPN) at day 21 with no significant
difference between groups. In contrast, the tumor growth rate was inhibited at different levels in all
DOX-treated groups. The DOX, GOFA-DOX and GOFA-DOX/HACPN groups showed 0.82 ± 0.10,
0.67 ± 0.02 and 0.48 ± 0.07 relative tumor sizes at day 21, respectively, with significant difference among
groups. Indeed, in vitro cytotoxicity results also endorsed the substantial enhancement of cytotoxicity
of GOFA-DOX toward MCF-7 cells over free DOX at the same drug dosage (Figures 7A and 8).
Intratumoral injection of DOX showed associated cytotoxic effects only at the early stage of treatment
and short-term inhibition of tumor growth. The tumor volume rapidly dropped as early as 3 days after
treatment and lasted for 4 days, followed by a rebound phenomenon in tumor volume at the later stage
of treatment. For the GOFA-DOX group, with the targeting effect of FA, DOX could be more efficiently
delivered to MCF-7 cells and the relative tumor volume could be significantly reduced throughout
the test period after day 7 and showed minimal recovery 7 days after treatment. Nonetheless,
the most efficient cytotoxic effect and continuous inhibition of tumor growth was observed only
in the GOFA-DOX/HACPN group where the tumor size was continuously reduced up to 11 days to
resulted in the highest tumor inhibition ratio of 52% (based on tumor volume changes) after 21 days,
suggesting the in vivo anti-tumor efficacy using a combinatory GOFA-DOX/HACPN intratumoral
drug delivery platform. These results demonstrated that thermo-sensitive HACPN hydrogel loading
GOFA-DOX for cancer in-situ treatment could lead to more extensive destruction of tumor tissues and
enhance the therapeutic efficiency. The enhanced intracellular uptake of GOFA-DOX contributed to
the higher tumor-killing ability when compared with the free DOX dosage form. For comparison with
GOFA-DOX, in-situ forming HACPN thermo-sensitive hydrogel can be retained around the tumor
tissue and slowly released GOFA-DOX in concomitant with hydrogel degradation, which could raise
local DOX concentration in the tumor and enhance the topical bioavailability of DOX for the best
antitumor effect toward MCF-7 cells.

To assess the potential for adverse effects associated with treatments, mice were observed for
changes in their body weight and appetite, for diarrhea and abnormal behavior over the course of
treatments. Neither control nor drug-treated mice showed abnormalities in appetite and behavior
throughout the 21 days observation period and there was no significant difference in weight for all
treatment groups from the control (Figure 9B).
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Figure 9. Antitumor activity induced by DOX in nude mice bearing MCF-7 cancer cells.
DOX (30 mg/kg) was administered intratumorally and tumor volume (A) and body weight (B) changes
were recorded. The data are shown as mean ± standard deviation (SD), n = 6. * p < 0.05 compared with
DOX, # p < 0.05 compared with GOFA-DOX, *** p < 0.001.

2.5.2. Histological and Systemic Toxicity Analysis

At day 21, the tumors were harvested for histological analysis. As shown in Figure 10A, there was
no evidence of necrosis in the H&E staining slide for the tumor in the control group. Minimum necrosis
was observed in the GOFA/HACPN group whereas some necrosis regions were observed in the free
DOX and GOFA-DOX groups. There was significantly more necrosis regions in tumors treated
with GOFA-DOX/HACPN when compared with other DOX-treated groups. Indeed, the H&E
staining revealed that the cavitation phenomenon in coagulative necrosis was more obvious in the
GOFA-DOX/HACPN group (Figure 10A). These results demonstrated that intratumoral delivery of
GOFA-DOX/HACPN enhanced the anti-tumor efficacy, suggesting it is an excellent treatment for
breast cancer.

Figure 10. (A) H&E (Bar = 100μm) and (B) proliferating cell nuclear antigen (PCNA) immunohistochemical
(Bar = 20 μm) staining of retrieved tumor tissues at day 21.
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Improved tumor delivery of DOX should also inhibit proliferation of cancer cells.
Immunohistochemical examination of tumor sections associated with the cell proliferation marker-
proliferating cell nuclear antigen (PCNA) clearly indicated that a greater number of actively
proliferating tumor cells existed in tumor sections from the control and the GOFA/HACPN groups.
In contrast, the tumor treated with DOX and GOFA-DOX showed weak PCNA immunoreactivity.
The PCNA expression was the lowest in the GOFA-DOX/HACPN group than other groups
(Figure 10B). Therefore, we conclude GOFA-DOX/HACPN can provide effective anticancer activity to
effectively inhibit proliferation of cancer cells [48].

When the animals were euthanized, no gross abnormalities were observed in the treated
mice. To further assess possible systemic toxicity, the major organs for the mice treated with
GOFA-DOX/HACPN at day 21 were harvested for morphologic evaluation of H&E-stained sections
and compared with those in the control group. As shown in Figure 11, the GOFA-DOX/HACPN
group did not reveal any observable differences from the control group based on the histological
examination of heart, lung, liver, spleen and kidney biopsy. H&E staining of the heart tissue sections
showed striated cardiac muscles with the centrally placed nucleus. Normal alveoli without the sign
of pulmonary fibrosis were seen in the lung sections. The histology of liver tissues revealed normal
hepatocytes, central veins, portal triads and liver lobules. Red pulp and white pulp appeared in spleen
samples. The kidney biopsy samples contained normal Bowman’s capsule surrounding glomeruli as
well as convoluted tubules. That the GOFA-DOX incorporated HACPN hydrogels exhibit reduced
systemic toxicities could be due to the localized and delayed release of DOX encapsulated in HACPN
at the tumor site for good biocompatibility and safety.

 

Figure 11. Histological examination of heart, lung, liver, spleen and kidney tissues by H&E stain after
euthanization at day 21. Tissue biopsy did not reveal any observable differences between the control
and the GOFA-DOX/HACPN group. Bar = 100 μm.

On blood sampling of animals after the experiment, the application of GOFA-DOX/HACPN did
not significantly alter the level of blood counts and hepatic or renal functions from hematologic study
when compared with the control group (Table 1). These results were consistent with the overall health
of mice from histological analysis.

Clinical applications of anticancer drugs are limited by side effects such as cardiac toxicity [49].
From the safety evaluation data in Figure 11 and Table 1, the intratumoral delivery of
GOFA-DOX/HACPN appeared to be well tolerated by the animals. This could be suggested to
be stemmed from combined effects of intratumoral injection and in-situ forming drug delivery system.
The intratumoral delivery of DOX using GOFA-DOX/HACPN could provide a high local concentration
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of the antitumor drug and the in-situ forming HACPN hydrogel together with GOFA-DOX would
eliminate the initial burst release of DOX to reduce systemic toxicity [50].

Considering the toxicity of GO, it is generally considered to be safe for in vivo applications [51].
For HACPN, the biodegradable components chitosan and HA are safe science chitosan is biodegradable
predominantly by lysozyme and by bacterial enzymes in the colon in vertebrates [52] while HA
could be degraded through step-wise enzymatic or non-enzymatic reactions in vivo [53]. For the
non-biodegradable PNIPAm component in HACPN, it was reported that low molecular weight
PNIPAm showed good biocompatibility in vivo by undergoing renal clearance [54]. By using PNIPAm
polymers with a low molecular weight (22 kDa) for HACPN synthesis [28], we did not expect the
PNIPAm generated by HACPN degradation to exert any in vivo toxicity as it is below the renal
cutoff [55].

Table 1. Blood analysis for evaluation of systemic toxicity.

Item Unit Control GOFA-DOX/HACPN

Hematology

WBC 103 cells/μL 5.78 ± 2.34 2.9 ± 0.6 *
RBC 106 cells/μL 8.57 ± 0.51 8.5 ± 0.2 *
HGB g/dL 13.30 ± 0.87 13.2 ± 0.5 *
HCT % 41.77 ± 2.23 39.1 ± 2.5 *
PLT 103 cells/μL 334.30 ± 29.8 279.5 ± 37.5 *

Clinical Chemistry

AST U/L 254.5 ± 19.1 294 ± 39.4 *
ALT U/L 102.50 ± 0.71 113.8 ± 51.3 *
BUN mg/dL 28.40 ± 3.54 32.1 ± 3.1 *

CREA mg/dL 0.12 ± 0.01 0.13 ± 0.01 *

WBC: white blood cell; RBC: red blood cell; HGB: hemoglobin; HCT: hematocrit; PLT: platelet; AST: aspartate
transaminase; ALT: alanine transaminase; BUN: blood urea nitrogen; CREA: creatinine Values are means ± standard
deviation (SD) of six independent measurements. * p > 0.05 compared with control.

2.5.3. IVIS for Bioluminescence Imaging (BLI) Intensity

As residual hydrogel may influence the measurement of tumor volume, we further used a stably
luciferase report gene-transfected MCF-7 cells (MCF-7/Luc) and in vivo imaging system (Xenogen
IVIS-200, Caliper Life Sciences, Hopkinton, MA, USA) to determine the bioluminescence imaging (BLI)
intensity of tumors formed from subcutaneous implanted MCF-7/Luc cells. It has been demonstrated
that luciferase expression and bioluminescence does not affect tumor cell growth for MCF-7 cells [56].
For therapeutic effects from BLI imaging, the mean value of the normalized BLI signal intensity
increased to 1738% in the control group after 21 days, reflecting an active tumor growth for MCF-7/Luc
cells (Figure 12). Without any drug, the GOFA/HACPN treatment did not showed a significant
difference in BLI signal from the control group, albeit with a lower mean BLI signal intensity of
1539%. In the DOX-treated group, the mean values decreased to 35.3% 21 days after single DOX
administration, indicating that the cytotoxic effect of DOX affected tumor growth (Figure 12). In the
GOFA-DOX group, the mean value further reduced to 25.0% with significant difference in BLI intensity
from the DOX-treated group. However, a remarkable drop in normalized BLI signal intensity to 3.1%
was observed for the combinatory GOFA-DOX/HACPN group and the BLI signal was significantly
different from all DOX-treated groups. In general, the antitumor effect from different treatments with
IVIS imaging was consistent with that from tumor volume change shown in Figure 9A.
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Figure 12. The bioluminescence imaging (BLI) of subcutaneously implanted MCF-7/Luc cells in
nude mice. The BLI signal was measured at baseline (before treatment) and at day 21 after treatment.
(A) Representative BLI obtained in the (a) control (saline), (b) GOFA/HACPN, (c) DOX, (d) GOFA-DOX
and (e) GOFA-DOX/HACPN group by IVIS at day 21. (B) Plot of the relative BLI signal intensity
at day 21 (mean ± SD, n = 6). The relative BLI signal intensity (%) was calculated from the total
bioluminescent signal intensity at day 21 normalized by the total bioluminescent signal intensity at
baseline. * p < 0.05 compared with DOX, # p < 0.01 compared with GOFA-DOX.

3. Materials and Methods

3.1. Materials

Graphene oxide (GO) (N002-PS) and quantum dots (QD) (QSA-490, CdSSe/ZnS core/shell QDs
with amine group) were purchased from Angstron Materials (Dayton, OH, USA) and Ocean NanoTech
(San Diego, CA, USA), respectively. N-isopropylacrylamide (NIPAM), azobisisobutyronitrile (AIBN),
mercaptoacetic acid (MAA), chitosan (deacetylation degree = 98%, molecular weight = 1.5 × 105 Da),
2-morpholinoethane sulfonic acid (MES), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide, (MTT), 2,4,6-trinitrobenzene sulfonic acid (TNBS) and 4′,6-diamidino-2-phenylindole
dihydrochloride (DAPI), folic acid (FA), doxorubicin (DOX) hydrochloride were purchased from
Sigma-Aldrich (St. Louis, MO, USA). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) were obtained from Acros (Geel, Belgium). Potassium salt of D-luciferin
was obtained from Gold Biotechnology, Inc. (New Taipei City, Taiwan). Hyaluronic acid (HA, sodium
hyaluronate) from Streptococcus zooepidemicus with an average molecular weight of 1.8 × 106 Da was
purchased from Bloomage Freda Biopharm Co. (Jinan, China). Minimum Essential Medium (α-MEM,
ThermoFisher Scientific, Waltham, MA, USA) and fetal bovine serum (FBS, HyClone, Logan, UT, USA)
were used for cell culture.

3.2. Preparation and Characterization of GO and GOFA

3.2.1. Preparation of GO, GOFA and Quantum Dot (QD)-Labeled GO and GOFA

The preparation and modification of GO followed the modified Hummers’ method [4,57]. Briefly,
1 g of GO was stirred in 23 mL sulfuric acid for 12 h, followed by slowly adding 3 g KMnO4 below
20 ◦C. The temperature was increased to 40 ◦C while stirring for another 30 min. The temperature
was increased to 80 ◦C and stirred for another 45 min. 46 mL of distilled deionized water (ddH2O)
was added and the solution was heated to 98–105 ◦C for 30 min, followed by cooling down to room
temperature for 1 h. Additional ddH2O (140 mL) and 10 mL of 30% H2O2 were added and reacted
for 5 min at 40 ◦C. After the reaction, GO was washed three times with 5% hydrochloride acid by
centrifugation and dialyzed against ddH2O till the pH become neutral. Nano-sized GO was obtained
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by sonicating for 30 min at 800 W and filtered with a 0.2 μm filter and adjusted the final concentration
of the GO solution to 0.2 mg/mL for future modification.

Folic acid (FA) molecules were conjugated to GO through carbodiimide-mediated covalent bonds
formation between carboxyl groups in GO and amine groups in FA [9,58]. In short, 0.1 mg GO was
mixed with 6 mM EDC and 6 mM NHS in 10 mL pH 6 phosphate buffered saline (PBS) for 1.5 h to
activate the carboxyl groups in GO. One milliliter of FA solution (0.1 mg/mL) in pH 7.4 PBS was added
to above solution and allowed to react at room temperature for 2 h to react the amine groups in FA
with activated carboxyl groups in GO. After centrifugation at 14,000× g for 30 min, the product was
washed several times with ddH2O to remove unreacted reagents and then dried at room temperature.
The amount of FA immobilized to GO was determined by subtracting the amount of FA left in the
reacting and washing solutions from the amount of FA initially added. The concentration of FA in the
solution was determined by UV-Vis spectroscopy at 358 nm.

For preparing QD-labeled GO or GOFA, 0.5 mL of GO or GOFA (1 mg/mL) was reacted with 20 μL
of 8 μM QDs and 0.05 mL of 60 mM EDC and 0.05 mL of 60 mM NHS for 90 min. After centrifugation
at 14,000× g for 30 min, the product was washed several times with PBS and dispersed in PBS for use.

3.2.2. Characterization of GO, GOFA and GOFA-DOX

An atomic force microscope (AFM) (XE-70, Park Systems, Santa Clara, CA, USA) was
used to analyze the surface topography, size and thickness of samples. Diluted GO or GOFA
in alcohol were deposited onto a freshly cleaved Mica substrate and imaged after alcohol
evaporation. Transmission electron microscopy (TEM) images were taken using JEM-2000EXII TEM
(JEOL, Tokyo, Japan). The Fourier transform infrared (FTIR) spectra were recorded on a FT-730 FTIR
spectrometer (Horiba, Japan) by mixing samples with KBr and scanned from 400 to 4000 cm−1 at
2.5 mm/s.

3.3. Preparation and Characterization of HACPN Hydrogel

3.3.1. Synthesis of HACPN Hydrogel

The HACPN temperature-sensitive hydrogel was synthesized as described previously [28,59].
Briefly, NIPAM and AIBN were purified by recrystallization in n-hexane and methanol, respectively.
PNIPAM end-capped with a carboxyl group (PNIPAM-COOH) was synthesized in benzene by free
radical polymerization of NIPAM and MAA (chain transfer agent) in the presence of AIBN (initiator).
PNIPAM-COOH was reacted with chitosan in 0.1 M MES buffer (pH 5.0) containing NHS and EDC to
get chitosan-g-PNIPAM (CPN) copolymer. By thermally induced precipitation, the CPN copolymer
was recovered by centrifugation. For HACPN synthesis, CPN copolymer was further reacted with HA
in 0.1 M MES buffer (pH 5.0) containing EDC and NHS to get HACPN. Residual HA was removed by
thermal precipitation of HACPN at 50 ◦C, followed by dialysis (molecular weight cut-off (MWCO)
300,000) at 4 ◦C and lyophilization.

3.3.2. Characterization of HACPN Hydrogel

To determine the LCST, 10% (w/v) polymer solutions (5% or 10% (w/v)) were prepared in ddH2O.
The sol-gel phase transition of the polymer solution was measured using an UV-Vis spectrophotometer
(Spectronic 200, Thermo Scientific, Waltham, MA, USA) equipped with a circulator bath for temperature
control. A semi-micro cuvette (10 mm light path) containing 2 mL of polymer solution was used.
The absorbance of the polymer solution at 470 nm was recorded from 25 to 33 ◦C. The polymer solution
was equilibrated at each test temperature for 60 min. From the thermo-precipitation curve by plotting
the absorbance at 470 nm (OD470) vs. temperature, the LCST of the polymer was defined as the
temperature when the absorbance was half of the maximum value.

For sol-gel phase transition kinetics, 2 mL of 5% or 10% (w/v) of polymer solutions in ddH2O
were put in a semi-micro cuvette and sealed with Parafilm. The samples were equilibrated in a
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25 ◦C incubator for 60 min and then placed in an UV-Vis spectrophotometer pre-equilibrated at 37 ◦C.
The turbidity of polymer solution was recorded as a function of time up to 6 min.

For differential scanning calorimetry (DSC) analysis, 10 mg polymer solutions prepared in
ddH2O were placed in a DSC aluminum pan and analyzed with a Q20 DSC (TA Instruments,
New Castle, DE, USA). The scan rate was 1 ◦C/min from 10 to 40 ◦C under 30 mL/min nitrogen.

For degradation of HACPN, 0.2 mL of 10% (w/v) HACPN hydrogel (20 mg HACPN) was placed in
a pre-weighed Millicell® cell culture insert (Millipore) and immediately gelled at 37 ◦C. Five milliliters
of PBS (pH 7.4, 37 ◦C) was added to the HACPN gel and the cell insert was shaken at 50 rpm in a 37 ◦C
incubator. At different time points, samples were removed and rapidly frozen at −80 ◦C, followed
by freeze-drying and weighing to obtain the residual weight of HACPN. The in vitro degradation of
HACPN was calculated from the following equation,

Residual weight(%) = (
Wt

Wi
)× 100% (1)

where Wi is the initial weight of HACPN and Wt is the weight of HACPN at time t.

3.4. DOX Loading and Release

3.4.1. Loading of DOX on GOFA

A solution containing DOX (0.1–3.0 mg) and 0.1 mg of GOFA was prepared in 1 mL PBS
(pH 7.4) and stirred at 4 ◦C for 24 h in dark. The GOFA-DOX were collected by ultracentrifugation
(14,000× g for 15 min) and washed three times with PBS until the supernatant became color-free.
The amount of unbound DOX in the solution was determined by measuring the absorbance at 490 nm
(OD490). The drug loading efficiency (%) and the drug loading content is defined as,

Loading effcienct (%) =
Weight of loaded DOX (mg)
Weight of initial DOX (mg)

× 100% (2)

Loading content =
Weight of loaded DOX (mg)

Weight of GOFA (mg)
(3)

3.4.2. In Vitro DOX Release from GOFA-DOX and GOFA-DOX/HACPN

For drug release, 0.1 mg/mL GOFA-DOX was prepared in 1 mL of phosphate buffered saline
(PBS) at pH 5.7 (endosomal pH) or at pH 7.4 (physiological pH) at 1.8 mg/mL DOX. The solution was
shaken at 50 rpm and 37 ◦C, followed by ultracentrifugation to separate GOFA-DOX at pre-determined
times [60]. All supernatant was removed and replenished with an equal volume of PBS of the same
pH for further drug release studies. The concentration of DOX in the supernatant was quantified using
an enzyme-linked immunosorbent assay (ELISA) reader at 490 nm. The DOX release results were
calculated in a cumulative manner by the following equation [43],

Cumulative Dox released (%) = (
Cumulative amout of DOX released

Initial amount of DOX
)× 100% (4)

The DOX release from GOFA-DOX/HACPN hydrogel was determined for 10% (w/v) HACPN by
dissolving 0.1 g HACPN in 1 mL GOFA-DOX solution (0.1 mg/mL in pH 7.4 PBS). 0.5 mL of HACPN
solution was placed in Millicell® cell culture inserts fitted in a 6-well cell culture plate. 5 mL of PBS
buffer (pH = 7.4) was added to each well to totally immerse the copolymer hydrogel in the insert
and the plate was incubated at 37 ◦C by shaking at 50 rpm. At predetermined times, all solution in
each well was removed for determination of the DOX concentration using an ELISA reader at 490 nm
and an equal volume of PBS buffer (pH 7.4) was added to calculate the cumulative DOX release by
Equation (4).

144



Nanomaterials 2017, 7, 388

3.5. In Vitro Cell Culture

3.5.1. Cell Line and Cell Culture Condition

The MCF-7 human breast adenocarcinoma cell line (BCRC 60436) was obtained from the
Bioresource Collection and Research Center (Hsinchu, Taiwan). The cells were cultured in α-MEM
medium supplemented with 10% FBS at 37 ◦C in a humidified CO2 incubator containing 5% CO2.
MCF-7 cells were sub-cultured routinely by using trypsin-ethylenediaminetetraacetic acid (EDTA)
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) when cells reached 80–90% confluence.

The MCF-7/Luc cell line that could stably expresses firefly luciferase and neomycin-resistant genes
was constructed from pGL4.51[luc2/CMV/Neo] plasmid vector (Promega, Madison, WI, USA) [56].
MCF-7 cells were transfected with the Luc-reporter vector and liposome (E2431,
Promega) using standard protocols. Transfected cells were selected with 1 mg/mL G418
(Sigma-Aldrich, St. Louis, MO, USA) selection antibiotic for two weeks and the resistant colonies
were isolated and tested for luciferase activity.

3.5.2. Intracellular Uptake

To evaluate the role of FA in cellular uptake of GOFA, MCF-7 cells were cultured in 0.5 mL
α-MEM supplemented with 10% FBS in 24-well culture plates at 1 × 104 cells/well. Cells were grown
overnight in a humidified CO2 incubator at 37 ◦C under 5% CO2 atmosphere, washed with sterilized
PBS and incubated with 0.5 mL QD-labeled GO or GOFA suspension (0.1 mg/mL) for 1 h. Each testing
samples were washed with PBS three times and fixed with 4% paraformaldehyde for 15 min, followed
by nuclear staining with DAPI. In a separate experiment, the cells were pre-treated with free FA
(1 mg/mL) for 1 h to block the folate receptor on cell surface before incubated with QD-labeled GOFA.
Possible fluorescence signals from extracellular QD-labeled GOFA bound to the surfaces of MCF-7
cells were quenched by trypan blue dye solution for 15 min. Since trypan blue is excluded from
entering live cells, all fluorescence signals observed will be only from GOFA taken intracellularly.
The green fluorescence from QD and blue fluorescence from DAPI were examined under a confocal
laser scanning microscope (Zeiss LSM 510 Meta, Oberkochen, Germany) with excitation/emission
wavelength of 488 nm/500–550 nm and 364 nm/407–482 nm, respectively.

To determine intracellular uptake of GOFA-DOX and release of DOX, MCF-7 cells were cultured in
0.5 mL α-MEM supplemented with 10% FBS in 24-well culture plates at 1 × 104 cells/well. Cells were
grown overnight in a humidified CO2 incubator at 37 ◦C under 5% CO2 atmosphere, washed with
sterilized PBS and incubated with 0.5 mL DOX solution or GOFA-DOX suspension (0.1 mg/mL) for
1 h. Each testing samples were washed with PBS three times and fixed with 4% paraformaldehyde
for 15 min, followed by nuclear staining with DAPI (blue) and examination under a confocal laser
scanning microscope. The uptake of GOFA-DOX and release of DOX could be visualized by the green
fluorescence of QD-labeled GOFA and the red fluorescence of DOX. The excitation wavelength is
543/488/364 nm (red/green/blue) and the emission wavelength is 550–650/500–550/407–482 nm
(red/green/blue).

For transmission electron microscope (TEM) analysis, 1 × 105 of MCF-7 cells were grown on
ThermoNox (Nunc, Roskilde, Denmark) coverslips and treated with GOFA for 24 h. The cells were
fixed in a mixture of 2.5% paraformaldehyde and 2% glutaraldehyde solution for 2 h. Cells were
rinsed in 0.1 M sodium cacodylate buffer (pH 7.4) and post-fixed in 1.0% osmium tetroxide for 30 min.
The cells were then dehydrated in a graded ethanol series (30%, 50%, 70% with 3% uranyl acetate, 80%,
95% and 100%) for 10 min at each concentration and followed by two changes in 100% propylene oxide.
After infiltration and embedding in epoxy resins at 60 ◦C for 48 h, ultrathin sections (approximately
80 nm) were examined under a FEI/Philips CM 120 TEM (Hillsboro, OR, USA).
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3.5.3. In Vitro Cytotoxicity Assessment

For in vitro cytotoxicity tests, MCF-7 cells were cultured in α-MEM supplemented with 10%
FBS in a 96-well culture plate at a seeding density of 1 × 104 cells/well and incubated overnight
at 37 ◦C in a humidified 5% CO2 atmosphere. After being rinsed with PBS (pH 7.4), the cells
were incubated with 200 μL of DOX solutions, GO-DOX or GOFA-DOX suspensions prepared in
culture medium containing different DOX concentrations to determine the IC50 (half-maximum
inhibitory concentration) value. Cell viability after 24 h was determined using MTT assays by
adding 50 μL MTT reagent to each well and incubated for 3 h at 37 ◦C. After removing the
medium and MTT reagent, 200 μL of dimethylsulfoxide was added to the well to dissolve the
crystal produced and the absorbance was measured at 540 nm using a Synergy HT microplate reader
(BioTek, Winooski, VT, USA). Each experiment was repeated six times. All procedures were finished
in conditions devoid of light. Cell viability using cell culture medium and GO (GOFA) were taken as
100% for DOX and GO-DOX (GOFA-DOX), respectively. Control cytotoxicity experiments to confirm
the biocompatibility of the drug-free carrier were carried out using MCF-7 cells by following the same
procedure as described above within a concentration range of 0.01–100 μg/mL GOFA.

The cytotoxicity of GOFA-DOX/HACPN was determined in a double-chamber dish with MCF-7
cells cultured in α-MEM supplemented with 10% FBS in a 24-well culture plate at a seeding density
of 1 × 104 cells/well and incubated overnight at 37 ◦C in a humidified 5% CO2 atmosphere.
The GOFA/HACPN solution was prepared by dissolving 0.1 g HACPN in 1 mL GOFA-DOX solution
(0.1 mg GOFA in pH 7.4 PBS) with 0, 0.001 or 0.025 mg/mL DOX). 0.2 mL of the GOFA-DOX/HACPN
solution was placed in Millicell® cell culture inserts and fitted in the 24-well cell culture plate.
The relative cell viability was determined by MTT assays at 24 and 72 h by MTT assays as described
above with cell culture medium as control.

3.5.4. Analysis of Apoptosis Using Annexin V and Propidium Iodide Staining

Apoptotic MCF-7 cells were identified with fluorescein isothiocyanate-labeled Annexin V
(Annexin V-FITC, BD Biosciences, Franklin Lakes, NJ, USA). Propidium iodide (PI) was also used as a
dead cell marker. MCF-7 (5 × 105 cells per well) were seeded in a six-well plate and cultured for 24 h.
After treatment with free DOX, GO-DOX and GOFA-DOX for 24 h, the cells were harvested, trypsinized,
washed with PBS and incubated with Annexin V-FITC and PI for 15 min at room temperature in the
dark. The samples were immediately analyzed with the FACSCalibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) with the CellQuest software.

3.6. Animal Studies

3.6.1. Xenograft Tumor Mouse Model

All animal procedures were approved by the Institutional Animal Care and Use Committee
of Chang Gung University (IACUC Approval No. CGU14-092). Female nude mice (BALB/
cAnN.Cg-Foxn1nu/CrlNarl, 4–6 weeks old, weighed between 20 and 25 g) were purchased from
the National Laboratory Animal Center (Taipei, Taiwan) and used for the in vivo animal studies.
Mice were cared, housed and maintained in specific sterile environment in the Laboratory Animal
Center, Chang Gung University. Estrogen-responsive MCF-7 xenograft tumor model was established
and maintained by injecting 5 × 106 MCF-7 cells (in 0.1 mL of Matrigel Matrix High Concentration,
BD Biosciences, Franklin Lakes, NJ, USA) subcutaneously into the backs of the 6-week-old mice
after anesthetized with 5 mg/kg xylazine (Rompum, Bayer) and 0.8 mg/kg Tiletamin + Zolezepam
(Zoletil 50, Virbac) [61]. Animals were used in experiments after 14 days when the tumor volumes
reached 60~100 mm3.
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3.6.2. In Vivo Antitumor Efficacy

Thirty tumor-bearing mice were randomly divided into 5 groups with 6 mice in each group.
Group 1, intratumoral injection with 200 μL of saline (control); group 2, intratumoral injection with
200 μL of 10% (w/v) GOFA/HACPN; group 3, intratumoral injection with 200 μL of DOX solution
(30 mg/kg of DOX); group 4, intravenous injection with 200 μL of GOFA-DOX (30 mg/kg of DOX);
group 5, intratumoral injection with 200 μL of 10% (w/v) GOFA-DOX/HACPN (30 mg/kg of DOX).
After administration, the tumor size and body weight was monitored continuously for 21 days.
Tumor volumes were calculated based on the length and width of tumor (length × (width)2/2).
The relative of tumor volume (%) was calculated from Vt/V0, where Vt indicated the tumor volume
at time t and V0 indicated the tumor volume at day 0. The relative body weight (%) was calculated
according to Wt/W0, where Wt indicated the weight at time t and W0 indicated the weight at day 0.

3.6.3. Histological, Immunohistochemical, Hematologic and Biochemical Analysis

After sacrificing, tumor tissues were immediately harvested and fixed in 10% phosphate buffered
formalin. The tissues were embedded in paraffin and sectioned (8 μm), followed by hematoxylin and
eosin (H&E) staining. Paraffin-embedded tumor tissues were stained for proliferating cell nuclear
antigen (PCNA) using N-Histofine® MOUSESTAIN KIT (Nichirei Biosciences Inc., Tokyo, Japan)
following the manufacturer’s protocol [62]. The primary antibody was mouse monoclonal anti-PCNA
antibody (Abcam ab29).

To evaluate the systemic toxicity of GOFA-DOX/HACPN, major organs including hearts, livers,
spleens, lungs and kidneys were harvested before euthanasia and embedded in paraffin and sectioned
for H&E staining. Blood samples were collected for hematologic analysis (white blood cell count, red
blood cell count, hemoglobin and hematocrit) and biochemical analysis (aspartate aminotransferase,
alanine aminotransferase, blood urea nitrogen and creatinine) of major organ functions. The mice in
the control group (saline) were used as comparison.

3.6.4. Bioluminescence Imaging (BLI) for In Vivo Evaluation of Anti-Tumor Efficacy

MCF-7/Luc cells were injected subcutaneously into the backs of the 6-week-old mice following
and animal were grouped as described for MCF-7 cells. The bioluminescence imaging (BLI)
was performed using noninvasive in vivo imaging system (IVIS) (Xenogen IVIS-200, Caliper Life
Sciences, Hopkinton, MA, USA). Mice were anesthetized with 1% isoflurane in room air. D-Luciferin
(Gold Biotechnology, New Taipei City, Taiwan) in PBS (15 mg/mL) was injected intraperitoneally at
a dose of 150 mg/kg and images were acquired to determine the peak bioluminescence. The BLI
intensity was determined at baseline (i.e., before treatment) and 21 days after treatment by measuring
the total peak bioluminescent signal intensity through standardized regions of interest (ROIs) in tumor
by using the Living Image® 4.0 software (PerkinElmer, Waltham, MA, USA). The relative BLI (%)
was calculated from the total bioluminescent signal intensity at day 21 normalized by the total signal
intensity at baseline.

3.7. Statistical Analyses

All data were reported as mean ± standard deviation (SD). Statistical significances were analyzed
by Statistical Product and Service Solutions (SPSS) one-way ANOVA Least Significant Difference (LSD)
test and differences were considered significant at p < 0.05.

4. Conclusions

In conclusion, we have confirmed the synthesis of the nano-sized anticancer drug carrier GOFA,
the intracellular uptake of GOFA by endocytosis and the specific targeting effect of GOFA toward
MCF-7 breast cancer cells. The high loading capacity of DOX on GOFA in addition to the pH-dependent
drug release behavior could facilitate drug release after endocytosis and maintain a high drug
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concentration cytotoxic to MCF-7 cells. The temperature-sensitive in-situ forming hydrogel HACPN
could provide fast sol-gel phase transition kinetics around the physiological temperature. The gelled
HACPN could serve as a depot for continuous GOFA-DOX release during hydrogel degradation and
offer a facile intratumoral delivery platform for the chemotherapeutic drug. Enhanced cytotoxicity
of GOFA-DOX toward MCF-7 was confirmed through MTT assays and flow cytometry analysis,
which could be ascribed to the FA-targeting effect. GOFA-DOX/HACPN also showed effective drug
dosage and time-dependent cytotoxicity effects in vitro, suggesting its potential for in vivo anticancer
therapy. From xenograft tumor mouse model with subcutaneously implanted MCF-7 (MCF-7/Luc)
cells, tumor volume measurement and BLI signal intensity revealed the highest anticancer efficiency
of GOFA-DOX/HACPN. H&E staining and immunohistochemistry of tumor tissues confirmed this
treatment could result in the best effect to induce tumor necrosis and reduction of expression of the
tumor cell proliferating marker (PCNA). In addition, no side effects were detected from biopsy of
major organs and blood analysis to endorse the safety of this treatment. Taken together, we could
conclude the intratumoral delivery of GOFA-DOX/HACPN could be suggested as a safe and effective
drug delivery system for breast cancer chemotherapy or potentially also applicable to treatment of
other local solid tumors.
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Abstract: We describe a safe and highly effective non-viral vector system based on β-cyclodextrin
(β-CD)-modified dendrimer-entrapped gold nanoparticles (Au DENPs) for improved delivery small
interfering RNA (siRNA) to glioblastoma cells. In our approach, we utilized amine-terminated
generation 5 poly(amidoamine) dendrimers partially grafted with β-CD as a nanoreactor to entrap Au
NPs. The acquired β-CD-modified Au DENPs (Au DENPs-β-CD) were complexed with two different
types of therapeutic siRNA (B-cell lymphoma/leukemia-2 (Bcl-2) siRNA and vascular endothelial
growth factor (VEGF) siRNA). The siRNA compression ability of the Au DENPs-β-CD was evaluated
by various methods. The cytocompatibility of the vector/siRNA polyplexes was assessed by viability
assay of cells. The siRNA transfection capability of the formed Au DENPs-β-CD vector was evaluated
by flow cytometric assay of the cellular uptake of the polyplexes and Western blot assays of the
Bcl-2 and VEGF protein expression. Our data reveals that the formed Au DENPs-β-CD carrier
enables efficiently delivery of siRNA to glioma cells, has good cytocompatibility once complexed
with the siRNA, and enables enhanced gene silencing to inhibit the expression of Bcl-2 and VEGF
proteins. The developed Au DENPs-β-CD vector may be used for efficient siRNA delivery to different
biosystems for therapeutic purposes.

Keywords: PAMAM dendrimers; β-CD; gold nanoparticles; gene silencing; siRNA

1. Introduction

Gene therapy is becoming a promising strategy for cancer therapy by transfecting genetic materials
(such as DNA [1–3], RNA [4,5] and antisense oligonucleotides [6,7]) into target cancer cells to achieve
the therapeutic purposes. Among that, RNA interference has been considered as one of the most
potential strategies for cancer therapy through silencing the specific genes up-regulated in cancer
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cells or involved in cell division [8,9]. Small interfering RNA (siRNA) has played a central role for
RNA interference.

For efficient siRNA delivery, one has to consider to use a carrier system owing to the electrostatic
repulsion of the negatively-charged cell membrane and the negatively-charged siRNA backbone [10,11].
For gene delivery, non-viral vectors are increasingly employed considering their better bio-safety
profile than viral ones, relative ease to be synthesized, targeting specificity to cell/tissue after
surface modification [12–14], structural diversity, and capacity to transfect plasmid of varying
sizes [15,16]. The currently used non-viral vectors such as cationic lipids [17,18], polymers [12,19,20],
polypeptides [21,22], and inorganic nanoparticles (NPs) [23,24] can be used to form vector/DNA
polyplexes at the nanoscale [10,11,25]. In any case, development of novel vector systems for safe and
effective transfection of siRNA still remains a critical research area [26–32].

Poly(amidoamine) (PAMAM) dendrimers are a class of monodispersed macromolecules [33–35]
with branched interior and well-fixed molecular conformation and controlled surface functionalities [36–39].
These properties of PAMAM dendrimers make them act as desired carrier systems for non-viral siRNA
delivery [13,40–42]. In this direction, several studies have reported that by functional modifications of
generation 5 (G5) PAMAM dendrimers via dendrimer periphery modification of polyethylene glycol
chains [43] or entrapment of gold (Au) NPs within dendrimer internal cavities [44], the cytotoxicity of
the vector has been significantly reduced, while the gene transfection efficiency has been prominently
enhanced [14,44–47]. Previously, we have shown that the Au NP entrapment within G5 PAMAM
dendrimers to form dendrimer-entrapped Au NPs (Au DENPs) is beneficial to reduce the cytotoxicity of
dendrimers and simultaneously enhance the gene delivery efficiency [44]. On one hand, the entrapped
Au NPs are able to compensate the dendrimer terminal amine cytotoxicity by reducing the density
of amine groups, thus improving the cytocompatibility of the dendrimers; on the other hand, the Au
NPs entrapped helps to maintain the globular conformation of the dendrimer, thereby enhancing the
compaction capacity of DNA.

Recently, we have used β-cyclodextrin (β-CD) to modify the surface of G5 PAMAM dendrimers
and used the β-CD-modified G5 dendrimers for the synthesis of Au NPs within the dendrimers [48].
The prepared β-CD-modified Au DENPs (Au DENPs-β-CD) displayed weakened cytotoxicity and
enhanced DNA compression capability, and enabled the enhanced transfection of plasmid DNA
(pDNA) encoding either luciferase gene or enhanced the green fluorescent protein gene into 293T cells.
The enhanced gene delivery efficiency could be resulted from the entrapped Au NPs. Meanwhile,
the attached β-CD moieties might facilitate the release of pDNA or the siRNA complex from endosomes
after endocytic uptake [49]. These promising results strongly stimulate us to further explore the
performance of the Au DENPs-β-CD to deliver siRNA to silence genes in cancer cells.

In this work, we prepared the Au DENPs-β-CD vector according to the procedure previously
reported [48]. The prepared Au DENPs-β-CD were employed as a vector to compact two different
types of siRNA including B-cell lymphoma 2 (Bcl-2) siRNA and vascular endothelial growth factor
(VEGF) siRNA under the appropriate N/P (dendrimer terminal amine/siRNA phosphate) ratios for
oncogene silencing (Scheme 1). The siRNA compaction ability of the vector was explored by gel
electrophoresis, dynamic light scattering, and zeta potential measurements. The cytocompatibility
of the prepared vector/siRNA polyplexes was also analyzed by cell viability assay. Furthermore,
flow cytometry assay and confocal microscopic observations of cells were used to assess the efficiency
of gene transfection of the vector/siRNA polyplexes. Finally, we used Western blot assay to prove the
oncogene silencing efficiency of the Au DENPs-β-CD/siRNA polyplexes in glioblastoma cancer cells.
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Scheme 1. Schematic illustration of the gene delivery process.

2. Results and Discussion

2.1. Characterization of Vector/siRNA Polyplexes

Herein, we aimed to explore the enhanced delivery efficiency of siRNA using the Au DENPs-β-CD
(Q2) vector. Au DENPs without β-CD modification (Q1) and pristine G5.NH2 dendrimers (Q0) were
used for comparison. We first checked the siRNA compaction capability of the vectors. Agarose gel
retardation assay was used to analyze the obtained vector/siRNA polyplexes (Figure 1). Apparently,
the migration of both siRNAs is able to be blocked at higher N/P ratios. For Bcl-2 siRNA, all vectors
fully inhibit the siRNA migration at the N/P ratio of 2:1 or above (Figure 1a). For VEGF siRNA, Q0 and
Q1 retard the siRNA migration at the N/P ratio of 2:1 or above (Figure 1b), similar to Bcl-2 siRNA.
It seems that Q2 displays a better compaction capacity of VEGF siRNA than Q0 and Q1, and the siRNA
migration can be completely retarded at the N/P ratio above 1:1. Clearly, the conjugation of β-CD
onto G5 dendrimers is beneficial for enhanced siRNA compaction, in accordance with our previous
study [48]. These results demonstrated that both Bcl-2 siRNA and VEGF siRNA could be efficiently
compressed by the vectors at N/P ratios greater than 2:1.

DLS and zeta potential measurements were utilized to characterize the vector/siRNA polyplexes
(Figure 2 and Table S1, Supporting Information). Apparently, the hydrodynamic particle size of the
vector/siRNA polyplexes decreases with the N/P ratio. This may be attributed to the situation that
at a higher N/P ratio, more vector materials are present and the siRNA can be more compacted to
have a smaller size. It appears that polyplexes composed of the vectors with Au NPs entrapped have a
slightly larger size than those gained using dendrimers without the entrapment of Au NPs, which
is different from the vector/pDNA in our earlier work [44]. This difference is probably owing to the
much smaller molecular weight of siRNA, and the size of the polyplexes could be mainly derived from
that of the vectors.

We determined the surface potentials of the vector/siRNA polyplexes under the given N/P
ratios (Figure 3). Clearly, at the same N/P ratios, the surface potential of the polyplexes obeys the
order of Q0/siRNA > Q1/siRNA > Q2/siRNA for both Bcl-2 siRNA (Figure 3a) and VEGF siRNA
(Figure 3b). These data suggest that the modification of β-CD on the dendrimer periphery and the
entrapment of Au NPs within the dendrimer internal cavity reduce the density of dendrimer surface
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amines, thus decreasing the surface potentials of the formed polyplexes. This is beneficial for them to
have an improved cytocompatibility (see below). However, the surface potentials of the Q1/siRNA
and Q2/siRNA are still positively charged. Overall, the positive surface potential along with the
appropriate hydrodynamic sizes of the polyplexes may allow them to be used for effective gene
delivery [48].

 

Figure 1. Gel retardation assay of B-cell lymphoma/leukemia-2 (Bcl-2) siRNA (a) and vascular
endothelial growth factor (VEGF) siRNA (b) complexed with Q0, Q1 and Q2 at various N/P ratios,
respectively. Lane 1: DNA marker; lane 2: N/P = 0.25:1; lane 3: N/P = 0.5:1; lane 4: N/P = 1:1; lane 5:
N/P = 2:1; lane 6: N/P = 3:1; lane 7: N/P = 4:1; and lane 8: N/P = 5:1.

Figure 2. Mean hydrodynamic size of Bcl-2 siRNA (a) and VEGF siRNA (b) complexed with Q0, Q1,
and Q2 at N/P ratios of 2.5:1, 5:1, or 10:1, respectively (mean ± SD, n = 3).
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Figure 3. Surface potentials of Bcl-2 siRNA (a) and VEGF siRNA (b) complexed with Q0, Q1, and Q2
at N/P ratios of 2.5:1, 5:1 or 10:1, respectively (mean ± SD, n = 3).

2.2. Cytotoxicity Assay

MTT assay of cell viability was next carried out to test the cytotoxicity of vector/siRNA polyplexes
(Figure 4). The cell viability is reduced with the vector concentration. The cytotoxicity of the vector/siRNA
polyplexes obeys the order of Q2/siRNA < Q1/siRNA < Q0/siRNA at the same vector concentration for
either Bcl2 siRNA (Figure 4a) or VEGF siRNA (Figure 4b). Even at the highest vector concentration of
2000 nM, the cells incubated with the Q2/siRNA polyplexes still display a viability higher than 80%,
while the cells co-cultured with the Q0/siRNA polyplexes show a viability lower than 60%. Our results
suggest that Q2 could be adopted as a relatively ‘safe’ gene delivery vector when compared with Q0
and Q1. Our data emphasize that the dendrimer periphery modification with β-CD and the internal
loading of Au NPs are beneficial to compromise the cytotoxicity of G5 PAMAM dendrimers.

 
Figure 4. MTT viability assay of Uppsala 87 Malignant Glioma (U87MG) cells treated with the vector/Bcl-2
siRNA (a) and vector/VEGF siRNA; and (b) polyplexes under distinct vector concentrations (mean ± SD,
n = 6).
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2.3. Uptake of Vector/siRNA Polyplexes by Cancer Cells

The cellular uptake of the vector/siRNA polyplexes was investigated by flow cytometry analysis
(Figure S1, Supporting Information). As shown in Figure 5, for both vector/Cy3-Bcl-2 siRNA
and vector/Cy3-VEGF siRNA polyplexes, the percentages of fluorescent cells associated with the
Cy3-labeled siRNA are relatively higher at the higher N/P ratios of the polyplexes. Under the same
conditions, it appears that Bcl-2 siRNA (Figure 5a) can be more significantly uptaken by the U87MG
cells than VEGF siRNA (Figure 5b). The percentage of cells having the Cy3 fluorescence signals after
transfection by the vector/Cy3-Bcl-2 siRNA polyplexes is higher than 80% for all different vectors.
The ability of vector to deliver Bcl-2 siRNA and VEGF siRNA follows the tendency of Q0 < Q1 < Q2 at
N/P ratios of 5 and 10. It should be noted that Q2 possesses a lower surface potential, thus being more
liable to show enhanced transfection efficiency of genes at high N/P ratios.

 
Figure 5. Flow cytometry analysis of U87MG cells transfected using vector/Cy3-Bcl-2 siRNA (a) and
vector/Cy3-VEGF siRNA (b) polyplexes at the N/P ratios of 2.5:1, 5:1, and 10:1, respectively. Cells
without treatment were used as control. Data are shown with mean ± SD (n = 3). For (a,b), ** and ***
mean that the p values of statistical analyses are <0.01 and <0.001, respectively.

Confocal microscopic imaging was used to further study the transcellular pathways and
localization of the vector/siRNA polyplexes at the N/P ratio of 5:1. As illustrated in Figure 6, control
cells without treatment just display the Hoechst 33342-stained cell nuclei, which is blue fluorescent.
The cells incubated with free Cy3-Bcl-2 siRNA without vector just displays the blue fluorescence
associated to the Hoechst 33342 staining, similar to the control cells. This indicates that free Cy3-Bcl-2
siRNA is not able to be transfected into the cells due to its intrinsic negative charge. In contrast,
Cy3-Bcl-2 siRNA complexed with all three different vectors can be transfected within the cancer cells,
as red fluorescence signals in all cases can be seen in the cytoplasm of cells. The intensity of the red
fluorescence signals of cells follows the order of Q0 < Q1 < Q2 under the same condition, suggesting
that the siRNA delivery efficiency follows the same order, in agreement with the flow cytometry assay
data. For the Cy3-VEGF siRNA delivery (Figure S2, Supporting Information), the same trend of cellular
uptake of the polyplexes can be seen.
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Figure 6. Confocal microscopic images (63×) of U87MG cells showing the intracellular localization
of the vectors/Cy3-Bcl-2 siRNA polyplexes that were prepared with an N/P of 5:1 (red: Cy3-labeled
siRNA; blue: Hoechst 33342 stained cell nuclei).

2.4. Gene Silencing with VEGF and Bcl-2 siRNAs

With the goal to study the effective siRNA delivery using the designed vector systems, Western
blot analysis was undertaken to explore the gene silencing capabilities of vector/siRNA polyplexes
at the N/P ratio of 5:1. We used naked siRNA without any protection as a control and GAPDH
protein was adopted as the reference protein. As shown in Figure 7a, the Bcl-2 gene is not able to be
silenced by naked Bcl-2 siRNA, which is similar to the control cells. In contrast, decreased expression
of Bcl-2 protein can be seen in cells treated with all vector/siRNA polyplexes, and the gene silencing
efficacy follows the order of Q2 > Q1 > Q0. Similarly, VEGF siRNA is also able to be transfected after
complexation with the vectors of Q0, Q1, and Q2 to lower the expression of VEGF protein (Figure 7b),
and the gene silencing trend follows the same order. These results prove that the Au DENPs-β-CD
(Q2) possess excellent siRNA transfection ability and the formed polyplexes are able to silence the
genes in cancer cells for effective gene therapy applications.
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Figure 7. Relative Bcl-2 (a) and VEGF (b) protein expression levels in U87MG cells transfected with
vector/siRNA polyplexes at an N/P ratio of 5:1. The GAPDH protein was used as a reference for the
Western blot data. For (a,b), *** means that the p values of statistical analyses are <0.001.

3. Experimental Section

3.1. Synthesis of Au DENPs-β-CD

G5.NH2, Au DENPs, and Au DENPs-β-CD were obtained using the same procedures described
in our previous work [48]. For clarity, the structure of G5.NH2 PAMAM dendrimer and β-CD can be
seen in Figure S3 (Supporting Information). Besides, for simplicity, the above materials were referred
to as Q0, Q1, and Q2, respectively.

3.2. Preparation of Vectors/siRNA Polyplexes

Bcl-2 and VEGF siRNAs were respectively complexed with vectors with various N/P ratios. Both
vectors and siRNA (1 μg) were dissolved in phosphate buffered saline (PBS, 0.01 mol/L, pH 7.4) to
reach an ultimate volume of 100 μL, then blended gently and incubated for 20 min at room temperature.

3.3. Gene Silencing with VEGF and Bcl-2 siRNAs

U87MG cells were incubated into 12-well flat-bottomed plates at a density of 1 × 105 cells/well as
described above. When the cells were brought to a 60–70% confluence, the medium in each well was
substituted with 1 mL of fresh DMEM containing 100 μL of vector/siRNA polyplexes prepared using
1 μg of siRNA at the N/P ratio of 5:1. After incubation for 4 h, the cell medium was exchanged to
fresh DMEM supplemented with 10% FBS and the cells were then cultivated for additional 48 h. Then,
the cells were treated with pre-chilled PBS and digested with lysis buffer (400 μL/well) for 30 min under
ice bath. The lysates were centrifuged at 12,000 rpm for 5 min at 4 ◦C. Thereafter, the supernatants were
collected for Western-blot assay according to protocols in our previous work [13]. Both the Bcl-2 and
VEGF proteins were detected using a Western Lightning® Plus-ECL (Enhanced Chemiluminescence)
Kit (PerkinElmer, Inc., Boston, MA, USA). More detailed information of experimental can be seen in
Supporting Information.

4. Conclusions

To summarize, we used the synthesized Au DENPs-β-CD as a carrier for highly efficient delivery
of siRNA to glioblastoma cells. The Au DENPs-β-CD are much more efficient to compact siRNA under
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appropriate N/P ratios, and exhibit lower cytotoxicity and better siRNA delivery efficiency than the
pristine G5.NH2 dendrimers and the Au DENPs without β-CD modification. These results are related
to the dendrimer surface modification of β-CD and dendrimer internal cavity entrapment of Au NPs.
In addition, with the assistance of the Au DENPs-β-CD vector, both Bcl-2 and VEGF siRNAs are able
to be transfected to silence of glioblastoma cancer cells by downregulation of the respective proteins.
Strongly, our study suggests that Au DENPs-β-CD may be employed as a prospective carrier for safe
and effective transfection of siRNA to treat a variety of cancer cells based on specific siRNAs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/3/131/s1.
Figure S1: Flow cytometry analysis spectra; Figure S2: Confocal microscopic images; Figure S3: Molecular
structures of G5.NH2 PAMAM dendrimers and β-CD; Table S1: Polydispersity index (PDI) of siRNA complexed
with vectors.
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Abstract: We have developed gadolinium-based theranostic nanoparticles for co-delivery of drug
and magnetic resonance imaging (MRI) contrast agent using Zn/Al-layered double hydroxide as
the nanocarrier platform, a naturally occurring phenolic compound, gallic acid (GA) as therapeutic
agent, and Gd(NO3)3 as diagnostic agent. Gold nanoparticles (AuNPs) were grown on the system
to support the contrast for MRI imaging. The nanoparticles were characterized using techniques
such as Hi-TEM, XRD, ICP-ES. Kinetic release study of the GA from the nanoparticles showed about
70% of GA was released over a period of 72 h. The in vitro cell viability test for the nanoparticles
showed relatively low toxicity to human cell lines (3T3) and improved toxicity on cancerous cell lines
(HepG2). A preliminary contrast property test of the nanoparticles, tested on a 3 Tesla MRI machine
at various concentrations of GAGZAu and water (as a reference) indicates that the nanoparticles have
a promising dual diagnostic and therapeutic features to further develop a better future for clinical
remedy for cancer treatment.

Keywords: Zn/Al LDH; gallic acid; therapeutic; diagnostic; theranostic

1. Introduction

Nano-based materials or nanotechnology research has become a hot zone of material science
research globally, due to the various advantages that come with nanomaterials [1], especially in
numerous biomedical applications [2–6]. Chemotherapy remains the best choice of cancer treatment,
due the availability of various anticancer agents. Nevertheless, the challenge of toxicities posed by
these agents still exits [7]. Over a decade or so, various nanotechnology platforms have been explored
in overcoming this challenge. Some of the areas of interest are the nanodrug delivery systems (NDDS).
However, multimodal delivery systems (MDS) are recently gaining more attention [8], where drugs
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are simultaneously loaded along with other active agents on the same nanocarrier platform [7,9].
For instance, in theranostic research, the concept of MDS is employed where a nanocarrier is used as
a delivery agent for therapeutic agents and diagnostic agents, such as magnetic resonance imaging
(MRI) contrast agents [6], for a non-invasive concurrent delivery [10].

MRI is a non-invasive and non–ionizing important imaging tool used for cancer clinical diagnosis.
Since the 1970s, MRI has been one of the most recognized powerful imaging techniques due to its
high spatial resolution and tissue penetrating ability [8,11]. However, the use of MRI often requires
contrast agents. Gadolinium-based (Gd) contrast agents are the commonly used contrast agents for
MRI, which improve the T1 and T2 relaxation times of the images produced [8]. T1 and T2 relaxations
are the main signals among others generated during MR imaging, which have distinctive grey-scale
color contrasts reflecting the fluid and soft tissue composition of human subject. The signals represent
spin–lattice relaxation and spin–spin relaxation for T1 and T2, respectively [12]. Zn/Al-layered
double hydroxide (LDH) is one of the candidates capable of simultaneously intercalating and
adsorbing theranostic agents due to their exchangeable interlayer anions. LDH is one of the group of
two-dimensional layered structures materials [13] and has the general formula of [M2+

1−x M3+
x (OH)2]x

+ [An−] x/n·mH2O] [14], where divalent and trivalent metal cations are represented by M2+ and M3+,
respectively, and interlayer exchangeable anions are represented by [An−], and water as x/n [8,15–17].
Gallic acid is the therapeutic agent employed in this research; it is a naturally occurring polyhydroxyl
phenolic compound, often found in different kinds of fruits. It is believed to have anticancer properties
as well as other activities in a range of cells [18]. Although there are various research publications
on drug intercalation using LDH in drug delivery as reviewed by Kura et al. [19], only a few works
have so far been done on theranostic applications using LDH-based nanocarriers. Those articles have
also been reviewed by Usman et al. [8], amongst which none has reported synthesis of theranostic
nanocomposite using drug intercalation process.

Herein, we synthesized theranostic nanoparticles by Gd doping onto Zn/Al-LDH. Gallic acid
was first intercalated into the interlayers of the LDH-Gd and AuNPs were then grown on the surface
of the LDH nanoparticles. The LDH prepared via co-precipitation method was used as the nanocarrier,
while Gd and AuNPs were used as the main contrast agent and booster for MRI, respectively.

2. Results and Discussion

The final GAGZAu nanoparticles were subjected to various characterizations as will be reported
later, although the analyses were done at every step of the synthesis, starting with the LDH nanocarrier
itself. Figure 1 is a representative of a typical multimodal theranostic setting, similar to a host–guest
reaction in supramolecular chemistry, where a nano-carrier, a 2D host was first loaded with therapeutic
agent (the first guest) by the intercalation process, gallic acid. Following the formation of pure phase,
diagnostic agents (the second guests), Gd, and AuNPs were loaded. A third guest, a targeting agent,
can be also loaded, resulting in the formation of a multimodal theranostic nanodelivery system [8].
However, the loading of a targeting agent will be done in our near future work. The mechanism of
bonding between the LDH and the GA is via hydrogen bonding due the surplus OH groups in the
anionic guest as well as ion exchange with the interlayer anions [20]. Whereas the contrast agents are
bonded to the LDH through van der Waals forces of attraction.
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Figure 1. Schematic arrangement of GAGZAu nanocomposite in respect to theranostic delivery system
in a typical host–guest relationship.

2.1. X-ray Diffraction

The diffractograms in Figure 2a indicate various patterns of the different stages of the
nanocomposite synthesis, from the starting material to the final nanocomposite (A–E respectively).
The diffractogram (A) represents the Gd(NO3)3, (B) represents LDH, (C) is for gallic acid, which are
all in a pristine state. Further, the pattern of GAGZA (D) represents the first stage of the formation
of theranostic nanocomposite, that is, the anticancer drug was intercalated into the LDH/Gd (A)
interlayers at this stage. This as a result shows increase in basal spacing up to 9.9 Å, that is much higher
than 7.7 Å of the LDH basal spacing; which strongly indicates the drug intercalation had taken place.
In addition, the slight shift to a lower 2θ angle also implies the intercalation of the therapeutic agent
GA into the interlayers of the LDH has taken place. The diffractogram of the theranostic GAGZAu (E)
nanoparticles however, did not indicate most of the reflections of the LDH. This is presumably due
to the surface coating of the AuNPs on the surface of the theranostic nanoparticles. Nonetheless, the
pattern (Pattern 4-784) observed match with FCC (111, 200, and 220) of pure AuNPs [21].

2.2. Drug Release Profile and Kinetics from GAGZA Nanocomposite

The amount of drug loaded and in vitro drug release in the nanoparticles was calculated using
a standard curve of the UV–Vis spectrometer at λmax of the drug, 264 nm. As seen in Figure 2b,
the maximum percentage of about 60% of the drug is released over a period of 5000 min (84 h) with
50% drug loading. The release was done using PBS buffer solution at pH 4.8 and 7.4. The release in
the slightly alkaline pH is observed to be significantly lower (10%) than in the acidic pH (60%); which
could be attributed to ion exchange occurring in the buffer media between the anions in the drug
and the LDH nanocarrier [22]. Nonetheless, the sustained release profiles suggest safe release of the
drug from the nanocarrier to the solution under acidity of pH 4.8 and less release at the higher pH
7.4. The huge difference in the release pattern of the pH is attributed to the mechanism or behavior of
the nanocarrier in buffer solutions, as it is a common attribute of LDH interlayers to dissolve in acidic
media together with the anionic guest on the external surface of the LDH [15], hence resulting in more
release of the intercalated guest. This indicates the suitability of the nanohybrid as a good candidate
for anticancer research, as rightly reported in literature where LDH nanoparticles was reported to have
penetrated the cervical cancer cells via mediated endocytosis [23]. Furthermore, to understand the
mechanism of the drug release, the data from the release study was fitted to three different kinetics
models, namely

Pseudo-first order: ln(qe − qt) = ln qt − kt (1)

165



Nanomaterials 2017, 7, 244

Pseudo-second order:
t
qt

=
1

kq2
e
+

t
q

(2)

Parabolic diffusion: (1 − Mt/Mo)/t = kt−0.5 + b (3)

The parameters used in the fitting equations are the drug content in the nanocarrier during release
which are represented as Mt and Mo, the amount released at equilibrium and time t designated as qe

and qt respectively; and the release constant k [15].
The three models as represented in Equations (1)–(3), gave different kinetic processes, the model

that best describes the kinetic release of the gallic acid from the nanocomposite at both pH (7.4 and
4.8) is the pseudo-second order model, as expressed in Equation (2). The parameter t

qt
is plotted

against the time t, which gave correlation coefficients (R2) of 0.994 at both pH 7.4 and 4.8 (Figure 2c,d).
The rate constants (k) were determined to be 4.7 × 10−2 and 8.5 × 10−3 g/mg h, for pH 7.4 and 4.8,
respectively. These results are consistent with other reported findings on drug release using LDH
nanocarriers [15] and other nanocarriers [24]. Table 1 is a compilation of the fitted data of correlation
coefficients (R2), rate constants (k), and half-lives (t1/2), as well as saturation points (%) of gallic acid
released from GAGZA at pH 7.4 and 4.8.

(a) (b) 

 
(c) 

 
(d) 

Figure 2. (a) X-ray diffractograms of (A) Gd(NO3)3, (B) Zn/Al-LDH, (C) pure gallic acid, (D) gallic
acid-Zn/Al-LDH-Gd nanocomposite (GAGZA), (E) gallic acid-Zn/Al-LDH/Gd-Au nanocomposite
(GAGZAu); (b) Release profiles of gallic acid intercalated into Zn/Al-LDH-Gd nanoparticles (GAGZA)
in phosphate-buffered solutions at pH 4.8 and pH 7.4; (c) Data of gallic acid released from GAGZA
obtained at pH 4.8 fitted to pseudo-seconder order; (d) Data of gallic acid released from GAGZA
obtained at 7.4 fitted to pseudo-seconder order.
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Table 1. Fitted data of correlation coefficients (R2), rate constants (k), and half-lives (t1/2) of gallic acid
released from GAGZA at pH 7.4 and 4.8.

Medium
pH

Release Saturation
(%)

(R2) (R2) (R2)
Rate Constant

(k)
t1/2

(min)Pseudo-First
Order

Pseudo-Second
Order

Parabolic
Diffusion

7.4 18 0.432 0.994 0 4.7×10−2 520
4.8 62 0.094 0.994 0.7 8.5×10−3 400

2.3. Surface Morphology and Elemental Content Analysis

The morphology of the nanoparticles was studied before and after the addition of AuNPs, that is
for GAGZA and GAGZAu. Figure 3a depicts micrographs of GAGZAu and Figure 3c shows GAGZA
micrographs. Though evenly distributed, the nanoparticles are observed to be agglomerated at dry
state. The agglomeration may be due to surface energy, a phenomenon associated with small sized
nanoparticles [25]. As observed in Figure 3a, the AuNPs coated on the GAGZA nanocomposite appears
to have covered the LDH structure which has affected the thermal stability of the final GAGZAu
nanocomposite as discussed in the TGA analysis chapter, as well as the MRI contrast due to increased
surface area to volume ratio in the nanohybrid. The FESEM micrographs of the nanoparticles analyzed
with EDX indicated the presence of the all the active elements in the nanoparticles (Zn, Al, O, C, Gd,
and Au).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3. (a) Field emission scanning electron microscopy (FESEM) micrograph (A) and (b) Energy
dispersive X-ray (EDX) spectrum (1) of gallic acid intercalated in LDH/Gd nanoparticles coated with
AuNPs (GAGZAu); (c) micrograph (B); and (d) EDX spectrum (2) of gallic acid intercalated in LDH/Gd
nanoparticles (GAGZA).
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The EDX spectra were generated via random capture of the whole area of the FESEM micrographs
attached to the spectra. As anticipated, the elements contained in spectrum 1 (Figure 3b) obtained
from GAGZAu contain various reflections of Au which appeared to dominate the Gd reflections in
spectrum 2 (Figure 3d), indicting the coating of the LDH surface with AuNPs. The few reflections
of Gd are also suggesting the presence of the element in the micrograph. However, as expected also,
the spectrum 2 obtained from GAGZA micrograph, before the addition of AuNPs (Figure 3d) showed
dominant reflections from Gd with no sign of Au signals, which confirms the initial formation of
LDH-Gd nanocomposites. Likewise, the Zn and Al reflections which appeared in both spectra confirm
the structure of Zn/Al-Gd LDH. Further, aside from the C and O signals that appeared in the spectra,
which are likely from the intercalated GA drug, no other reflections are observed. This shows the high
percentage of purity of the nanocomposite at various stages of synthesis. The results appear to be in
conformity with ICP-ES elemental composition analysis carried out on the samples, which showed
presence of all the intended elements in the nanocomposite.

2.4. Size, Shape, and Distribution Analysis

TEM was used to analyze size and shape/distribution of the nanoparticles. The GAGZA
micrograph (Figure 4b) indicates various sizes of the nanoparticles in different shapes, including
rod-shaped nanoparticles which are conspicuously seen throughout the micrographs at different
magnifications. All the nanoparticles are found to be within the nanorange (1–100 nm) [1].

(a) (b) 

Figure 4. (a) Transmission electron microscopy (TEM) micrograph (A) and particle size distribution
of gallic acid-intercalated in Zn/Al-LDH/Gd nanoparticles coated with AuNPs (GAGZAu) and
micrograph (B); (b) of gallic acid intercalated in Zn/Al-LDH/Gd nanoparticles (GAGZA).

The micrograph of the sample containing AuNPs (GAGZAu) (Figure 4a) evidently indicates the
presence of the AuNPs in various sizes and shapes—such as hexagonal, triangular, and spherical
shapes—thus confirming the growth of the AuNPs as indicated by other characterization results of
the sample. The mean size of the AuNPs is approximately 26.3 nm as indicated in the histogram in
Figure 4a, which are predominantly evenly distributed on the surface of the LDH nanocomposite
across all shapes and sizes.

2.5. Chemical Interaction Studies (FT-IR Analysis)

The chemical interactions and changes between the nanocarriers and nanoparticles were studied
using FT-IR spectroscopy. The changes in functional groups, chemical bonds and shifts in wavenumbers
are the indication that some of the interactions have taken place. For easy comparison, the analysis
was done on the pristine samples and the nanoparticles. Figure 5 depicts the FT-IR spectra of the
Zn/Al-LDH, Gd(NO3)3, GA, GAGZA, and GAGZAu (A–E). The bands between 3307–3391 cm−1

which appear in all the FT-IR spectra are associated with OH stretching vibrations [26]; 1736 and
1702 cm−1 are characteristic absorptions of C=O; C=C aromatic ring stretching modes are represented
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by the bands 1541 and 1441, and 1541 and 1449 cm−1 in the GAGZA and GA spectra respectively;
the band at 595 cm−1 represents bending vibration of OH carboxylic group. The bands at 1232, 1089,
and 1025 cm−1 which appear in the GAGZA spectrum and at 1246 and 1026 cm−1 in the GA spectrum,
are of C–O stretching vibrations [27]. The nitrate group stretching mode appears as a band at 1384
cm−1 of the Zn/Al spectrum; the band is noticeably absent in all other spectra; this is due to the loss of
the nitrate anion in the bonding process, while H2 bending vibration band can be seen at 1640 cm−1.
Furthermore, as expected the spectra of GAGZAu (E) appeared to be similar to spectra D of GAGZA,
with the only difference is blue-shift in the band positions to higher wavenumbers. Generally, there are
all shifts in the absorptions of the bands which are as a result of the bonding that took place between
the guests and the LDH host at different stages of synthesis.

 

Figure 5. Fourier transform infrared spectroscopy (FT-IR) spectra (A) LDH, (B) Gd(NO3)3,
(C) pure gallic acid, (D) gallic acid-Zn/Al-LDH/Gd nanoparticles (GAGZA), (E) Gallic
acid-Zn/Al-LDH/Gd-Au nanoparticles (GAGZAu).

2.6. Thermal Stability Analysis (TGA/DTG)

The thermal stability of the nanoparticles and the pristine materials (GA and LDH) was tested
with thermogravimetric and differential thermogravimetric analyses (TGA/DTG). To have more
understanding of the thermal changes that occur, the TGA/DTG patterns of Zn/Al-LDH, GA, GAGZA,
and GAGZAu were obtained as shown in Figure 6, and some key parameters have been highlighted in
Table 2, which are: maximum peak temperature (Tmax), decomposition temperature range (Trange),
and change in mass [(decomposed mass) Delta m] [28]. The peak at 88 ◦C which corresponds with
weight loss of 5.9% in the Zn/Al-LDH thermogram (Figure 6a) is representative of physisorbed water
loss on the surface and interlayer of the LDH.

The second peak at 243 ◦C with 16.3% mass loss and the third peak with 8.7% weight loss are
reflective of nitrate decomposition and metal hydroxide layers dehydroxylation. The GA thermogram
in Figure 6b shows three significant peaks, the first peak at 86 ◦C with 8.8% weight loss is attributed to
absorbed water, while the peak at 264 ◦C which accounts to substantial weight loss of 41.0% is due to
the dihydroxylation and decomposition of gallic acid structure, and lastly the one at 325 ◦C (22.5%)
which represents residue decomposition.

Figure 6c depicts the thermogram of the GAGZA nanoparticles. The peak at 112 ◦C which
represents 10.6% weight loss is related to removal of water. The peak next to it at 250 ◦C representing
17.4% loss of weight is due to dehydroxylation of the intercalated gallic acid as well as partial
decomposition of nitrate. The peak at 600 ◦C indicating 8.2% weight loss could be attributed to
the decomposition of Gd(NO3)3 together with the nitrate ions of LDH layers in the nanocomposite.

169



Nanomaterials 2017, 7, 244

The sharp peak at 851 ◦C (8.3%) indicates the collapse of hydrotalcite-like layers and complete
decomposition of the nanoparticles [29], which shows improved thermal stability that took place
in comparison with the individual components. This is due to electrostatic attraction bonding that
occurred between the negatively charged gallic acid functional groups and the positively charged
LDH interlayer surfaces. Interestingly, the thermogram of the final nanocomposite which is the gold
coated GAGZAu (Figure 6d), showed less thermal stability compared to the GAGZA thermogram. For
instance, the first two peaks (99 and 198 ◦C) which represent loss of water and that of dihydroxylation
respectively, appear to be at lower temperatures in comparison with GAGZA composite (112 and
250 ◦C). The peak at 602 ◦C and 1.59% weight loss of GAGZAu is associated with nitrate ions
decomposition in nanocomposite. The peak associated with AuNPs surface decomposition is at
334 ◦C [30], amounting to about 2.2% weight loss. Generally however, the nanohybrid appear to be less
thermally stable after coating with the AuNPs as depicted in Table 2. Nonetheless, the AuNPs could
be more thermally stable when synthesized separately in their pure nanoparticles form using capping
agents. As reported in literature, thermal stability of AuNPs depends on certain factors, such as the
capping or stabilizing agents used in the synthesis and the type of bonding that occur between them
determine the thermal stability, thus, weak bonds result in less stability and vice versa [31–34]. In our
case, the reduction in thermal stability after AuNPs coating is presumably due to weak interaction
between the AuNPs and the LDH nanocomposite surface, since no capping agent was used for the
AuNPs synthesis.

 

(a) 
 

(b) 

 

(c) 
 

(d) 

Figure 6. (a) Thermogravimetric and differential thermogravimetric analyses (TGA/DTG)
thermograms of pure LDH; (b) pure gallic acid; (c) gallic acid-LDH/Gd nanoparticles (GAGZA);
(d) gallic acid-LDH/Gd-Au nanoparticles (GAGZAu).
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Table 2. Maximum peak temperature (Tmax) decomposition temperature range (Trange) and change
in mass (Delta m).

Sample Tmax (◦C) Trange (◦C) Delta m (%)

(A) LDH 234 88–286 30.9
(B) Gallic acid 264 86–325 72.3
(C) GAGZA 851 112–851 44.6

(D) GAGZAu 534 99–602 22.2

2.7. CHNS-ICP-ES Analyses

The composition of the GAGZAu nanocomposite was determined by combining CHNS and
ICP-ES analyses, the individual data acquired were used to estimate the percentage content of each
element. As indicated in Table 3, the constituents of the nanocomposite have, as obtained from the
results, indicated successful intercalation of the guest drug (gallic acid) into LDH interlayer gallery.
Additionally, the mole ratio of the Zn2+/Al3+ in the GAGZAu nanocomposite and in the LDH was
observed to be the same (0.1%). The ICP-ES data also shows presence of Gd and Au, indicating
successful integration of Gd in the LDH-Gd block as well as coating of the surface with AuNPs.
Moreover, the results are a validation of the EDX results reported earlier in this paper, which similarly
confirms the presence of the aforesaid elements in the nanocarrier.

Table 3. Elemental analysis results for Zn/Al-layered double hydroxide (LDH) nanocarrier and
GAGZAu nanocomposite.

Sample C% • H% • N% • Zn% •• Al% •• Gd% •• Au% •• Zn2+/Al3+% •• Drug% •

Zn/Al-LDH - - 7.3 45 5.2 - - 0.1 -
GAGZA-Au 8.714 2.186 0.4208 8.82 1.02 1.56 3.0 0.1 50

• Calculated from CHNS analysis; •• Calculated from ICP-ES analysis.

2.8. In Vitro Cytotoxicity Studies against HepG2 and 3T3 Cell Lines

The toxicities of the GAGZAu, the free drug and the nanocarrier were tested via cell viability
study against liver cancer cell lines and normal human cell lines, HepG2 and 3T3, respectively. The cell
lines were exposed to different concentrations of the aforementioned samples, starting with 0 (control)
to 100 μ/mL. As observed in Figure 7, the free drug, the LDH and the GAGZAu nanohybrid tested
against the 3T3 cell lines indicate nearly 100% cell viability in most of the concentrations. The 50
and 100 μ/mL dosage of the free drug however, shows slightly lower viability. This is expected
as anticancer drugs are known to be cytotoxic and have certain undesirable side effects on normal
cells [35,36]. Likewise, Gd-based contrast agent has been reported to have caused nephrogenic systemic
fibrosis, which is associated with the toxicity of Gd [37,38]. Nevertheless, such toxicities are reduced
when the anticancer agents and other agents are intercalated into LDH nanocarriers [39] or adsorbed
on the surface, as observed in our case, the toxicities of GA and Gd have been virtually neutralized in
the nanoparticles form, that is in the GAGZAu tested for the normal cell lines.

The HepG2 cell lines were similarly treated with different concentrations of the free drug, LDH
and GAGZAu. Although the toxicity of the gallic acid against the HepG2 cell lines decreased in the
nanoparticles form, the viability of the cells treated with GAGZAu still indicates cytotoxicity against
HepG2 cell lines. Moreover, the LDH nanocarrier affects the therapeutic activity of the gallic acid;
the nanoparticles could be more cytotoxic to other cancer cell lines. Nonetheless, the cells treated
at 50 μ/mL of GAGZAu show the highest anticancer activity, which is due to higher release of the
anticancer compounds contained inside the nanocomposite. Even though both 3T3 and HepG2 cells
lines are non-phagocytic and have negatively charged cell surfaces, only the cancer cell lines will be
susceptible to anticancer activity effects of the nanocomposite. The general mechanism of GA uptake
by the cells is through electrostatic attraction which is prompted by cellular endocytosis between the
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positively charged GAGZAu surface and the negatively charged cell surface [20]. The individual
specific mechanism through which the GAGZAu intake occurs in the 3T3 and HepG2 cannot be
described via simple MTT assay alone, other more precise experiments such as flow cytometry have to
be applied.
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Figure 7. Cytotoxicity study of GAGZAu, LDH, and free drug at various concentrations exposed to
(a) cancer cell lines (HepG2) and; (b) normal cell lines (3T3).

2.9. Magnetic Resonance Imaging

The magnetic resonance image of the samples was captured as shown in Figure 8, where five
tubes were arranged, each representing GAGZAu nanoparticle solutions at different concentrations in
order of increasing Gd3+ concentration; 0.2, 0.5, and 2.0 w/v, Gd(NO3)3 and distilled water (as the
reference). The average intensity of each tube was measured using Syngovia MRI software, and signal
mean intensities were calculated. The signals intensities of each concentrate tube was documented to
increase steadily and proportionally as the concentration of Gd3+ in the nanohybrid, that is 322.44,
297.70, and 262.00 for 2.0, 0.5, and 0.2 w/v concentration, respectively. In addition, the R1 signal
intensity of GAGZAu at the lowest dosage (0.2 w/v) indicates higher R1 signal intensity (262.00) than
Gd(NO3)3 (235.45) at 0.5 concentration and the water reference (228.66). This is indicative that R1
signal increase is as a result of the formation of Gd-based nanoparticles. The boost occurred as a result
of the shortening of the longitudinal relaxation time (T1) [40,41] due higher surface area to volume
ratio of AuNPs coated on the surface of the nanoparticles, which improves water solubility [41] and
molecule movement, and proton exchange within the Gd3+/LDH lattice [42,43]. The phenomenon
is suspected to be connected with the change in structure of the nanohybrid after AuNPs surface
coating, as observed in the GAGZAu TEM and FESEM micrographs. The free movement of water
molecules through the nanohybrid results in shortening of the longitudinal relaxation time as well
as reduces short circulation in the system, which in turn increases the R1 value of the recorded MR
image. The longitudinal relaxation time as stated earlier in this work is responsible for the contrast
effect of MR imaging [44]. Similar outcome was reported by previous works done using Gd/LDH-Au
nanoparticles [8].
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Figure 8. GAGZAu image at different Gd3+ concentrations (2.0, 0.5, 0.2), Gd (0.5) w/v and water taken
from magnetic resonance imaging MRI Prisma 3-Tesla machine.

3. Materials and Methods

3.1. Materials

Gallic acid with molecular weight of 170.12 g/mol and 98% purity, sodium hydroxide
molecular weight of 40.00 g/mol and 98% purity and phosphate-buffered saline were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Zinc nitrate hexahydrate molecular weight of 297.47
g/mol, 98% purity, and aluminium nitrate hexahydrate molecular weight of 375.13 g/mol, 98%
purity, were purchased from Systerm ChemPur (Shah Alam, Selangor Darul Ehsan, Malaysia).
Gadolinium (III) nitrate hexahydrate and molecular weight of 451.4 g/mol with 99.9% purity and
tetrachloroauric(III) acid trihydrate, 393.83 g/mol and 49% Au purity were purchased from Acros
Organics (Morris Plains, NJ, USA). Sodium borohydride molecular weight of 37.83 g/mol, and 99%
purity was purchased from Fluka Analytical (St. Gallen, Switzerland). All chemicals were used as
received without further purification. Deionized water was used throughout the experiment.

3.2. Synthesis of Gd-Zn/Al-Layered Double Hydroxide

Zn/Al-layered double hydroxide was synthesized using Zn(NO3)2 and Al(NO3)3 at a molar ratio
of 4:1 of Zn2+ to Al3+. Gd(NO3)3 (0.0008 M) was firstly dissolved in 250 mL deionized water before
the addition of the Zn/Al nitrate salts. Dropwise addition of NaOH (2 M) was immediately followed
until a pH of 7 was reached. The synthesis was conducted under nitrogen flow and vigorous stirring.
The slurry obtained at the end of the process was aged for 18 h at 70 ◦C, centrifuged, washed with
deionized water (three times), and oven dried at 60 ◦C.

3.3. Loading of Gallic Acid into Gd-Zn/Al-LDH Nanoparticles (GAGZA)

Briefly, gallic acid, 0.2 M solution was prepared by dissolving 3.6 g of the drug into 50 mL
deionized water while stirring and heating at 45 ◦C. Under continuous nitrogen flow with vigorous
stirring, the drug solution was simultaneously added dropwise with NaOH (2 M) into the 250 mL
solution of Gd-Zn/Al-layered double hydroxide. The solution was kept until pH 7 was reached
and the drug was completely loaded. The mixture was then aged for 18 h at approximately 70 ◦C.
The resultant slurry obtained was filtered, washed/centrifuged using deionized water, and oven dried
at 60 ◦C for 12 h.

3.4. Doping of Gold Nanoparticles (AuNPs) onto Zn/Al-Gd GA LDH (GAGZAu)

Appropriate amount of GAGZA was ultrasonically dispersed for 5 min, under gentle stirring;
2% HAuCl4 (6 mL) solution was added. After 5 min stirring, 0.125 M NaOH (4 mL) was added;
the dispersion was allowed to stir for 5 min before the temperature of the solution was raised to 60 ◦C
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and stirred for 24 h in dark conditions. The resulting precipitate was obtained after centrifuge/filtration,
the mixture was re-dispersed in 30 mL deionized water; 1 M NaBH4 (20 mL) was added and stirred
for an hour. The final suspension obtained was washed six times using a centrifuge, filtered, and dried
at 70 ◦C in an oven.

3.5. Characterization

An XRD-6000 (Shimadzu, Tokyo, Japan) X-ray diffraction (XRD) instrument was used for
crystallographic analysis of the powdered samples. CuKα radiation (λ = 1.5418 Å) at scan speed
of 4◦/min, using a range of 2–70 ◦C at 30 kV and 30 mA was used in obtaining the XRD patterns.
A ultraviolet–visible (UV–Vis) spectrophotometer (PerkinElmer, Singapore) (Lambda35) was used
for the controlled release and optical property studies. Fourier transform infrared (FT-IR) spectra
of the materials were obtained using a Thermo Nicolet, Nicolet 6700 model (Thermo Scientific,
Waltham, MA, USA). The spectra were obtained using the potassium bromide (KBr) discs at
10 ton pellet pressing and a resolution of 4 cm−1 over a range of 400–4000 cm−1. A PerkinElmer
spectrophotometer (PerkinElmer, Wellesley, MA, USA) (model Optima2000DV) inductively coupled
plasma atomic emission spectrometry (ICP-ES) was employed in studying the composition of zinc,
aluminum, gadolinium, and gold content of the nanoparticles. A CHNS-932 LECO (LECO, St. Joseph,
Michigan, USA) instrument was used in determining carbon, hydrogen, nitrogen, and sulphur
(CHNS) content in the sample. A Mettler-Toledo instrument (METTLER TOLEDO, Shah Alam,
Selangor, Malaysia) was used for thermogravimetric and differential thermogravimetric (TGA/DTG)
analyses. A sample heating rate of 10 ◦C/min and a range of 20–1000 ◦C were used in this work.
The analysis was carried out at a continuous nitrogen flow at 50 mL/min flow rate. High resolution
transmission electron microscope (Hi-TEM) (FEI Tecnai TF20 X-Twin, Hillsboro, OR, USA) and FEI
Nova NanoSEM 230 field emission scanning electron microscope (FESEM) (FEI, Hillsboro, OR, USA)
were employed for shape/sizes analyses and morphological analyses, respectively while energy
dispersive X-ray spectroscopy (EDX) (FEI, Hillsboro, OR, USA) was used for elemental analysis of the
FESEM micrographs.

3.6. Drug Release Study

As mentioned earlier, gallic acid release from GAGZA was studied using a PerkinElmer Lambda
35 UV-Vis spectrophotometer (PerkinElmer, Singapore). Firstly, standard solutions of gallic acid at
different concentrations were prepared. Appropriate amount of GAGZA was dissolved in 5 mL of HCl
(1 mol/L) and then diluted with 45 mL deionized water. The lambda max of the drug in the solution
was found to be 264 nm, which was used in determining the standard curve for the standard solutions
and drug loading capacity of GA. Kinetic release of the loaded GA from GAGZA was done at pH 7.4
and 4.8 in a phosphate-buffered solution (PBS). Briefly, 25 mg of the sample was dispersed in 30 mL of
the PBS in tubes. The tubes were placed in an oil bath shaker at 37 ◦C and 3 mL of the solutions were
withdrawn and replaced with 3 mL of pure PBS at time intervals of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 12.0,
24.0, 48.0, 72.0, 92.0, and 120.0 h. The release media extracted were analyzed at lambda max = 264 nm
wavelength with a UV–Vis spectrophotometer (PerkinElmer, Singapore).

3.7. Cell Culture

The cell lines used for cancer study was HepG2 (human liver hepatocellular carcinoma cell
line) and normal cell lines, 3T3 (standard fibroblast cell line) for toxicity study, which were
obtained from ATCC. RPMI 1640 was used as a medium for cell lines growth, which contains 1%
penicillin/streptomycin and 10% fetal bovine serum (FBS). Cells culture was done at approximately
80% confluence, as adherent monolayers. Temperature was set at 37 ◦C and in a 5% CO2 humidified
atmosphere. Cell harvest was done via trypsinization (in brief) with trypsin-EDTA solution.
All reagents are research grade and were used as received.
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3.8. MTT Cell Viability Assays

RPMI 1640 was also used as a medium for the cancer cell lines and normal cells, which were
grown in a humidified incubator at 37 ◦C and 5% CO2. The cells were grown and were harvested and
counted. Prior to 24 h incubation, the cells were transferred to 96-well plates (1 × 104 cells/well) and
then the GAGZAu nanoparticles, LDH, and free GA were added. The medium was kept for 24 h to
allow the cells to attach to the surface before treatment. The cells containing the GAGZAu, Zn/Al-LDH,
and free drug were administered and applied in different concentrations prior to treatment and 72 h
incubation. For MTT, 5 mg of (3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide was
dissolved in PBS (2 mL). To each of the 96-well plates, 20 μL of the MTT solution was added and
incubated at 37 ◦C for 3 h until formazan product was developed (purple-colored). Suction method
was employed to remove the solution in each well containing media, unbound MTT, and dead cells;
100 μL of DMSO was added to each well. The optical densities of the cells were obtained with the
use of a microplate reader at 570 nm. Prior to the measurements, the cells were shaken. All analyses
were done in triplicate and the cell viabilities/increase was presented in percentage in reference to
control cells.

3.9. MR Imaging Analysis

The GAGZAu nanocomposite was tested for MRI signal intensity using 3.0 T MRI clinical
instrument (3.0 T Siemens Magnetom, Erlangen, Germany). Prior to the analysis, GAGZAu was
prepared in various concentrations (2.0, 0.5, and 0.2 w/v) according Gd3+ concentration. Gd(NO3)3

(0.5 w/v) and water together with samples were then placed in a 1 mL tube. The MR image was
acquired by attaching the tubes to an MRI phantom, and then the phantom was placed in the
instrument. The T1-weighted images of the samples were captured at TR/TE: (83/9000) 224 × 220 s,
field of view (FOV): 120 × 120. The MR image was analyzed and signal intensities of the individual
samples were extracted with Syngovia (MRI and CT reporting software, syngo MR E11, Siemens,
Erlangen, Germany, 2013).

4. Conclusions

Gd-based nanocomposite (GAGZAu) was developed in this work, which was painstakingly
analyzed to understand and ascertain its theranostic properties. The results obtained from different
stages of the nanoparticles synthesis until the final nanocomposite GAGZAu shows the potentiality of
the nanohybrid to be used as a theranostic bimodal delivery agent. The in vitro drug release study
shows higher drug release in pH 4.8 (pH of cancer cells), indicating the capability of the platform
to convey the GA into cancer cells and prevent premature release in the blood stream. Moreover,
the nanocomposite shows reasonable cytotoxicity to HepG2 cancer cell lines and negligible toxicity to
3T3 normal cell lines. The preliminary MR imaging analysis conducted on the developed theranostic
nanohydrid also indicates improved MRI contrast of T1-weighted image obtained as compared to pure
Gd(NO3)3 and water. Based on the promising outcome of this work, further works such as in vivo
testing could be done on the GAGZAu nanocomposite, which would improve its theranostic prospects,
such as reducing artefact formations like short circulation and tissue specificity that are associated
with gadolinium-based contrast agents as well as toxicities of chemotherapeutic agents.
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Abstract: Slow and controlled release systems for drugs have attracted increasing interest recently.
A highly efficient metal-organic gel (MOGs) drug delivery carrier, i.e., MIL-100(Al) gel, has been
fabricated by a facile, low cost, and environmentally friendly one-pot process. The unique structure of
MIL-100(Al) gels has led to a high loading efficiency (620 mg/g) towards doxorubicin hydrochloride
(DOX) as a kind of anticancer drug. DOX-loaded MOGs exhibited high stability under physiological
conditions and sustained release capacity of DOX for up to three days (under acidic environments).
They further showed sustained drug release behavior and excellent antitumor effects in in vitro
experiments on HeLa cells, in contrast with the extremely low biotoxicity of MOGs. Our work
provides a promising way for anticancer therapy by utilizing this MOGs-based drug delivery system
as an efficient and safe vehicle.

Keywords: metal-organic gels; doxorubicin loading and release; pH-responsiveness; anticancer effect

1. Introduction

Most anticancer chemotherapeutics are controlled at high doses to make up for their premature
deterioration and non-specific absorption, which typically results in the development of dose-limited
toxicity [1–4]. As alternatives, slow and controlled release systems for drugs have recently attracted
increasing interest [5,6]. On the one hand, the continuous slow and sustained release of small amounts
of drug, instead of several large doses, can weaken patient compliance [7]. On the other hand,
delivering the drug by controlled release can reduce the side effects, thus improving therapeutic
efficiency [8].

Metal-organic framework (MOFs) is a class of crystalline porous hybrids built from metal ions
and organic linkers. Its large surface area, tunable pore size, adjustable composition and structure,
and versatile functionality character, make it an ideal carrier for slow and controlled release drug
delivery [9–15]. For instance, Horcajada et al. reported that MIL-100(Fe) nanoparticles could load
anticancer drugs (doxorubicin, DOX) up to 9%, and a sustained release in phosphate-buffered saline
(PBS) within 14 days was observed [16]. Sun et al. reported Cu-metal organic frameworks (MOFs)
with mixed ligands, MOFs-2 (40% 1,3,5-benzene tricarboxylate, 60% isophthalic acid) and MOFs-3
(70% 1,3,5-benzene tricarboxylate, 30% isophthalic acid), and their application as the transport
vehicles for the delivery of DOX. The MOFs-2 showed the best performance in transport DOX as
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the consequence of highest loading capacity (95 mg/g). In weak acid solution (pH 5.8), MOFs-2
released 20% DOX in 80 h [17]. Vasconcelos et al. encapsulated the anticancer drug DOX in nano ZIF-8
with a loading capacity of 49 mg/g, which exhibited a progressive release behavior [18]. However,
every previous study has its own shortcomings including complicated synthesis routes, intrinsic
biotoxicity, low loading capacity, short release time, and poor stability at a physiological pH of 7.4.
The shortcomings limit their potential applications in clinical treatment, which requires high qualities
of all the performance-indicators above-mentioned.

Metal-organic gels (MOGs), as the emerging carriers, are constructed by the self-assembly of
metal ions and suitable ligands through various noncovalent interactions [19,20]. Compared with
MOFs, MOGs possess lower density, higher surface area, larger porosity, and can be synthesized in
gentle conditions such as cheap and clean solutions, low temperature and short reaction time [21–27].
Inspired by these outstanding features, herein, we designed a kind of MOG, i.e., MIL-100(Al)
(Al3O(OH)(H2O)2(BTC)2·nH2O) gels synthesized by a facile, low cost, and environmentally friendly
one-pot process as the carrier for anticancer drug doxorubicin (DOX). It is encouraging that MIL-100(Al)
gels exhibit high performance in all typical indicators. First, they involve a concise synthetic step,
large loading capacity for DOX, and low biotoxicity. Second, DOX-loaded MOGs show a slow and
sustainable releasing ability and high anticancer efficiency, thus providing a promising approach for
clinical anticancer treatment.

2. Materials and Methods

2.1. Materials and Methods

1,3,5-Benzenetricarboxylic acid (H3BTC) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Aluminum nitrate nonahydrate (Al(NO3)3·9H2O) was obtained from Sinopharm (Shanghai,
China) Chemical Reagent Co., Ltd., (Shanghai, China). Doxorubicin (DOX) was purchased from
Aladdin Biotech Company (Shanghai, China). Other chemicals obtained from commercial suppliers
were of analytical reagent. All chemicals were used without further purification.

The powder X-ray diffraction (PXRD) patterns was collected by using the theta rotating anode
X-ray diffractometer with Cu target (40 KV, 200 mA) from 2◦ to 70◦. The Fourier transform infrared
spectroscopy (FTIR) spectrum was determined using a Magna-IR 750 spectrometer (Nicolet, Madison,
WI, USA) in the range of 500–4000 cm−1 with a resolution of 4 cm−1. The morphologies of the
sample were studied using a SIRION200 Schottky field emission scanning electron microscope (FEI,
Hillsboro, OR, USA) and JEM-2100F transmission electron microscope (JEOL, Tokyo, Japan) at 200 kV,
respectively. Nitrogen adsorption–desorption isotherms were carried out with a Micromeritics TriStar
II 3020 adsorption analyzer (Micromeritics, Atlanta, GAM USA) at 77 K. UV-Vis absorption spectra
were carried out with a Shimadzu UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan).

2.2. Synthesis of MIL-100(Al) Gels

In a typical synthesis procedure, aluminum nitrate nonahydrate (Al(NO3)3·9H2O, 7.6 mmol) and
1,3,5-Benzentricarboxylic acid (H3BTC, 5 mmol) were added to 36 mL ethanol [28]. After stirring for
15 min at room temperature to dissolve the solid, the transparent mixture was transferred to a sealed
container and heated to 120 ◦C for one hour. The wet gels were dried in an oven at 80 ◦C. Finally,
the obtained particles were washed by a Soxhlet extractor using ethanol as medium.

2.3. Incorporation of DOX

DOX-anticancer drug (10 mg) was first dissolved in 4 mL deionized water and then the
MIL-100(Al) gels (10 mg) were added. The suspension was stirred for 24 h in the dark at room
temperature. The obtained materials were then centrifuged, washed with deionized water several
times, and dried under vacuum condition for further release tests. The supernatant was collected
and measured by a UV-Vis spectrophotometer at a wavelength of 480 nm for the calculation of drug
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loading content and drug loading efficiency. The drug loading capacity was calculated as follows:
drug loading capacity = (weight of DOX in MIL-100(Al) gels/weight of nanoparticles). The drug
loading efficiency was calculated by: Drug loading efficiency (wt %) = (weight of DOX in MIL-100(Al)
gels/weight of feeding DOX) × 100. The delivery concentration of DOX was derived according to
the standard curve which was obtained from measuring the UV-Vis adsorption spectra of DOX with
different known concentrations in PBS buffer solution (shown in Figure S1) and then by plotting the
absorbance as a function of DOX concentration (shown in Figure S2).

2.4. Drug Release

The drug release experiment was performed by soaking the sample in PBS buffer solutions
(pH = 7.4 and pH = 5.5) at 37 ◦C. Ten mg of DOX-loaded MIL-100(Al) gels (DOX-loaded MOGs) were
suspended into 10 mL PBS solution. The mixture solution was stirred at the temperature of 37 ◦C
in a water bath. At predetermined time intervals, 3 mL of PBS solution was removed and assayed.
The volume of each withdrawn sample was replaced by the same volume of fresh PBS solution.
The amount of released DOX was calculated according to the absorption analyzed by the UV-Vis
spectrophotometer at 480 nm and standard absorbance vis DOX concentration curve. The calibration
experiment was performed using different known concentrations of DOX in PBS buffer solution
(shown in Figure S1). The derived standard absorbance vis DOX concentration curve is shown in
Figure S2.

2.5. Cell Cytotoxicity of DOX-Loaded MOGs

HeLa cells were used for cell viability assay. A 96-well plate was used for cell seeding with a total
number of about 2 × 103 per well. The cells were first incubated overnight, and then the MIL-100(Al)
gels and DOX-loaded MOGs were added in every well with a final concentration ranging from 0.1
μg/mL to 100 μg/mL (0.1 μg/mL, 0.5 μg/mL, 1 μg/mL, 2.5 μg/mL, 5 μg/mL, 10 μg/mL, 25 μg/mL,
50 μg/mL, and 100 μg/mL). Autoclave water was added and treated as the negative control. The cells
were incubated with MOGs or DOX-loaded MOGs for 12, 24, 36, 48, and 72 h, respectively. Later, all
the medium in the wells were drawn and discharged, and additional MTT solution dissolved in the
medium was used to treat the cells for another 4 h. Finally, dimethyl sulfoxide (DMSO) was loaded to
replace the medium and dissolve the crystals for further absorbance detection. The absorbance of each
well was obtained at the wavelength of 590 nm. Compared to the negative control, the cell viability
was calculated. Each sample was repeated five times and the results presented as average values with
error bars representing the standard deviation.

2.6. Flow Cytometry

HeLa cells (2 × 105) were seeded on a six-well plate and incubated overnight. The next day, cells
were incubated with MIL-100(Al) gels (12.5 μg/mL), DOX-loaded MOGs (12.5 μg/mL), and autoclave
water overnight, respectively. The cells were washed twice with 1X PBS followed by treatment with 1X
trypsin for 5 min before quenching the cells with culture medium. Thereafter, the cells were washed
twice with 1X PBS by centrifugation (1000 rpm, 5 min), and 1X ANNEXIN binding buffer (100 μL) was
added to the cell together with PI-PE and ANNEXIN V-FITC conjugate. The cells were incubated in
the dark for 20 min. Then, they were immediately analyzed with a flow cytometer.

2.7. Fluorescence Microscopy Images

The fluorescence microscopy studies were performed on HeLa cells in a confocal dish with a total
number of 4 × 105 per dish. MIL-100(Al) gels (200 μL) and DOX-loaded MOGs (200 μL) were added
into each dish respectively, to give a final concentration of 12.5 μg/mL and the cells were incubated
for 12 h. Thereafter, the medium was removed and the cells were washed three times with 1X PBS.
The treated cells were re-suspended in 1X PBS. Then, the ANNEXIN V–FITC conjugate was added
(25 μL), and the cells incubated for 15 min in the dark. Thereafter, the ANNEXIN containing PBS was
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removed and the cells were washed three times with 1X PBS before fixing them with paraformaldehyde
solution (4% in 1X PBS, 1 mL). After 20 min, the formaldehyde solution was removed and the cells
washed twice with 1X PBS. In the end, the cells were incubated with Hoechst solution (5 μg/ mL,
1 mL) in 1X PBS in the dark for 15 min, and washed with twice with 1X PBS to image.

3. Results and Discussion

3.1. Morphology and Structure Characterization of MIL-100(Al) Gels

Transmission electron microscope (TEM) images (Figure 1a,b) showed the irregular structure of
the as-synthesized MIL-100(Al) gels. Powder x-ray diffraction (XRD) was applied to identify their
microstructure. The result was similar with that of a previous report [29]. As depicted in Figure
S3, the pattern for the gel sample revealed a low crystallinity as several broad peaks were observed.
However, it also showed that the gel was closely related to the MIL-100(Al) crystal [30]. In each
position where a peak appeared for the MIL-100(Al) crystal, there appeared a corresponding broad
peak for the gel sample, implying that the gel and the MOF crystal had similar structures. The nitrogen
adsorption-desorption isotherm, which was used to evaluate the porous properties of MIL-100(Al) gels,
was between those of type-I and type-IV, suggesting the coexistence of micropores and mesopores in the
MIL-100(Al) gels sample (Figure S4). The Brunauer–Emmett–Teller (BET) surface area and pore volume
of the MIL-100(Al) gels were calculated to be 920 m2/g and 0.535 cm3/g, respectively. They were
slightly lower than those of MIL-100(Al) (1214 m2/g and 0.77 cm3/g). The similar large surface area
and high porosity of MIL-100(Al) gels may arise from the intrinsic nature of the MIL-100(Al) [31]. Thus,
the large surface area and high porosity make this material a possible candidate for highly efficient
drug loading.

 

Figure 1. TEM images of (a,b) MIL-100(Al) gels. (c,d) DOX-loaded MIL-100(Al) gels.
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3.2. Drug Loading and Release Behaviors

The TEM images of DOX-loaded MOGs (Figure 1c,d) exhibited almost no change in morphology
when compared with MIL-100(Al) gels. Figure 2a is the XRD patterns of MIL-100(Al) gels and
DOX-loaded MIL-100(Al) gels (DOX-loaded MOGs). Both of them showed similar features before and
after the drug adsorption, indicating that the porous structure of MIL-100(Al) gels was retained after
the loading of DOX. Figure 2b shows the FTIR spectra of MIL-100(Al) gels, DOX, and DOX-loaded
MOGs. The peak at 3400 cm−1 was attributed to the O–H stretching of MIL-100(Al) gels. In the FTIR
spectrum of DOX, peaks at 1020 cm−1 and 3400 cm−1 were caused by –NH2 torsional vibration and
O–H stretching vibrations of DOX, respectively. In the case of the DOX-loaded MOGs, peaks of O–H
stretching vibrations overlap were broadened and a new adsorption band at 1020 cm−1 owing to the
torsional vibration of –NH2 from DOX was generated. This FTIR result indicated that MIL-100(Al)
gels conjugated with DOX molecules successfully.

 

Figure 2. (a) Powder XRD patterns of MIL-100(Al) gels, DOX-loaded MOGs, and drug-released MOGs
at pH 5.5; (b) FTIR spectra of MIL-100(Al) gels, DOX, and DOX-loaded MOGs.

It turns out that the loading capacity was reached up to 620 mg of DOX per gram of the sample.
This large DOX loading capacity and high loading efficiency (62%) may be attributed to the ultrahigh
porosity and enormous internal surface of MIL-100(Al) gels. The driving force of loading of DOX
in MOGs may arise from the porous absorption and intermolecular forces. The latter most likely
originated from the hydrogen bonds formed between the –NH2, –OH groups in DOX and the surface
active –OH, –COOH groups in MOGs [6,32].

The controlled drug release kinetics of DOX from DOX-loaded MOGs were investigated using
UV-Vis adsorption spectra in PBS buffer solutions at 37 ◦C. Figure 3 is the DOX release profiles at
two different pH values (pH = 7.4 and 5.5). It can be seen that the release of DOX from DOX-loaded
MOGs in pH = 7.4 only reached 10% within 100 h. In contrast, the DOX release rate was significantly
increased in pH = 5.5 and this release reached nearly 100% within 100 h. This revealed that under
acidic conditions, the drug can be released more easily. Under the weak acidic condition (pH = 5.5),
the drug delivery rate gradually decreased with time. Basically, the rate can be clearly divided into
three regions: (i) an early rapid release within the first 10 h; (ii) a slow release region in the time
range between 10 and 60 h; and (iii) a saturation region after 70 h [33]. The first rapid release was
induced by the simple diffusion and dissolution of DOX molecules adsorbed onto the surface of
MOGs. The second region revealed a gentle and steady release over a long time due to the desorption,
diffusion, and dissolution processes of DOX molecules from channels in the gels to the solution.
The last saturated drug release process could be attributed to host-guest interactions between the
DOX molecules and the gels. The results revealed that the obtained MIL-100(Al) gels exhibited a high
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drug loading and long sustained release time under an acidic environment. To further understand
the DOX release process from the DOX-loaded MOGs, TEM images were taken from DOX-loaded
MOGs after 10 h, 50 h, and 100 h in the release process at pH 5.5 (inset in Figure 3). They revealed
the gradual collapse of the MIL-100(Al) gel structure during the procedure. The result was consistent
with the XRD pattern of drug-released MOGs at pH 5.5 (Figure 2a), which showed the dissolution of
MIL-100(Al) gels in an acidic environment. The reason is that MIL-100(Al) gels self-assemble through
multiple non-covalent bonds under preparation conditions such as H-bonds, π–π stacking, electrostatic
interactions, and other supramolecular weak interactions [20]. These non-covalent bonds are easily
destroyed under acidic conditions, leading to the dissolution of MOGs. The excellent pH-responsive
release property may be attributed to the collapse of the MIL-100(Al) gel structure and the reduction of
the interaction between DOX and MOGs in acidic conditions (pH 5.5) [34]. In addition, DOX molecules
tend to be more hydrophilic at lower pH values [35]. The other possible reason is that the protons can
easily penetrate the pores in acidic buffer solution to protonate the amino group of DOX, resulting in
the acceleration of drug release [36].

 

Figure 3. Drug release profiles for DOX-loaded MOGs in PBS buffer solution at pH = 5.5 and pH = 7.4
within 100 h. (Inset are TEM images of DOX-loaded MOGs after 10 h, 50 h, and 100 h in release process
at pH 5.5.) Bars denote the standard deviation (±SD, n = 5).

3.3. Cell Cytotoxicity of DOX-Loaded MOGs

After evaluating the drug loading and release ability of MOGs, in vitro cell viabilities of
DOX-loaded MOGs and pure MIL-100(Al) gels on HeLa cells were investigated using the MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. To study the biotoxicity of pure
MIL-100(Al) gels and the therapeutic efficiency of DOX-loaded MOGs, HeLa cells were cultured with
the DOX-loaded MOGs and pure MIL-100(Al) gels at concentrations ranging from 0.1 μg/mL to
100 μg/mL (0.1, 0.5, 1, 2.5, 5, 10, 25, 50 ,and 100 μg/mL) for 24 h. The results are exhibited in Figure 4.
As can be seen, after 24 h incubation with HeLa cells, the pure MIL-100(Al) gels showed no obvious
toxicity towards the HeLa cells even at the concentration of MIL-100(Al) gels as high as 100 μg/mL.
In contrast, the DOX-loaded MOGs showed high cytotoxicity on HeLa cells. As the concentration
of DOX-loaded MOGs increased, the cell viability rapidly decreased. When the concentration of
DOX-loaded MOGs reached 25 μg/mL, only ~20% of HeLa cells survived. Therefore, the DOX could
be efficiently released from the DOX-loaded MOGs to kill most of the tumor cells, demonstrating that
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the as-synthesized MIL-100(Al) gels hold great promise for application in the field of drug delivery
system for cancer treatment.

 

Figure 4. The effect of MIL-100(Al) gels and DOX-loaded MOGs with various concentrations on the
cell viability of HeLa cells in 24 h (the orange and blue bars represent the viability of HeLa cancer cells
incubated with MIL-100(Al) gels and DOX-loaded MOGs, respectively).

The in vitro drug release behavior of DOX-loaded MOGs on HeLa cells was also investigated.
DOX-loaded MOGs and MOGs + free DOX with different concertation were studied. The results are
shown in Figure 5a–f. Accordingly, the viability of cells incubated with DOX-loaded MOGs gradually
decreased in the time range of 72 h. This was in contrast with the sudden reduction behavior of the
viability of cells incubated with MOGs + free DOX, in all the control experiment groups.

 

Figure 5. Cell viability of HeLa cells incubated with DOX-loaded MOGs and MOGs + free DOX for
different time periods at concentrations of (a) 2.5 μg/mL, (b) 5 μg/mL, (c) 10 μg/mL, (d) 25 μg/mL,
(e) 50 μg/mL, and (f) 100 μg/mL.

3.4. Flow Cytometry

In order to further investigate the apoptosis of the cells, we performed the flow cytometry analysis
on HeLa cells with 12.5 μg/mL MIL-100(Al) gels and DOX-loaded MOGs. As shown in Figure 6, almost
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no necrotic and late apoptotic cells were observed in the control experiment (only containing pure
autoclave water) (1.49%) and MIL-100(Al) gels (1.88%), revealing the low toxicity of this MOGs-based
material. However, when the DOX-loaded MOGs were added, the percentage of apoptotic cells
immediately became prominent (89.9%). These results were in line with the MTT assay and further
confirmed that apoptotic cell death arose from the DOX released from DOX-loaded MOGs.

 

Figure 6. Flow cytometry experiments of HeLa cells when incubated with (a) Pure autoclave water as
control, (b) MIL-100(Al) gels, and (c) DOX-loaded MOGs, respectively.

3.5. Fluorescence Microscopy Images

To further confirm the therapeutic efficiency of DOX-loaded MOGs, we performed confocal
fluorescence microscopy for HeLa cells incubated with 12.5 μg/mL pure MIL-100(Al) gels and
DOX-loaded MOGs for 24 h, followed by staining the nucleus with DAPI and the apoptotic cells with
Annexin V-FITC. The results are revealed in Figure 7. Herein, the green fluorescence was attributed to
the apoptotic HeLa cells, while the blue and red fluorescence represented the living cell imaging and
DOX released, respectively. For the HeLa cells incubated with pure MIL-100(Al) gels, only very small
amounts of apoptotic HeLa cells were present (Figure 7c,d). In contrast, for the HeLa cells incubated
with DOX-loaded MOGs, a large number of the HeLa cells were apoptotic (Figure 7g,h). This result
again demonstrates the high efficiency of the DOX-loaded MOGs in cancer therapeutic treatment.

 

Figure 7. Confocal microscopy images of HeLa cells incubated with 12.5 μg/mL (a–d) MIL-100(Al) gels
and (e–h) DOX-loaded MOGs, respectively. Blue fluorescence represents the living cell imaging.
Red fluorescence represents the released DOX from DOX-loaded MOGs within the cancer cells.
Green fluorescence represents the apoptosis of cells. (d,h) are the merged images of (a–c) and
(e–g), respectively.
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4. Conclusions

On the basis of the methods reported in the previous work [5,6,19,20], we reported on
a metal-organic gel (MOG)-based drug delivery system for anticancer therapy, i.e., MIL-100(Al)
gels, which were synthesized by a facile, low cost, and environmentally friendly one-pot method.
The anticancer drug doxorubicin hydrochloride (DOX) was successfully encapsulated in the MIL-100(Al)
gels with high loadings (620 mg/g). Through the control experiments, the fabricated DOX-loaded
MOGs were comparable with some previous pH-responsive drug delivery systems [16–18]. Specifically,
the drug was not released at physiological condition (PBS, pH 7.4), but was released in a controlled
manner at acidic conditions (pH 5.5) with approximately 100%, after being delivered over three days.
We also conducted in vitro experiments of DOX-loaded MIL-100(Al) gels (DOX-loaded MOGs) toward
HeLa cells where it turned out that the DOX-loaded MOGs had excellent efficiency in killing the HeLa
cells. The synthetic MIL-100(Al) gels here featured a concise synthetic step, large loading capacity
for DOX, and low biotoxicity. Furthermore, the DOX-loaded MOGs showed slow and sustainable
releasing ability and high anticancer efficiency. MIL-100(Al) gels exhibited high qualities of all the
performance-indicators as above-mentioned, making DOX-loaded MOGs a promising anticancer
approach for clinical application.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/6/446/s1.
Figure S1: UV-vis absorption spectra of DOX at different concentrations in PBS buffer solution, Figure S2:
Calibration plot of standard DOX concentration, Figure S3: Powder XRD patterns of the as-synthesized
MIL-100(Al) gels and the XRD pattern simulated from crystal structure data of MIL-100(Al), Figure S4: Nitrogen
adsorption-desorption isotherm of MIL-100(Al) gel measured at 77 K.

Author Contributions: Y.F. and J.Z. (Junfa Zhu) conceived and designed the experiments; Y.F. and C.W. performed
the experiments; Y.F., C.W. and F.K. analyzed the data; J.Z. (Junfa Zhu) and J.Z. (Jianye Zang) contributed
reagents/materials/analysis tools; Y.F. wrote the paper.

Funding: This research was funded by the National Key R&D Program of China (2017YFA0403402), the Natural
Science Foundation of China (Grants U1732272 and 21773222), the Key Program of Research and Development
of Hefei Science Center of CAS (2017HSC-KPRD001), and the Collaborative Innovation Center of Suzhou Nano
Science and Technology.

Acknowledgments: This work was supported by the National Key R&D Program of China (2017YFA0403402),
the Natural Science Foundation of China (Grants U1732272 and 21773222), the Key Program of Research and
Development of Hefei Science Center of CAS (2017HSC-KPRD001), and the Collaborative Innovation Center
of Suzhou Nano Science and Technology. Thanks to Jilong Wang and Fan Zheng for the assistance of in vivo
cell experiments.

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

References

1. Jain, R.K.; Stylianopoulos, T. Delivering nanomedicine to solid tumors. Nat. Rev. Clin. Oncol. 2010, 7,
653–664. [CrossRef] [PubMed]

2. Davis, M.E.; Chen, Z.; Shin, D.M. Nanoparticle therapeutics: An emerging treatment modality for cancer.
Nat. Rev. Drug Discov. 2008, 7, 771–781. [CrossRef] [PubMed]

3. Maeda, H.; Nakamura, H.; Fang, J. The EPR effect for macromolecular drug delivery to solid tumors:
Improvement of tumor uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv. Drug
Deliv. Rev. 2013, 65, 71–79. [CrossRef] [PubMed]

4. Chen, Y.; Ai, K.; Liu, J.; Sun, G.Y.; Yin, Q.; Lu, L.H. Multifunctional envelope-type mesoporous silica
nanoparticles for pH-responsive drug delivery and magnetic resonance imaging. Biomaterials 2015, 60,
111–120. [CrossRef] [PubMed]

5. Chowdhuri, A.R.; Singh, T.; Ghosh, S.K.; Sahu, S.K. Carbon dots embedded magnetic nanoparticles @chitosan
@metal organic framework as a nanoprobe for pH sensitive targeted anticancer drug delivery. ACS Appl.
Mater. Interfaces 2016, 8, 16573–16583. [CrossRef] [PubMed]

6. Su, Y.Y.; Teng, Z.; Yao, H.; Wang, S.J.; Tian, Y.; Zhang, Y.L.; Liu, W.F.; Tian, W.; Zheng, L.J.; Lu, N.; et al.
A multifunctional PB@mSiO2−PEG/DOX nanoplatform for combined photothermal−chemotherapy of
tumor. ACS Appl. Mater. Interfaces 2016, 8, 17038–17046. [CrossRef] [PubMed]

187



Nanomaterials 2018, 8, 446

7. Jalvandi, J.; White, M.; Gao, Y.; Truong, Y.B.; Padhye, R.; Kyratzis, I.L. Polyvinyl alcohol composite nanofibres
containing conjugated levofloxacin-chitosan for controlled drug release. Mater. Sci. Eng. C 2017, 73, 440–446.
[CrossRef] [PubMed]

8. Wang, D.D.; Zhou, J.J.; Chen, R.H.; Shi, R.H.; Zhao, G.Z.; Xia, G.L.; Li, R.; Liu, Z.B.; Tian, J.; Wang, H.J.; et al.
Controllable synthesis of dual-MOFs nanostructures for pH-responsive artemisinin delivery, magnetic
resonance and optical dual-model imaging-guided chemo/photothermal combinational cancer therapy.
Biomaterials 2016, 100, 27–40. [CrossRef] [PubMed]

9. Zhao, D.; Timmons, D.J.; Yuan, D.; Zhou, H.C. Tuning the Topology and Functionality of Metal−Organic
Frameworks by Ligand Design. Acc. Chem. Res. 2011, 44, 123–133. [CrossRef] [PubMed]

10. Corma, A.; Garcia, H.; Llabres, F.X.; Xamena, I. Engineering Metal Organic Frameworks for Heterogeneous
Catalysis. Chem. Rev. 2010, 110, 4606–4655. [CrossRef] [PubMed]

11. Keskin, S.; Kizilel, S. Biomedical Applications of Metal Organic Frameworks. Chem. Res. 2011, 50, 1799–1812.
[CrossRef]

12. Yang, X.L.; Chen, X.H.; Hou, G.H.; Guan, R.F.; Shao, R.; Xie, M.H. A multiresponsive metal–organic
framework: Direct chemiluminescence, photoluminescence, and dual tunable sensing applications.
Adv. Funct. Mater. 2016, 26, 393–398. [CrossRef]

13. Kaur, R.; Kim, K.H.; Paul, A.K.; Deep, A. Recent advances in the photovoltaic applications of coordination
polymers and metal organic frameworks. J. Mater. Chem. A 2016, 4, 3991–4002. [CrossRef]

14. Li, H.; Guo, K.; Wu, C.; Shu, L.; Guo, S.; Hou, J.; Zhao, N.; Wei, L.; Man, X.; Zhang, L. Controlled and
Targeted Drug Delivery by a UV-responsive Liposome for Overcoming Chemo-resistance in Non-Hodgkin
Lymphoma. Chem. Biol. Drug Des. 2015, 86, 783–794. [CrossRef] [PubMed]

15. He, Q.; Gao, Y.; Zhang, L.; Zhang, Z.; Gao, F.; Ji, X.; Li, Y.; Shi, J. A pH-responsive mesoporous silica
nanoparticles-based multi-drug delivery system for overcoming multi-drug resistance. Biomaterials 2011, 32,
7711–7720. [CrossRef] [PubMed]

16. Nunzio, M.R.; Agostoni, V.; Cohen, B.; Gref, R.; Douhal, A. A “Ship in a Bottle” Strategy to Load a Hydrophilic
Anticancer Drug in Porous Metal Organic Framework Nanoparticles: Efficient Encapsulation, Matrix
Stabilizationand Photodelivery. J. Med. Chem. 2014, 57, 411–420. [CrossRef] [PubMed]

17. Sun, K.K.; Li, L.; Yu, X.L.; Liu, L.; Meng, Q.T.; Wang, F.; Zhang, R. Functionalization of mixed ligand
metal-organic frame-works as the transport vehicles for drugs. J. Colloid Interface Sci. 2017, 486, 128–135.
[CrossRef] [PubMed]

18. Vasconcelos, I.B.; Silva, T.G.; Militao, G.C.; Soares, T.A.; Rodrigues, N.M.; Rodrigues, M.O.; Freire, N.B.;
Junior, S.A. Cytotoxicity and slow release of the anti-cancer drug doxorubicin from ZIF-8. RSC Adv. 2012, 2,
9437–9442. [CrossRef]

19. Sengupta, S.; Mondal, R. Metal-Organic-Particle-Supported Metallogel Formation Using a Nonconventional
Chelating Pyridine-Pyrazole-Based Bis-Amide Ligand. Chem. Eur. J. 2013, 19, 5537–5541. [PubMed]

20. Zhang, J.; Su, C.Y. Metal-organic gels: From discrete to coordination polymers. Coord. Chem. Rev. 2013, 257,
1373–1408. [CrossRef]

21. Xiao, B.; Zhang, Q.; Huang, C.; Li, Y. Luminescent Zn(II)–terpyridine metal organic gel for visual recognition
of anions. RSC Adv. 2015, 5, 2857–2860. [CrossRef]

22. Aiyappa, H.B.; Saha, S.; Wadge, P.; Banerjee, R.S. Fe(III) phytatemetallogel as a prototype anhydrous,
intermediate temperature proton conductor. Chem. Sci. 2015, 6, 603–607. [CrossRef] [PubMed]

23. Huang, M.; Mi, K.; Zhang, J.H.; Liu, H.L.; Yu, T.T.; Yuan, A.; Kong, Q.; Xiong, S. MOF-derived bi-metal
embedded N-doped carbon polyhedral nanocages with enhanced lithium storage. J. Mater. Chem. A 2017, 5,
266–274. [CrossRef]

24. Zhao, X.; Yuan, L.; Zhang, Z.Q.; Wang, Y.S.; Yu, Q.; Li, J. Synthetic Methodology for the Fabrication of Porous
Porphyrin Materials with Metal-Organic-Polymer Aerogels. Inorg. Chem. 2016, 55, 5287–5296. [CrossRef]
[PubMed]

25. Li, L.; Xiang, S.L.; Cao, S.Q.; Zhang, J.Y.; Ouyang, G.F.; Chen, L.P.; Su, C.Y. A synthetic route to ultralight
hierarchically micro/mesoporousAl(III)-carboxylate metal-organic aerogels. Nat. Commun. 2013, 4,
1774–1782.

26. Mahmood, A.; Xia, W.; Mahmood, N.; Wang, Q.F.; Zou, R.Q. Hierarchical heteroaggregation of binary
metal-organic gels with tunable porosity and mixed valence metal sites for removal of dyes in water. Sci. Rep.
2015, 5, 10556. [CrossRef] [PubMed]

188



Nanomaterials 2018, 8, 446

27. Sutar, P.; Maji, T.K. Coordination polymer gels: Soft metal–organic supramolecular materials and versatile
applications. Chem. Commun. 2016, 52, 8055–8074. [CrossRef] [PubMed]

28. Liu, Y.R.; He, L.; Zhang, J.; Wang, X.; Su, C.Y. Evolution of spherical assemblies to fibrous networked Pd(II)
metallo gels from a pyridine-based tripodal ligand and their catalytic property. Chem. Mater. 2009, 21,
557–563. [CrossRef]

29. Xia, W.; Zhang, X.; Xu, L.; Wang, Y.; Lin, J.; Zou, R. Facile and economical synthesis of
metal–organicframework MIL-100(Al) gels for high efficiency removalof microcystin-LR. RSC Adv. 2013, 3,
11007–11013. [CrossRef]

30. Volkringer, C.; Popov, D.; Loiseau, T.; Ferey, G.; Burghammer, M.; Riekel, C.; Haouas, M.; Taulelle, F.
Synthesis, Single-Crystal X-ray Microdiffraction, and NMR Characterizations of the Giant Pore Metal-Organic
Framework Aluminum Trimesate MIL-100. Chem. Mater. 2009, 21, 5695–5697. [CrossRef]

31. Gjmez, G.P.; Cabello, C.P.; Opanasenko, M.; Horacek, M.; Cejka, J. Superior Activity of Isomorphously
Substituted MOFs with MIL-100 (M = Al, Cr, Fe, In, Sc, V) Structure in the Prins Reaction: Impact of Metal
Type. ChemPlusChem 2017, 82, 152–159.

32. Tan, S.Y.; Ang, C.Y.; Mahmood, A.; Qu, Q.; Li, P.; Zou, R.; Zhao, Y.L. Doxorubicin-Loaded Metal-Organic
Gels for pH and Glutathione Dual-Responsive Release. ChemNanoMat 2016, 2, 504–508. [CrossRef]

33. Kayal, S.; Ramanujan, R.V. Doxorubicin loaded PVA coated iron oxide nanoparticles for targeted drug
delivery. Mater. Sci. Eng. C 2010, 30, 484–490. [CrossRef]

34. Yang, X.; Grailer, J.J.; Rowland, I.J.; Javadi, A.; Hurley, S.A.; Matson, V.Z. Multifunctional Stable and
pH-Responsive Polymer Vesicles Formed by Heterofunctional Triblock Copolymer for Targeted Anticancer
Drug Delivery and Ultrasensitive MR Imaging. ACS Nano 2010, 4, 6805–6817. [CrossRef] [PubMed]

35. Liu, J.; Zong, E.; Fu, H.; Zheng, S.; Xu, Z.; Zhu, D. Adsorption of aromatic compounds on porous covalent
triazine-based framework. J. Colloid Interface Sci. 2012, 372, 99–107. [CrossRef] [PubMed]

36. Hu, X.; Hao, X.; Wu, Y.; Zhang, J.; Zhang, X.; Wang, P.C.; Zou, G.; Liang, X.J. Multifunctional Hybrid
Silica Nanoparticles for Controlled Doxorubicin Loading and Release with Thermal and pH Dual Response.
J. Mater. Chem. B 2013, 1, 1109–1118. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

189



nanomaterials

Article

Photo-Magnetic Irradiation-Mediated Multimodal
Therapy of Neuroblastoma Cells Using a Cluster of
Multifunctional Nanostructures

Rohini Atluri 1,2, Rahul Atmaramani 1,3, Gamage Tharaka 4, Thomas McCallister 1, Jian Peng 4,

David Diercks 5, Somesree GhoshMitra 1 and Santaneel Ghosh 1,4,*

1 Nano-Bio Engineering Laboratory, Southeast Missouri State University, Cape Girardeau, MO 63701, USA;
atluri.rohini@gmail.com (R.A.); rratmaramani1s@semo.edu (R.A.); tgmccallister@gmail.com (T.M.);
somesree@gmail.com (S.G.)

2 Mechanical and Energy Engineering Department, University of North Texas, Denton, TX 76207, USA
3 Department of Bioengineering, The University of Texas at Dallas, Richardson, TX 75080, USA
4 Department of Physics and Engineering Physics, Southeast Missouri State University, Cape Girardeau,

MO 63701, USA; tharakarcbb13@gmail.com (G.T.); jpeng@semo.edu (J.P.)
5 Department of Metallurgical and Materials Engineering, Colorado School of Mines, Golden, CO 80401, USA;

ddiercks@mines.edu
* Correspondence: sghosh@semo.edu; Tel.: +1-573-651-2393

Received: 24 July 2018; Accepted: 25 August 2018; Published: 29 September 2018

Abstract: The use of high intensity chemo-radiotherapies has demonstrated only modest
improvement in the treatment of high-risk neuroblastomas. Moreover, undesirable drug specific
and radiation therapy-incurred side effects enhance the risk of developing into a second cancer
at a later stage. In this study, a safer and alternative multimodal therapeutic strategy involving
simultaneous optical and oscillating (AC, Alternating Current) magnetic field stimulation of a
multifunctional nanocarrier system has successfully been implemented to guide neuroblastoma cell
destruction. This novel technique permitted the use of low-intensity photo-magnetic irradiation
and reduced the required nanoparticle dose level. The combination of released cisplatin from
the nanodrug reservoirs and photo-magnetic coupled hyperthermia mediated cytotoxicity led to
the complete ablation of the B35 neuroblastoma cells in culture. Our study suggests that smart
nanostructure-based photo-magnetic hybrid irradiation is a viable approach to remotely guide
neuroblastoma cell destruction, which may be adopted in clinical management post modification to
treat aggressive cancers.

Keywords: photo-magnetic actuation; cisplatin; nanoparticle; MYCN; multimodal therapy

1. Introduction

Neuroblastoma is a childhood cancer that is diagnosed at a median age of 17 months [1], with an
incidence rate of 10.2 per million children under 15 years of age [2]. There are about seven hundred
new cases each year in the United States, and in two out of three cases, the disease usually spreads
to the lymph nodes or other parts of the body at the time of diagnosis. This is an embryonal tumor
of the autonomic nervous systems [3], and it is the most common extra cranial tumor of childhood
with long term survival rates of only about 15% [4]. Theoretically, tumors can appear anywhere along
the sympathetic nervous system, but in reality, a majority of the tumors are detected in the adrenal
medulla [5]. Other sites for tumors include the upper chest, neck, and paraspinal spaces. Often,
metastasis can be seen in regional lymph nodes and in the bone marrow, and during an advanced
stage of the disease, it can infiltrate a local organ such as with a celiac axis tumor [6,7]. Overexpression
and dominance of cell survival pathways are mainly responsible for the malignant transformation

Nanomaterials 2018, 8, 774; doi:10.3390/nano8100774 www.mdpi.com/journal/nanomaterials190



Nanomaterials 2018, 8, 774

and metastasis of neural crest derived cells [8]. There are several factors that define specific cases of
neuroblastoma, but high risk ones include stage, age, MYCN oncogene amplification, chromosome
11q status, metastasis, histologic category, and deoxyribonucleic acid (DNA) ploidy [5].

Due to biological heterogeneity of neuroblast tumors, different therapeutic strategies are pursued.
While reduced intensity therapeutic approaches, such as surgery alone or in combination with
moderate intensity chemotherapy, are the usual line of treatment for less aggressive tumors, high
intensity chemo-radiotherapies are usually favored for tumors with more aggressive features [5].
For high risk neuroblastoma, the current treatment is divided into three phases: (1) induction of
remission, (2) consolidation of remission, and (3) maintenance. The most commonly used induction
regimen includes cycles of cisplatin and etoposide as well as alternate use of vincristine, doxorubicin,
and cyclophosphamide [9]. Additionally, two types of radiation therapies are used: (1) external
beam radiation therapy, and (2) Metaiodobenzylguanidine (MIBG) radiotherapy [10]. Myeloablative
chemotherapy with autologous hematopoietic stem-cell rescue [4,11] and isotretinoin with anti-GD2
immunotherapy [12] is also considered for high-risk neuroblastoma treatment.

Although the use of high-intensity chemo-radiotherapies have demonstrated only modest
improvement in the treatment of high-risk neuroblastoma, undesirable side effects include mouth
sores, nausea, hair loss, and most importantly, increased chance of infection [10]. In addition to
these, there may be several drug-specific side effects, for example, cisplatin and carboplatin can affect
kidneys [13], doxorubicin is a cardiotoxic agent [14], and cyclophosphamide can damage bladder
as well as ovaries and testicles [15], which may affect future fertility. Short-term side effects of
radiation therapy are nausea, diarrhea, burns, and fatigue [10], while long-term side effects may lead
to damage in DNA, which has a risk of developing into a second cancer many years after completion of
radiotherapy. Unfortunately, despite implementing all advanced treatment modalities, 50–60% patients
in high-risk groups have a relapse, and there is no known curative treatment available to date [5]. Use
of anti-GD2 monoclonal antibodies to prevent relapse is a good example of an immunotherapeutic
approach to lessen the side effects of chemo [16], as well as radiotherapies. A future trend is to develop
antibody-based treatment guidelines as well as synergistic combination therapies.

From the above discussion, it is evident that innovative approaches possessing a novel
therapeutic potential need to be implemented in order to overcome the existing challenges to
treat high-risk neuroblastoma. An innovative technique that holds promise in the area of cancer
diagnosis and therapeutics to perform precise drug delivery, multimodal therapy, and detection
of circulating or residual cancer cells, all of which can play crucial roles in the treatment of
high-risk neuroblastoma, is the development of novel nanostructures coupled with smart actuation
strategies [17–24]. Nanostructured materials and smart surfaces carry excellent treatment potential
for the development of novel clinical solutions because they can be designed to target/detect specific
cancer cells and be remotely tuned to release measured doses of therapeutic agents, which in
turn may improve treatment efficacy, decrease therapy time, and decrease the quantities of the
therapeutic agent necessary for effective treatment by 10–50-fold [25]. In order to meet these goals
cumulatively, “combinatorial therapeutics” approaches consisting of various nanostructures and
advanced instrumentation are becoming one of the most exciting forefront fields, but it has been
in its infancy until now. Oscillating magnetic field induced hyperthermia [26–28] or photothermal
destruction of cancer cells [29] are among the most promising approaches among these; however,
both fall short of addressing several concerns, including the use of high intensity magnetic or optical
irradiation coupled with a lower yield at a clinically viable dose level. As discussed earlier, the rapid
emergence of treatment resistance is a formidable challenge that needs a multimodal treatment
approach, and unfortunately, the aforementioned approaches do not address this concern. Recently
reported [30] “multimodal chemo-radiotherapy of glioblastoma” demonstrated encouraging outcomes,
which has the potential of addressing this challenge; however, the technique needs further investigation
before successful implementation, especially where the use of potent γ–rays is involved.
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Therefore, we set ourselves the goal of enhancing the treatment efficacy by combining a group of
smart nanostructures, each of which are capable of performing a specific task with a novel strategy
that has been unexplored thus far, namely simultaneous photo-magnetic actuation. In this study,
three different types of nanostructures have been used to accomplish the objectives: (1) core-shell
magnetic nanospheres (CSMNSs), (2) Polyvinylpyrollidone (PVP)-capped gold nanoparticles (AuNPs),
and (3) cisplatin loaded thermo-responsive nanoparticles (CPNPs). The first two protagonists
(i.e., the CSMNS and the AuNPs) induce a coupled hyperthermia and oxidative stress under the
hybrid photo-magnetic irradiation, whereas the CPNPs cause sustained release of the imbibed cisplatin
during the treatment. These augmented the cisplatin and photo-magnetic hyperthermia mediated
cytotoxicity inducing mechanisms, and intensified the oxidative stress induced damage, all at a
relatively lower irradiation and nanoparticle exposure level, which led to complete ablation of the
B35 neuroblastoma cells in culture. Additionally, by using this technique, exposures to the high
energy γ-rays have been avoided. Our study suggests that smart nanostructure-based photo-magnetic
hybrid irradiation is a viable approach to remotely guide neuroblastoma cell destruction, which may
be adopted as an efficient technique in clinical management post modification. Although we have
explored this technique for neuroblastoma cell destruction in this study, it can be further modified and
extended to treat other aggressive cancers.

2. Materials and Methods

2.1. Photo-Magnetic Actuator Design

A unique photo-magnetic actuator was designed to perform simultaneous optical and AC
magnetic field stimulation of cultured mammalian cells or dispersed nanocarrier systems (Figure 1a,b).
The incubator (Figure 1b) consisted of a sample chamber for placing TPP tissue culture tubes, AC/DC
magnetic field generating coil, a cage for the placement of light-emitting diodes (LEDs) for low-level
optical irradiation, and a high-performance glass window at the front wall of the incubator for
transmitting the laser irradiation during moderate/high level optical stimulation. Inside the sample
chamber, the B35 neuroblastoma cells were cultured or the nanocarriers were colloidally dispersed,
as needed. The circuit utilized a capacitor bank in series with the inductor coil and a 0.5 Ω resistor.
A magnetic field in the range of 10–150 Oe and 60–150 kHz could be produced as needed by changing
the capacitor and/or the coil inductance. A temperature controlling unit was attached to stabilize
the incubator temperature in the range of 36–37 ◦C during the experiments, and the top and the
bottom panels of the incubator were designed to be removable to allow easy swapping of the samples.
The incubator was attached to the base of the class 3B laser (520 nm, 300 mW), and a laser stop was
placed to the rear of the incubator to inhibit reflection. Further, black absorbent tape material was used
to confine the laser exposure to only necessary areas. A fiber optic thermometer was used to measure
precise temperature change during heating of the nanocarriers.

2.2. Nanocarrier Design

Magnetite (Fe3O4) core-polymeric shell nanospheres (CSMNS) were synthesized as reported in our
previous work [31]. In brief, a double-layered shell consisting of a thermo-activated polymer network
of poly(ethylene glycol) ethyl ether methacrylate-co-poly(ethylene glycol) methyl ether methacrylate
(PEGEEMA-co-PEGMEMA) was synthesized first using a precipitation polymerization method. One
batch of these designed spheres was used to induct the magnetic nanocrystals inside the outer
shell, while the other batch was freeze dried and later loaded with the anticancer drug cisplatin
(Sigma Aldrich, Bellefonte, PA, USA), as described below. Polyvinylpyrollidone (PVP)-capped gold
nanoparticles (0.05 mg/mL, 5 nm diameter) were obtained from nano Composix. All nanocarrier
morphology was assessed by performing scanning and transmission electron microscopy (SEM and
TEM: FEI NOVA 230 NANOSEM, Tustin, CA, USA, accelerating voltage 5–20 kV; Philips EM 420 TEM,
Port Elizabeth, South Africa-120 kV electron beam) [31].
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Figure 1. (a) Schematic of the experimental setup for the combined optical-AC magnetic field irradiation
of nanocarriers and B35 neuroblastoma cells (electronics not shown). (b) Various components of the
incubator with a TPP tissue culture tube mounted inside.

2.3. Loading the Drugs in Polymeric Nanocarriers and Characterization of Release Profile

An aqueous solution of cisplatin (2 mg/mL) was added to the previously prepared freeze-dried
(non-magnetic) nanospheres. The solution was stirred for 24 h at room temperature and the
cisplatin-loaded nanoparticles (CPNPs) were collected by centrifugation. A specialized diffusion
chamber (PermeGear Static Franz cell,) with two compartments was used for the in vitro release
kinetics measurement. The two compartments communicate through an opening 2 cm in diameter.
A semipermeable membrane (mol. wt. cut-off 13,000 Da) was used to cover the opening. The CPNP
solution was placed in the donor compartment and the receiver compartment was filled with the
deionized (DI) water. To determine the concentration of the released cisplatin (at room temperature
and at 37 ◦C) in the receiving compartment, samples were withdrawn at definite time intervals (20, 40,
60, 80, and 100 h) and the absorbance was measured using UV-visible spectroscopy at a wavelength of
301 nm.

2.4. Light Scattering and Magnetic Measurements

Dynamic light scattering (DLS) measurements were performed to examine the volumetric
transition behavior using a Malvern NanoZS system equipped with a helium-neon laser (632.8 nm) as
the light source. The hydrodynamic radius distribution of the nanospheres in water was measured
at a scattering angle of 60◦. A magnetic property [M(H)] of the nanospheres was measured using a
Lakeshore model 7300 (Westerville, Ohio, USA) Vibrating Sample Magnetometer (VSM), at ambient
temperature and at 38 ◦C.
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2.5. Cell Culture and Treatment

B 35 rat neuroblastoma cells (ATCC, Manassas, VA, USA) were routinely cultured at 37 ◦C in 5%
CO2 and 85% relative humidity by using Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen,
Carlsbad, CA, USA) derived complete media that contains 90% DMEM, and 10% fetal bovine serum
(FBS). For the experiments, about 10,000 cells/cm2 were seeded in TPP tissue culture tube flasks
(10 cm2 growth surface area) containing 2 mL of DMEM complete media and were allowed to grow for
48 h or more until a 70% confluence was observed. All the experiments were performed in triplicates.

For the treatment with nanoparticles, after 48 h of cell growth and attachment, the cells were
washed with serum-free DMEM and were exposed to the NPs (various concentrations of MNPs
(Magnetic Nano-Particle) and/or AuNPs), which were colloidally suspended in the culture media.
During the nanoparticle exposure, cultures were placed into serum-free DMEM to prevent particle
aggregation. After 4 h of exposure, the cells were washed with serum-free DMEM and were cultured
back into 2 mL complete DMEM media until the beginning of the next exposure cycle. The treatment
was repeated thrice for every 24 h. At the end of the final exposure, live cell imaging was performed to
assess the cell proliferation.

For the AC magnetic field exposure, optical irradiation, and hybrid optical-AC magnetic field
exposure, the cells were cultured and exposed to the NPs as mentioned earlier. Immediately after the
addition of NPs (MNPs and/or AuNPs), the cells were exposed to AC magnetic field exposure/optical
irradiation/hybrid optical-AC magnetic field exposure (magnetic field intensity 60 Oe, frequency
120 kHz, laser power 300 mW) for 15 min. Following irradiation, the cells were placed in the incubator
for 3 h and 45 min as part of the treatment. After 4 h of NP exposure and irradiation, the cells were
washed with serum-free DMEM and were cultured back into 2 mL complete DMEM media until the
beginning of the next exposure cycle. The treatment was repeated thrice for every 24 h. At the end of
the final exposure, live cell imaging was performed to assess cell proliferation.

For the treatment with cisplatin-loaded thermo-responsive nanoparticles (CPNPs), after 48 h of
cell growth and attachment, the cells were washed with serum-free DMEM and were exposed to the
CPNPs (200 μg/mL), which were colloidally suspended in the culture media for 4 h. After 4 h of
exposure, the cells were washed with serum-free DMEM and were cultured back into 2 mL complete
DMEM media until the beginning of the next exposure cycle. The treatment was repeated thrice for
every 24 h. At the end of the final exposure, live cell imaging was performed to assess cell proliferation.

For hybrid optical-AC magnetic field exposure in the presence of CPNPs and NPs, the cells were
treated (with CPNPs and NPs) as mentioned earlier. After the addition of the nanocarriers, the cells
were exposed to hybrid optical-AC magnetic field exposure (magnetic field intensity 60 Oe, frequency
120 kHz, laser power 300 mW) for 15 min. Following irradiation, the cells were placed in the incubator
for 3 h and 45 min as part of the treatment. After 4 h of nanocarrier exposure and irradiation, the cells
were washed with serum-free DMEM and were cultured back into 2 mL complete DMEM media until
the beginning of the next exposure cycle. The treatment was repeated thrice for every 24 h. At the end
of the final exposure, live cell imaging was performed to assess cell proliferation.

Nuclear morphology was assessed using confocal images captured through a 64× objective from
cells (cultured on the coverglasses, which were inserted into the TPP tissue culture tube flasks and
fixed) labeled with 4′,6-diamidino-2-phenylindole (DAPI, Ex = 405 nm, Em = 450/35 nm), following
various treatments.

2.6. Flow Cytometry Analysis: Annexin V Apoptosis Assay

Upon treatment under various conditions, the cells were washed with serum-free DMEM,
trypsinized, centrifuged, and suspended in 500 μL 1× binding buffer. Cells were further incubated
with FITC (Fluorescein isothiocyanate) Annexin V apoptosis detection reagent for 20 min at room
temperature in darkness (100 μL of cell suspension was mixed with 5 μL of FITC Annexin V and 5 μL
of PI), followed by flow cytometry analysis.

194



Nanomaterials 2018, 8, 774

3. Results

A simultaneous optical and AC magnetic field assisted therapeutic strategy was unexplored thus
far, despite having a huge potential of generating synergetic effects, which may be especially beneficial
for the destruction of aggressive cancer cells. This innovative setup (Figure 1a,b) enabled high-risk
neuroblastoma cell exposure to varying combinations of optical and magnetic field excitation in the
presence of specifically designed nanocarriers, thereby augmenting the positive outcomes of separate
actuation strategies and the nanocarrier functionalities. The maximum field strength generated by
the coils (≈150 Oe) is approximately 200 times weaker than that produced by a magnetic resonance
imaging (MRI) machine (≈3 × 104 Oe), which are known to be safe for use by people with medical
implants such as pacemakers [32]. It may be noted that a Helmholtz coil-based design can be adopted
for conducting experimentation with animal models and to obtain deeper penetration, a near infrared
(NIR) laser can be used [22]. However, for low-level photo-magnetic therapy requiring LED irradiation
in vivo, further modification is needed in the instrumentation.

No recognizable physicochemical interactions or clustering (and thereby precipitation) were
observed among these three types of nanocarriers when they were (simultaneously) dispersed for 48 h
in: (i) aqueous solution (DI H2O), and in (ii) phosphate buffered saline (PBS). This indicates that the
encapsulation (shell) formed by the polymerized, stable, and higher mechanical strength-possessing
PEG-derivative biopolymer chains protected the embedded magnetic nanoparticles from being
exposed to the proteins, salts, and other potential reactive agents present in the colloidal suspensions.
Similarly, the polyvinylpyrollidone surface-tethered gold-nanoparticles were protected from potential
(damaging) interactions with the media constituents, and therefore, did not facilitate agglomeration.
The synthesized magnetic nanocarriers (CSMNSs) exhibited good colloidal stability, strong magnetic
properties, and no precipitation after several days. From the SEM imaging, slightly oval shaped
particles (arising from the surface roughness of the carbon film during sample preparation), were
observed (Figure 2a). The mean diameter of the nanocarriers was found to be 268 ± 24 nm. Particle
encapsulation was assessed using TEM imaging at 120 kV. The resulting TEM micrographs (Figure 2b)
revealed that the magnetic nanocrystals were located near each other, which is very typical for magnetic
nanoparticle-based systems, as observed earlier by several researchers [26,33,34]. Due to their size
and structure, the nanomagnets were expected to exhibit super-paramagnetic behavior at a moderate
field and frequency (0–150 Oe, 0–1000 kHz) range [31,35], which was assessed at 311 K, or above
the volumetric transition temperature (Figure 2c). No to minimal hysteresis response was observed,
unlike the ferromagnetic nanoparticle-based systems [28,34], even after the volumetric shrinkage of the
spheres, which indicated super-paramagnetic behavior and the absence of nanocrystal agglomeration
at elevated temperatures. Under the measured field intensity of 60 Oe, created by a permanent magnet
at the adjacent wall of the flask, the CSMNSs moved in the direction of the field and formed a film
on the flask wall close to the magnet (Figure 2d). Almost all particles were completely separated
from the solution, even with the application of a moderately intense field, which demonstrated their
controllability under a magnetic field. It may be noted that the CSMNS response to an external
magnetic field was much stronger than that of the individual magnetic nanodots due to a much higher
magnetization value per carrier. Slight agitation brought the nanospheres back into the solution once
the magnetic field was removed. This behavior further indicated that it will be possible to trap and
maintain these nanocarriers in the targeted tissue regions without being washed away by the blood
flow during in vivo applications. TEM imaging of the AuNPs demonstrated the particle distribution
(Figure 2e) in the culture media and the high absorption in the range of 520 ± 15 nm (Figure 2f)
facilitated coupled hyperthermia under hybrid optical-AC magnetic field exposure, as assessed later.
The CPNPs consisted of two polymer shells with varying degrees of hydrophilicity, as described in the
previous section (nanocarrier design), the inner one having a diameter of 162 ± 24 nm (not shown
here). Multi-shell nanocarriers were designed to expand the volumetric transition range [31], which in
turn facilitated the release of the imbibed therapeutic agents. Morphology of the CPNPs was assessed
by performing SEM imaging (Figure 2g) and the mean diameter of the double shell nanocarriers was
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found to be 341 ± 32 nm. The temperature-dependent volumetric transition behavior of these cisplatin
loaded nanocarriers is shown in Figure 2h, which demonstrates a broader (31–38 ◦C) volumetric
transition range, and consequently, sustained release of the imbibed cisplatin (Figure 2i).

 

Figure 2. Morphology of designed CSMNSs: (a) SEM analysis demonstrating the polymer shell,
and (b) TEM analysis demonstrating the distribution of the encapsulated MNPs. (c) Applied field
vs magnetization plot for CSMNSs at 311 K, demonstrating super-paramagnetic behavior, even at
the collapsed state of the polymeric shell. (d) Response of the CSMNSs to an applied DC magnetic
field of 60 Oe by a permanent magnet at the adjacent wall of the flask. Characterization of the
AuNPs: (e) TEM analysis demonstrating the particle distribution in cell culture media, ruling out the
possibility of agglomeration, and (f) UV-visible spectrum of the dispersed AuNPs in the culture media.
(g) SEM imaging of the CPNP demonstrating nanocarrier morphology. (h) Temperature dependence of
hydrodynamic diameter of the CPNPs. (i) Drug release profile from the CPNPs. R(t) represents the
mass released at any time t, and R(240) represents total mass released over 240 h (10 days).

The remote heating response of the nanocarriers was observed under AC magnetic fields
(Figure 3a,b), optical irradiation (Figure 3c), and under hybrid optical-AC magnetic field exposure
(Figure 3d). Upon field application, the nanocarrier-suspended culture media temperature increased in
a concentration-dependent manner and reached a near steady state after approximately 20–30 min
of irradiation. For AC magnetic field modulation, MNP concentration was varied between
200–400 μg/mL, and the temperature change was observed to be in the range of 1.5–3.5 K at 40 Oe,
and between 3–5 K at 60 Oe field intensities, respectively. The optical irradiation-induced temperature
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change was found to be in the range of 3.7 and 8 K, respectively, when the concentration of the
AuNPs were changed from 2 to 4 μg/mL in the culture media. A significantly stronger heating
response was observed under the hybrid optical-AC magnetic field, in the range of 8–10.5 K, even
with a mixture consisting of only 2 μg/mL AuNPs and 400 μg/mL MNPs. During all measurements,
observed joule heating was found to be minimal, in the range of 0.5–1.25 K. Observing the heating
response under coupled optical-AC magnetic field and considering clinically viable dose levels of the
nanocarriers, 400 μg/mL MNPs and 2 μg/mL AuNPs were chosen as the mixture composition for
executing acute hyperthermia towards the development of a multi modal therapy for the destruction
of the neuroblastoma cells.

 

Figure 3. Remote heating response under AC magnetic field exposure as a function of CSMNS
concentration at (a) 40 Oe, and (b) at 60 Oe. Frequency of the magnetic field was kept at 120 kHz.
Heating response (c) under optical irradiation as a function of AuNP concentration, and (d) under
hybrid optical-AC magnetic field irradiation using CSMNSs and AuNPs together in the media at
various concentrations.

B35 neuroblastoma cell proliferation was observed post hyperthermia treatments and compared
with the control (Figure 4a), and with only nanoparticle exposure (Figure 4b) conditions. The dose
level of the CSMNSs and AuNPs used in this study were found to have a very low cytotoxicity, as
observed in Figure 4b and quantified later (Figure 4i). Hybrid optical and AC magnetic field irradiation
did not inhibit cell proliferation in the absence of the nanocarriers, as observed in Figure 4c, although a
slight reduction in cell proliferation was observed in the presence of the nanocarriers under separate
(i.e., magnetic or optical) actuations (Figure 4d,e). Under combined photo-magnetic actuation in
the presence of the nanocarriers, severe inhibition in proliferation with cytoplasmic blebbing and
irregularities in shape were observed (Figure 4f), which even surpassed the culture condition with the
CPNP exposure in the media (Figure 4g). Finally, complete ablation of the B35 neuroblastoma cells in
culture was observed under photo-magnetic combined actuation in the presence of the magnetic, gold,
and the cisplatin loaded nanocarriers (Figure 4h). One-way analysis of variance (ANOVA) depicted
statistically significant differences (p-value < 0.01) in the cell density values between the control and
hybrid photo-magnetic actuation in the presence of nanocarriers with and without the presence of the
cisplatin loading, as well as between control and 200 μg/mL CPNP treatments (Figure 4i).

197



Nanomaterials 2018, 8, 774

 

 

Figure 4. B35 neuroblastoma cell proliferation under the following conditions: (a) control; (b) presence
of NPs (400 μg/mL MNP + 2 μg/mL AuNP) in the culture media; (c) combined optical-AC magnetic
field irradiation in the absence of NPs; (d) presence of NPs under AC magnetic field irradiation;
(e) presence of NPs under optical irradiation; (f) combined optical-AC magnetic field irradiation in
the presence of NPs; (g) presence of 200 μg/mL CPNPs; and (h) combined optical-AC magnetic field
irradiation in the presence of NPs and CPNPS. The AC magnetic field intensity was 60 Oe, frequency
was 120 kHz, and laser power was 300 mW (at 520 nm). Scale bar is 50 μm in (a), and is also applicable
for (b–h). (i) Bar chart displaying quantification of average cell densities (cell number/mm2), indicative
of cell proliferation for B35 neuroblastoma cells under all treatment options. Data are means ± SEM
from four separate experiments and * indicates statistically significant differences, compared to cells
cultured as the control, at p < 0.01 (ANOVA and LSD post-hoc).

In apoptotic cells, the membrane phospholipid phosphatidylserine (PS) is translocated from
the inner to the outer leaflet of the plasma membrane, thereby exposing PS to the external cellular
environment. Annexin V is a 35–36 kDa Ca2+ dependent phospholipid-binding protein (conjugated to
FITC) that has a high affinity for PS, and binds to cells with exposed PS. Staining with FITC Annexin V
is typically used in conjunction with a vital dye, such as propidium iodide (PI) or 7-amino-actinomycin
(7-AAD), to identify early apoptotic cells. Cells that are considered viable are FITC Annexin V and
PI negative; cells that are in early apoptosis are FITC Annexin V positive and PI negative; and
cells that are in late apoptosis or already dead are both FITC Annexin V and PI positive. Results
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demonstrated more than 95% viable cells for the control (Figure 5a), post nanoparticle exposure
(Figure 5b), and hybrid photo-magnetic irradiation in the absence of the nanocarriers (Figure 5c),
thereby revealing the innate biocompatibility of the nanocarriers, as well as the irradiation exposure.
Slight elevation of apoptosis (15–20% in the suspended cells) was observed in the presence of the
nanocarriers under separate (i.e., magnetic or optical) actuations (Figure 5d,e). However, 98% early/late
apoptotic cells were observed under combined photo-magnetic actuation in the presence of the
nanocarriers (Figure 5f), which was found to be significantly greater than that of the 200 μg/mL CPNP
exposure (65% apoptotic/necrotic cells, Figure 5g), demonstrating the extent of induced cytotoxicity
by this hybrid actuation-nanocarrier combination. Figure 5h demonstrates a severe degree of induced
apoptosis (99% apoptotic or necrotic cells) under photo-magnetic combined actuation in the presence
of the magnetic, gold, and the cisplatin loaded nanocarriers. It should be noted that the apoptosis
trend was found to be somewhat similar to the previously observed cell proliferation results.

Figure 5. Apoptosis detection by the Annexin V assay. In four windows of each plot, the lower
left indicates normal cells, the lower right indicates early apoptotic cells, the upper right indicates
middle phase apoptotic cells, and the upper left indicates late phase apoptotic cells or necrotic cells.
Irradiation/exposure parameters where applied: AC magnetic field intensity was 60 Oe, frequency
was 120 kHz, and laser power was 300 mW (at 520 nm); NPs: (400 μg/mL MNP + 2 μg/mL AuNP);
CPNPs 200 μg/mL.
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Nuclear changes, such as condensation of the nucleus and/or DNA fragmentation, are the
typical characteristics of later stages of the apoptotic program. Induction of apoptosis was further
investigated by observing DAPI stained cell nuclei for the conditions that severely inhibited B35
neuroblastoma cell proliferation (Figure 6a–d). While in the control (Figure 6a), the cells had round
and homogeneous nuclei, exposure to CPNPs (200 μg/mL) launched the apoptotic machinery of the
cell, as observed from the deformed and condensed nuclei and apoptotic bodies (Figure 6b). Under
combined photo-magnetic actuation in the presence of the gold and magnetic nanocarriers, severe
chromatin condensation and nuclear fragmentation was evident (Figure 6c), indicating the potency of
photo-magnetic hyperthermia-mediated cytotoxicity at a relatively lower irradiation and nanoparticle
exposure level. Even a higher degree of damage was observed under photo-magnetic combined
actuation in the presence of the CSMNSs, AuNPs, and CPNPs (Figure 6d), thereby demonstrating
the effectiveness of the multimodal therapeutic strategy. Quantification of pyknotic nuclei, which is
indicative of cell death [36], is displayed in Figure 6e, depicting statistically significant differences
(p-value < 0.01) between the control and 200 μg/mL CPNP treatment, as well as between the control
and hybrid photo-magnetic actuation in the presence of nanocarriers with and without the presence of
the cisplatin loading.

 

Figure 6. Cont.
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Figure 6. Nuclear condensation and fragmentation (white arrows) under the following conditions:
(a) control, (b) presence of 200 μg/mL CPNPs, (c) combined optical-AC magnetic field irradiation in
the presence of NPs (400 μg/mL MNP + 2 μg/mL AuNP), and (d) combined optical-AC magnetic field
irradiation in the presence of NPs and CPNPS. AC Magnetic field intensity was 60 Oe, frequency was
120 kHz, and laser power was 300 mW (at 520 nm). Scale bar is 10 μm in (a), and is also applicable
for (b–d). (e) Bar chart displaying quantification of pyknotic nuclei, indicative of cell death. Data
are means ± SEM from four separate experiments and * indicates statistically significant differences,
compared to cells cultured as the control, at p < 0.01 (ANOVA and LSD post-hoc).

4. Discussion

Combined photo-magnetic stimulation has successfully been implemented on the cluster of
complementing nanocarriers to develop a multimodal therapy to guide the neuroblastoma cell
destruction (Figure 7). This novel strategy permitted the use of a less intense AC magnetic field
in combination with optical irradiation during the treatment, thus removing the safety concerns
associated with the AC magnetic field-assisted therapies. Although a green laser (300 mW) has
been used in this study as the light source for the optical irradiation as a proof of concept, it can be
replaced by a near infrared (NIR) laser to obtain deeper penetration, since the gold nanoparticles can
be tuned to possess high NIR absorption [22]. The penetration depth of the optical irradiation can
be further enhanced by the use of free-space or even a fiber-optic Bessel beam [37], thus eliminating
the use of high-intensity radiotherapy, which has the potential to incur severe DNA damage and
has a risk of developing into a second cancer at a later stage. Moreover, the treatment efficacy has
been achieved at a reduced nanoparticle dose level [28,38]. In our recent reports [21,24], various
strategies for targeting and delivery of therapeutic agents for the central nervous system (CNS)-related
conditions have been identified: (i) endocytosis based, and (ii) laminin (or other disease specific
surface proteins) binding peptide based. The later strategy is gaining huge traction for specific
targeting at present, and coupled with the impressive development of the target-specific synthetic
oligonucleotides/aptamer design [39], provides a viable option for delivery of these nanocarriers,
since all these vectors can be surface-functionalized with appropriate functional groups (such as
–COOH, –NH2, or –SH) for the conjugation of biomolecules. Another recent work by Jeong et al. [40]
demonstrated the feasibility of administering these types of nanocarriers intravenously to treat spinal
cord injury in mice. Prior observations indicate that these aforementioned strategies will increase the

201



Nanomaterials 2018, 8, 774

concentration of the nanocarriers at the target tissue. Site-specific injection is also another route that
needs to be explored with these types of nanocarriers depending on the location and accessibility of
the tumor. In our previous studies [24,31,41], the nanocarriers were found to be highly non-reactive,
stable in physiological solutions, and were minimally toxic at even a higher dose level than the
dose administered here. Reduced dose level can potentially render them as ideal candidates for
photo-magnetic combination therapy.

 

Figure 7. Photo-magnetic irradiation mediated multimodal therapeutic strategy of neuroblastoma cells
using clusters of nanostructures: coupled hyperthermia, DNA damage, and reactive oxygen species
(ROS) -induced apoptosis of B35 neuroblastoma cells in culture. Note that in this experiment, cisplatin
has been loaded in a separate non-magnetic nanocarrier.

For tumorigenesis and malignant transformation, responsible molecular mechanisms are:
(1) overexpression of cell survival pathways, and (2) downregulation of apoptosis [8]. The molecular
factors of cell survival pathways include protein kinases (protein kinase B (AKT/PKB); anaplastic
lymphoma kinase (ALK); phosphatidylinositide 3-kinases (PI3K); and focal adhesion kinase (FAK)),
transcription factors (NF-κB, MYCN, and p53), and growth factors (insulin-like growth factor (IGF);
epidermal growth factor (EGF); platelet-derived growth factor (PDGF); and vascular endothelial
growth factor (VEGF)). Manipulation of the cell survival pathways may reduce the malignant potential
of the tumor, which in turn may provide reduction of required dosages and the dose-related side
effects of the conventional therapies in clinical practice. Moreover, since the presence of residual
cancer cells in the hematopoietic compartment is the plausible explanation for tumor relapse [5],
highly sensitive methods to detect and isolate rare circulating tumor cells may lead to improved
treatment efficacy. The cluster of nanostructures used in this study carries the potential to act as
effective modulators of these pathways and selectively target the tumor cells due to their controllability
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under hybrid photo-magnetic field and temperature-sensitive behavior. A temperature-dependent
hydrophilic–hydrophobic transition behavior renders them suitable for drug delivery applications as
well, in which triggered release is necessary.

Kinases are enzymes to phosphorylate, thus they act as on-off switches for activating other factors
in cell signaling pathways. One well known kinase is AKT kinase, which regulates important cellular
functions like cell growth, proliferation, survival, and angiogenesis [8,42]. In human tissue samples,
it was observed that the AKT phosphorylation was more prevalent in primary neuroblastoma than
in benign ganglioma or in normal adrenal tissue [8]. Downregulation of AKT to increase apoptosis
is one of the many ways to address the neuroblastoma tumor growth, and two main strategies are
being pursued: (1) long-term exposure of SH-SY5Y cells to interferon β, which decreased activation
of the P13K-AKT pathway [43,44], thereby increasing the apoptosis, and (2) Rapamycin-induced
mTOR (a downstream effector of AKT) inhibition [45], which is related to decreased tumor growth,
angiogenesis, and increased apoptosis. Similarly, inhibition of FAK by siRNA [46] or small molecule
inhibitors, such as NVP-TAE 226 [47] and Y15 [48] results in decreased cell survival, increased apoptosis,
and G2 cell cycle arrest. NVP-TAE 226 (mol. wt. 468.94) and Y15 (mol. wt. 284.01) are ideal
candidates to be loaded into these designed nanocarriers due to their low molecular weight and
adequate water solubility, which will be extremely beneficial for controlled release into the tumor
cells under photo-magnetic stimulation. Among transcription factors, NF-κB has important roles in
neuroblastoma chemo-resistance as doxorubicin and VP16 have both been shown to trigger NF-κB
activation in neuroblastoma cells, inhibiting apoptosis [49]; nevertheless, siMYCN (siRNA against
MYCN) has been found to increase caspase-3 mediated apoptosis [50]. Selective inhibition of MYCN
can be achieved using an anti-gene peptide nucleic acid (PNA) [51], which can either be covalently
attached to the nanocarrier surface, or can be loaded inside for on-demand release when the target site
is reached. Targeted therapy to modulate the growth factors is another direction for the treatment of
high risk neuroblastoma [52]. Imatinib, a tyrosine kinase inhibitor of PDGFR (PDGF receptor) has been
shown to inhibit the growth of a number of human neuroblastoma cell lines in vitro and xenograft
in vivo [53]. We recently demonstrated a nanocarrier mediated neurite growth factor (NGF) delivery
to neuronal model cells for promoting neurite outgrowth [28,41]. A similar strategy can be adopted for
the delivery of a selected growth factor mediated cell survival pathway modulators to the targeted
cancer cells.

For high-risk neuroblastoma treatment, identification and targeting of the rare circulating tumor
cells or removal of the nucleic acids from such cells is extremely important to prevent the tumor
relapse. We have recently designed Förster resonance energy transfer (FRET)-based multifunctional
nanocarriers [41], which are capable of performing organelle specific binding for detection of damaged
cells and can provide on-demand release of a specific drug or a combination of drugs. Combined
with the photo-magnetic actuation, these nanocarriers have the potential to perform detection at the
single cell level, which may lead to a greater understanding of how to handle residual tumor cells.
Further, since most of these aforementioned tasks can be performed with various types of magnetically
controllable nanocarriers, it will be possible to prevent the diffusion out of the targeted area using a
concentrated DC magnetic field during in vivo localization. Use of a Halbach cylinder [54] can extend
the penetration depth of the applied magnetic field during clinical applications.

5. Conclusions

In conclusion, an optical and AC magnetic field-assisted therapeutic strategy for high risk
neuroblastoma treatment was developed. Multifunctional nanostructures CSMNSs, AuNPs,
and CPNPs at a reduced dose level were used to create coupled hyperthermia and induce sustained
release of the imbibed cisplatin, which caused complete ablation of the B35 neuroblastoma cells.
This enabled replacement of high energy γ–ray and high-intensity AC magnetic field exposure.
The developed technique can potentially further combine the modulation of cell survival pathways
and the detection of rare circulating tumor cells, thereby leading to a greater understanding

203



Nanomaterials 2018, 8, 774

and comprehensive solution to overcome the existing challenges to treat high-risk neuroblastoma.
The results of this study suggest that photo-magnetic irradiation based multimodal therapy is a viable
approach to remotely guide neuroblastoma cell destruction and the technique may be extended to
treat other aggressive cancers.
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Abstract: Over the years, imaging and therapeutic modalities have seen considerable progress as
a result of advances in nanotechnology. Theranostics, or the marrying of diagnostics and therapy,
has increasingly been employing nano-based approaches to treat cancer. While first-generation
nanoparticles offered considerable promise in the imaging and treatment of cancer, toxicity and
non-specific distribution hindered their true potential. More recently, multistage nanovectors have
been strategically designed to shield and carry a payload to its intended site. However, detection by
the immune system and sequestration by filtration organs (i.e., liver and spleen) remains a major
obstacle. In an effort to circumvent these biological barriers, recent trends have taken inspiration
from biology. These bioinspired approaches often involve the use of biologically-derived cellular
components in the design and fabrication of biomimetic nanoparticles. In this review, we provide
insight into early nanoparticles and how they have steadily evolved to include bioinspired approaches
to increase their theranostic potential.

Keywords: biomimetic; bioinspired; cancer; multistage nanovectors; nanomedicine;
nanoparticles; theranostics

1. Introduction

Over the past several decades, medicine has benefitted significantly from the use of imaging
modalities to help guide diagnosis and treatment. While our ability to look inside the body was initially
largely limited to what could be felt, the introduction of more advanced imaging systems (e.g., X-ray
imaging) helped revolutionize the field of imaging and is now among medicine’s leading diagnostic
tools. Since then, imaging modalities to treat diseases have evolved from simple X-rays to high
resolution computer augmented virtual environments that allow physicians to navigate the various
layers of the body in greater detail [1–4]. However, despite imaging systems evolving to generate great
detail and delineate the complexity of the body, diagnosis and treatment algorithms continue to remain
a two-step process, consequently limiting the onset of therapy [5]. More so, although nanotechnology
has been introduced as an effective utility to concentrate a payload to a target site [6–8], thereby limiting
toxicity to healthy tissue and other side effects, this approach continues to require two distinct steps
to diagnose and treat disease. To mitigate these shortcomings, significant interest has been sparked
towards the development of therapies that aim to combine diagnostic and therapeutic capabilities into
a single agent.

This new class of treatment, referred to as theranostics, has led to the development of a large
arsenal of therapeutic agents that offer a viable one-step treatment solution [9–11]. For example,
nanomaterials capable of enhancing tumor imaging while concurrently delivering a therapy is only
one application in which theranostic-based technologies are being exploited [12,13]. With the urgency
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required in the timely diagnosis and subsequent treatment of cancer, time-saving theranostic treatments
have garnered tremendous support [5,14–16].

Recently, in an effort to further strengthen the effectiveness of theranostics, bioinspired approaches
have been developed with a goal of providing biological-like behaviors to synthetic theranostic vectors.
In this review, we outline the fundamental imaging modalities that have largely contributed to the
development of theranostic-based therapies followed with a discussion on multi-step delivery vectors
that have contributed to furthering efficacy for these imaging modalities. Lastly, a brief overview of
bioinspired theranostic strategies is discussed.

2. Nanoparticle-Based Theranostics

2.1. Iron Oxide Nanoparticles

Iron Oxide nanoparticles (IONP) have generated tremendous momentum in nanomedicine due to
their many beneficial properties [17]. Distinctive elements such as superparamagnetism, susceptibility
to surface-modifications (e.g., polyethylene glycol, dextran, polypeptides, etc.), and high surface
to volume ratios have proven highly useful, particularly for magnetic resonance imaging (MRI)
and drug delivery [18–20]. Composed of ferrite nanocrystallites of magnetite and their oxidized
counterpart maghemite, the last decade has witnessed considerable interest in these particles for
theranostic applications. Specifically, it has been found that when IONP are reduced to a size of
<20 nm, they become superparamagnetic in the presence of a magnetic field [21]. Conversely, when the
magnetic field is turned off, the particles become highly dispersed [22]. In clinical applications,
this feature is critical as the aggregation of particles can lead to detection and sequestration by the
mononuclear phagocyte system (MPS), inhibiting IONP from reaching their target and significantly
lowering their efficacy [23].

These features, coupled with the use of a magnetic field as a guiding mechanism, can be beneficial
in a number of ways. For example, the total drug amount needed to achieve a clinical effect can
be reduced, resulting in a decrease in the frequency of administration and minimal cytotoxic effects
on healthy tissue [24]. Furthermore, when subjected to an alternating magnetic field, IONP have
also been shown to dissipate heat, resulting in an increase in temperature in the surrounding area.
This feature has been exploited in magnetic hyperthermia to kill cancer cells, resulting in an increase
of over 10 ◦C at the injection site (Figure 1) [25]. Meanwhile, surface modifications (e.g., antibodies,
dyes, chemotherapeutics) garnered beneficial properties for IONP by prolonging circulation [26]
and increasing cancer-targeting abilities [27]. In one case, IONP were functionalized with cystine,
the oxidized dimer of cysteine, to achieve improved biocompatibility and hydrophilicity [28].
In addition, cystine-functionalized IONP demonstrated versatility as a viable contrast agent for
MRI, as well as ultrasonography, further exhibiting its potential for theranostic applications.

 

Figure 1. (A) Transmission electron microscope image of IONP fabricated with a dopamine-anchored
shell, scale bar, 100 nm; (B) Quantitative analysis depicted the temperature changes at the nanoparticle
injection site versus the body core as measured with a fiber optic temperature probe. Images reproduced
from [25], with permission from BioMed Central Ltd., 2010.
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While multifunctional nanoparticles have recently gained significant attention, improvements
still need to be made in the loading ability of nanoparticles into the drug carrier. Yoon et al. reported
that IONP co-loaded with the chemotherapeutic, paclitaxel, into micelles, showed promising results
as a candidate for the combined imaging and treatment of cancer [29]. These results show micelles,
encapsulated with both a chemotherapeutic payload and imaging agent, were able to inhibit the
growth of a tumor in vivo by more than 50% compared to a control group, thereby demonstrating
this coupled approach as a promising theranostic tool. Nevertheless, limitations of IONP continue
to exist. For example, the physiological environment of the body causes drug-conjugated IONP to
suddenly release the payload upon administration, thereby limiting its effectiveness at the intended
site. Efforts to mitigate the adverse release of payloads have been achieved through the incorporation
of layer-by-layer fabrication using oppositely charged polymers [30]. This attempt exhibited the
development of a stabilized IONP formulation while also achieving the simultaneous loading of
naturally-derived compounds.

In general, multi-modal systems incorporating IONP have drawn considerable attention for
their magnetic and photothermal properties. In more recent efforts, merging polymer responsive
materials with IONP have exhibited desirable properties through the manipulation of environmental
factors to achieve therapeutic potency and imaging potential [31]. A more comprehensive analysis has
recently been conducted by Pellegrino and coworkers discussing the current state of magnetic-based
stimuli-responsive systems [32]. Nevertheless, the cytotoxicity of IONP is still debated, with some
reports revealing increased toxicity (i.e., disruption of cell cytoskeleton) [33] and others demonstrating
no toxicity (i.e., no increase of reactive oxygen species) [34]. Additionally, although IONP were
successful in generating initial buzz under familiar names such as Feridex, they ultimately failed
commercially due to adverse side effects and lack of diagnostic utility [35]. Despite this, a resurgence
of their use has been found in the treatment of iron deficiency with more recent efforts exploiting the
use of ferromagnetic IONP (i.e., permanent magnetism) for diagnostic imaging, thereby reaffirming
the multitude of applications possible with IONP.

2.2. Gold Nanoparticles

Similar to IONP, gold-based nanoparticles have also gained significant popularity over the past
decade, seeing applications ranging from optical bioimaging to detection of cancer. Features such
as high surface area to volume ratio coupled with cytocompatibility and stability have made gold
an ideal candidate for photothermal therapy [36]. In addition to these properties, ease of synthesis
and conversion of heat using near-infrared (NIR) light have enabled the use of gold (e.g., nanoshells,
nanorods, hollow gold) [37] for a variety of photo-triggered treatments. Specifically, using surface
plasmon resonance for photodynamic therapy has drawn particular interest. In particular, exploitation
of the combined resonant oscillation of free electrons present on the particle surface, thereby outputting
a sharp absorption band, has led to the use of gold nanoparticles in a variety of imaging and therapeutic
applications [38]. More so, the ability to conjugate antibodies onto the nanoparticle surface paved
the way for direct electron microscopic visualization while minimal toxicity and light scattering
efficiency opened the door for a multitude of biomedical applications. Khlebtsov et al. have shown
promising results of multifunctional nanoparticles consisting of gold-loaded hematoporphyrin-doped
silica particles as an antimicrobial therapeutic [39]. Others have also shown promising applications of
gold-based nanoparticles as antibiotic [40] and vaccine [41] delivery systems.

Despite numerous advantageous features, concern over their cytotoxicity still remains. A study
designed to evaluate the cytotoxic effects by Soenen et al. [42] revealed that high concentrations
(200 nM) led to the formation of reactive oxygen species, resulting in a 20% decrease in cell viability
after 24 h. Nevertheless, the same study exhibited that a concentration of 100 nM showed negligible
toxicity. To mitigate toxicity, Choi et al. [43] designed a gold-loaded nanocarrier that was shown to
increase circulation time and tumor accumulation while minimizing disruption of metabolic activity
and cell viability. The ability to localize more gold to the tumor site through an increase in circulation
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enables a hyperthermia-based approach to be more effective and reveals a promising tool for translation
into the clinic.

Although great success has been observed with gold nanoparticles using in vitro and in vivo
models, lack of homogeneity in human cancer prevents gold from showing the same success in
the clinic. In addition, the high cost associated with development of gold nanoparticles remains as
another barrier preventing clinical translation [35,44]. For this reason, continued investigation in the
scale-up for commercialization and clinical trials needs to be re-evaluated and optimized to meet the
demand of the clinic. However, as is often the case with nanoparticles, delineation of nanoparticle
accumulation at the target site can often be difficult to assess in clinical trials, serving as a barrier to
their proper investigation.

2.3. Quantum Dots

Showing similar rise in popularity are non-metal theranostics such as quantum dots (QD),
colloidal particles that can range in size from 1 to 10 nm in diameter [45,46]. These semiconductor
nanocrystals, synthesized using a cadmium selenide (CdSe) core with a zinc sulfide layer to maintain
desirable crystallinity and homogeneity, are able to emit light and exhibit distinctive optical qualities
that are not found in organic dyes or florescent probes [47]. These qualities include exhibiting high
luminescence, a more stable and restricted emission spectrum, and a broader excitation field [45,48].
This is helpful in monitoring long-term studies such as the interactions of multi-labeled biological
markers in cells. Additionally, the ability to fine-tune the fluorescence emission of QD from ultraviolet
to near-infrared wavelengths has exhibited beneficial properties for studying the extravasation of
cancer cells in vivo. For example, conjugating antibodies that target different tumor markers onto QD
allows for the real-time imaging of cancer cells as they metastasize [47].

Additionally, surface modification of QD can provide further benefits. To create water-stabilized
QD with increased photostability and enhanced functionality, Medintz et al. were able to use
ligand exchange to replace hydrophobic capping ligands with hydrophilic bifunctional ligands [49].
These aqueous QD can be used for fluorescence imaging or to trace receptor mediated trafficking in live
cells and for long term labeling of endosomes without any drastic harmful effects [50]. After successful
in vitro studies, Gao et al. developed a copolymer coated QD to target and image prostate cancer
in vivo [51]. Using this method, the tumor could be actively probed by the antibody conjugated
QDs and imaged in live animals. Further tuning the size to favor rapid clearance from the body and
applications calling for high sensitivity have the potential to make QD an integral part of imaging the
human body.

Nevertheless, caution must be taken when using QD in vivo. Many studies indicate that the use
of cadmium is toxic and that it possesses DNA-damaging properties. Other groups suggest that the
use of cadmium in the cellular environment also results in the formation of reactive oxygen species
that contributes to cell death. Thus to prevent or reduce these harmful effects, passivation can be
used to protect the core from oxidation and lower the toxic effects [52]. Nevertheless, more recent
efforts have aimed to harness the diagnostic potential of QD and couple them with a chemotherapeutic
such as doxorubicin, a commonly used anthracycline drug. In a study performed by Bagalkot et al.,
QD were used to develop a QD-aptamer-doxorubicin conjugate capable of targeting cancer cells
(Figure 2) [53]. This approach harnesses the targeting potential of the aptamer specifically selected to
localize at prostate cancer cells expressing the antigen. Following binding to the target, the conjugated
doxorubicin is released, resulting in the activation of the QD core, consequently allowing for the
simultaneous imaging of the cancer cells. However, to be properly translated into the clinic, significant
work still needs to be performed investigating the toxicity of QD. As it currently stands, QD translation
into in vivo models often portrays difficulty in identifying the dominant and compensation mechanism
employed [54], spurring a need for a multi-modal QD system. In addition, further evaluation of toxicity
is needed before QD can reach clinical translation status.
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Figure 2. (A) Schematic illustration demonstrating the Bi-FRET-based QD-aptamer-doxorubicin
nanoparticle. This approach results in the simultaneous quenching of QD and doxorubicin;
QD fluorescence is quenched by doxorubicin while doxorubicin fluorescence is quenched by
QD; (B) Schematic illustration depicting the internalization via the PSMA endocytosis pathway.
Internalization results in the release of doxorubicin from the conjugated nanoparticle, thereby resulting
in cell death and the triggering of QD fluorescence. Images reproduced from [53], with permission
from American Chemical Society, 2007.

3. Multistage Nanovectors

Despite all the advantages first-generation nanoparticles provide [55,56], the many biological
obstacles they are required to overcome have led to the development of several delivery
vectors designed to decouple the multitude of tasks required to bypass these barriers [57–59].
Previously, our group introduced multistage nanovectors (MSV) [60,61], engineered to systemically
shield, transport and reliably deliver therapeutic and imaging agents, thereby making them ideal
for theranostics applications [62,63]. Designed using porous silicon due to its biocompatibility and
degradability [64,65], well-established fabrication techniques make it possible to uniquely control
parameters such as shape, size, and porosity that can aid in the strategic negotiation of biological
barriers [56,57,66]. As one example, mathematical modeling has revealed that MSV exhibit superior
margination and adhesion during systemic circulation, favoring the release of a payload into the
extracellular space [67,68]. In addition, functionalization of the MSV surface with biological moieties
(e.g., antibodies, aptamers, phages) can further aid in the negotiation of biological barriers such as
avoidance of MPS and targeting of inflamed vasculature [8,69]. This versatility, combined with the
ability to control the release kinetics of a payload [70], makes MSV a promising tool for theranostics
applications [71,72]. Furthermore, porous silicon as a material has been extensively studied for various
medical applications including diagnostics, drug delivery, implantables, and tissue engineering [73,74].

Nanoparticle Loading into Multistage Nanovectors

The nano-sized pores of MSV facilitate the loading and retention of several types of nanoparticles
that effectively bestow MSV with novel therapeutic and diagnostic functions [75]. For example,
loading MSV with liposomes containing small interfering RNA (siRNA) directed against the EphA2
oncoprotein resulted in the sustained delivery of siRNA and silencing of the protein in ovarian
tumors for up to three weeks, substantially extending the silencing impact of free liposomes that
previously required biweekly administration to achieve a similar response [76]. This work was further
expanded to demonstrate an enhanced tumor response by combining chemotherapy (e.g., Paclitaxel
and Docetaxel) with sustained EphA2 siRNA delivery using MSV [77]. This approach resulted in a
significant reduction in tumor burden with complete inhibition of tumor growth when combined with
chemotherapy in two different tumor models, including a highly aggressive and chemoresistant model
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(i.e., HeyA8-MDR). In addition, this approach of MSV/siRNA was validated in treating breast cancer
by delivering siRNA-targeting ataxia telangiectasia mutated (ATM) genes using liposomes [78] or by
modifying the surface of MSV with polyethyleneimine to form nanocomplexes within the pores to
deliver ATM [79], STAT3, and GRP78 siRNA [80] inducing significant reduction in cancer stem cells.
MSV loading with paclitaxel micelles exhibited a similar sustained delivery and suppressed tumor
growth with a single administration, confirming the sustained release characteristics of MSV upon
loading with nanoparticles [81].

Lastly, a cooperative thermal therapy approach for breast cancer was demonstrated by loading
NIR responsive hollow gold nanoparticles into MSV [82]. This approach enabled a two-fold increase in
heat generation and more efficient cell killing independent of genetic mutations expressed by the breast
cancer cells (i.e., HER2 vs triple-negative) (Figure 3). This cooperative effect was generated due to
the collective electromagnetic dipole-dipole coupling of gold nanoparticles within MSV, resulting in a
coherent thermal spot-source allowing for more efficient heat dissipation and increased energy transfer
and heat production.

Figure 3. (A) Schematic illustration depicting the mesoporous silica nanoparticle matrix functionalized
with a folate targeting moieties and fluorescent dyes; (B) Dorsal (top) and abdominal (bottom) in vivo
images of tumor-bearing mice treated with non-conjugated mesoporous silica nanoparticles (PEI)
and folate conjugated nanoparticles (FA) over a 72 h time period. Dorsal images depict nanoparticle
accumulation in the tumor while abdominal images depict accumulation in the bladder. Mice were
each inoculated with two tumors. Images reproduced from [82], with permission from Cell Press, 2011.
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The diagnostic potential of MSV was further evaluated by investigating emerging properties
upon loading with contrast agents. The loading of MSV with gadolinium-based contrast agents
(Magnevist, spherical fullerenes and carbon nanotubes encapsulating gadolinium ions) revealed a
50-fold increase in the relaxivity of MRI compared to clinically available contrast agents and, thus,
significantly enhanced the T1 contrast possible [83]. This improved relaxivity and contrast enhancement
was attributed to geometric confinement of the contrast agents within the pores of MSV. This confining
effect resulted in an increased tumbling rate, thus inhibiting the ability of the contrast agents to rotate
freely and effectively, reducing the mobility of the water molecules. The impact of confinement was
studied by loading Magnevist in MSV with various pore sizes and demonstrated that smaller pores
bestowed greater relaxivity enhancement [84].

In addition to gadolinium, MSV loaded with superparamagnetic iron oxide nanoparticles (SPION)
demonstrated increased negative contrast suitable for T2-weighted MRI compared to free SPION [85].
Furthermore, MSV have been successfully loaded with fluorescent QD [86] and carbon nanotubes [87]
with their surface allowing for the covalent attachment of NIR fluorescent dyes, radioactive molecules,
and therapeutic agents [88]. The flexible and versatile nature of MSV has the potential to generate
theranostic agents by co-loading nanoparticles that individually provide therapeutic (e.g., siRNA,
micelles, gold) or diagnostic (e.g., gadofullerenes, gadonanotubes, SPION, QD) action and thus whose
combination would result in treatment and imaging. Alternatively, the surface of MSV could be used
to attach diagnostic and therapeutic agents, permitting one to use the full porous matrix to load a
nanoparticle payload. Furthermore, any current or future theranostic nanoparticle smaller than 100 nm
can be incorporated into MSV with relative ease, enabling advanced generations of theranostic agents.

4. Bio-Inspired Theranostics

Recently, bio-inspired approaches have gained increasing popularity in overcoming the current
limitations of drug delivery systems such as biocompatibility, toxicity, and targeting [89,90].
FDA-approved Abraxane, albumin-bound paclitaxel, represents the first example of a bio-inspired
approach and has been shown to improve circulation time while reducing unwanted side effects
of chemotherapy. Harnessing albumin’s innate ability to transport hydrophobic molecules and
interact with endothelial cells has led to Abraxane exhibiting increased efficacy of paclitaxel,
thereby demonstrating itself as an effective adjuvant therapy. This manipulation of biological matter
and its incorporation into synthetic carriers and payloads was proposed to both improve the delivery
of drugs and assist in accumulation of imaging agents. As such, theranostics based on the mimicry or
incorporation of biological components were developed to exploit all levels of biological complexity.

It is therefore not only important to select a material that works compatibly when administered
but to also consider rational design when engineering drug delivery vectors. Although nanoparticle
design has traditionally centered on the use of spherically-shaped particles due to ease of synthesis,
more recent efforts have been biologically inspired, leading to the design of vehicles that are
strategically shaped to optimally travel within the blood stream and overcome biological barriers.
In the preceding case (Section 3), MSV were designed to mimic the size and shape of red blood cells
to increase margination towards vessel walls. Similarly, other efforts have drawn inspiration from
bacteria’s worm-like structure (e.g., filomicelles) [91]. Specifically, the elongated shape of filomicelles
and nanoworms have shown great promise as delivery vehicles both for chemotherapeutic delivery [92]
and imaging applications [93]. In addition, hyper-branched polymeric structures have also been
designed to covalently link drug molecules to a substrate, providing controlled drug release mediated
through degradable linkages [94]. Nevertheless, although shape has played a pivotal role in drug
delivery carrier design, other efforts have leveraged physical incorporation of biological components.
As such, this section will highlight some key aspects of bio-inspired theranostics such as enzymatic
substrates, natural-derived transporters, viruses, and cells.
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4.1. Proteases

Proteases (e.g., caspases, metalloproteases (MMP), furin) have been identified as a component
of the tumor environment that is commonly overexpressed and, thus, is a prime tool to exploit
for the development of bio-inspired strategies. Recently, nanoformulated protease substrates were
proposed as a new research tool to investigate proteolytic activity in the intra- and extra-cellular space.
These substrates work by taking advantage of the cleavage of monomeric units that polymerize after
cleavage, functioning as an enhanced fluorescent signal or theranostic agent [95,96]. Another strategy
designed by Kim et al. involved the use of MMP and cathepsin B as an activation mechanism for
fluorescent nanoprobes [97]. In this way, the imaging of a tumor area can be enhanced knowing that
proteolitic enzymes are readily present in the tumor microenvironment, thereby leading to the cleavage
of the imaging probe and higher specificity of imaging agents. Wong et al. developed a QD-loaded
gelatin multistage nanoparticle designed to degrade in the presence of MMP-2, a protease highly
expressed in the tumor microenvironment, thereby releasing smaller sized QD that readily diffuse into
the tumor [98].

Cathepsins, monomeric proteases, have also been identified as viable targets to be employed in
targeted-based therapies. Typically activated in low pH environments such as lysosomes, cathepsins
have been abundantly expressed in various malignant tumors and are known to increase cancer
cell recruitment. In one strategy, PEG was combined with cathepsin B to form a liposomal
nanoparticle that facilitates the targeting of cathepsin B expressing cancer cells, allowing the release
of a therapeutic payload at a target site [99]. Cathepsin was similarly used in an effort to mitigate
the unwanted side effects of chemotherapeutic camptothecin derivatives [100]. When cathepsin B
was conjugated onto a camptothecin derivative, similar anti-tumor effects were observed without any
toxic effects. This method demonstrates considerable promise in the use of proteases to develop viable
bioinspired strategies.

4.2. Lipoproteins

Similar to proteases, lipoprotein-based nanoparticles have also been extensively evaluated as a
suitable bioinspired approach for the transport of theranostic payloads [101]. This class of nanoparticles
is biochemically synthesized by the body and governs the transport of lipids, enabling fats to be carried
in the blood stream. Additionally, lipoproteins possess innate biocompatibility properties, inspiring the
design of long circulating particles aimed at improving the transport of hydrophobic payloads. Unique
properties such as their small size (<40 nm) and amphiphilic nature favor their diffusion, in addition
to their payload, deeper into the tumor mass. As such, low-density (LDL) and high-density (HDL)
lipoprotein-based carriers have been developed to exploit these properties and increase the delivery
of therapeutic and imaging agents through weak chemical interactions (i.e., covalent bonds) and the
exchange of a hydrophobic core with a payload of interest.

For example, LDL conjugated with radiolabelled tracers was shown to accumulate in the tumor
within 24 h of injection, shedding light to the abnormal traffic of these molecules and lipid metabolism
during cancer [102]. Furthermore, LDL has been shown to possess great propensity in accommodating
a variety of agents for photodynamic therapy (e.g., NIR-molecules [103–105]) and can further be
modified to target cancer cells. For example, Zheng et al. showed that by conjugating a tumor-homing
molecule through a lysine substitution and coupling LDL with folate, accumulation of LDL in cancer
cells is improved [106]. Conversely, HDL-based delivery systems rely on the over expression of their
natural receptor, scavenger receptor class B type I, in many cancer cells [107,108]. It was hypothesized
that HDL could represent a major source of cholesterol for growing neoplastic lesions [109]. This led to
increased interest in HDL-based carriers and the loading of chemotherapeutics (e.g., paclitaxel) [110]
and NIR agents capable of generating reactive oxygen species under light irradiation, resulting in the
killing of cancer cells.
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4.3. Viral & Cellular Vesicles

Further inspiration for suitable bioinspired approaches was found by imitating the working
mechanism of viruses. Their enhanced ability to target and integrate their genome into the
DNA of human cells makes them a promising tool for drug delivery. In particular, adenoviral
particles were investigated as ideal carriers for gene therapy in vivo with recent efforts focused
on coupling these carriers with metallic particles for improved imaging and curative properties.
Specifically, iron particles were shown to readily absorb onto the adenovirus surface resulting in
a hybrid particulate with promising theranostic properties. To further refine and standardize
the hybridization process, Everts et al. modified the surface of adenoviral vectors with gold
nanoparticles [111]. This led to the ability to use the adenoviral vector for its tumor-associated
antigen homing ability and the gold nanoparticles for their ablation properties.

Conversely, inspiration drawn directly from cells found in the body (i.e., erythrocytes, leukocytes,
mesenchymal stem cells) have also gained increasing prominence. Over the past two decades,
erythrocytes have been investigated for their biocompatibility, prolonged circulation, and their
desirable isolation and manipulation properties. In addition, the ability to load a payload
into the cellular body through concentration gradients makes erythrocytes a promising carrier.
Methotrexate, a chemotherapeutic used to treat inflammatory diseases, loaded into erythrocytes,
represents one of the first examples to successfully inhibit cancer growth. The loading of
photo-triggered hematoporphyrin derivatives into erythrocytes has also been shown to provide
antibody-mediated delivery of the derivatives with increased efficacy [112]. For prolonged circulation
and decreased clearance of IONP, Markov et al. designed a protocol that incorporates IONP into
erythrocytes that demonstrated considerable improvements in imaging properties of IONP for
MRI [113]. In a similar strategy, Hu et al. incorporated erythrocyte cellular membrane to coat
poly (lactic-co-glycolic acid) (PLGA) particles (Figure 4) [114]. Following functionalization with an
erythrocyte shell, it was reported that PLGA particles remained in circulation for three days following
administration in vivo, demonstrating promising potential as a delivery vector. This approach was later
further optimized to combine a hybrid erythrocyte/platelet-derived membrane to provide increased
circulation and marry the two distinct functions of each donor cell source [115].

Similarly, cell-derived vesicles known as exosomes have also garnered significant interest due to
their small size and protein function. As such, exosomes have been reported as vesicles that facilitate
transport of biological materials (e.g., proteins, mRNA) to different tissues by utilizing vascular
systems [116]. This has led to attempts to isolate exosomes and load them with therapeutic payloads
(e.g., siRNA) to exploit their natural tropism, in addition to their biocompatibility and prolonged
circulation, thereby making them a promising tool for theranostics [117]. Despite this, exosomes still
lack many of the proteins needed for targeting cancer and overcoming biological barriers to actively
target inflammation. Leukocytes, on the other hand, are decorated with many essential proteins needed
for bypassing the MPS, communicating with the endothelial layer, and reaching an inflammatory site.

Mesenchymal stem cells (MSC), often favored due to their innate ability to home to inflammation,
have also been considering as a unique tool for drug delivery and as a theranostic system.
When previously doped with hyaluronic acid, MSC displayed a substantial increase in homing
to inflammation when evaluated in vivo using an inflamed ear animal model [118]. To exploit the
innate homing observed with MSC, our group functionalized MSV with a photosensitizer and allowed
MSC to internalize our nanoparticles [119]. In a breast cancer animal model, MSC demonstrated
successful homing to the tumor, thereby facilitating precise photodynamic therapy using a low power
laser source. This method resulted in a 70% decrease in tumor cell viability following photodynamic
activation, demonstrating cell-based drug delivery as a versatile therapeutic strategy.

Inspired by the innate biological properties of leukocytes, our group developed a tool designed to
mimic leukocytes while exploiting the MSV as our foundation. By coating MSV with freshly isolated
leukocyte membranes, our group was able to prolong circulation, avoid MPS uptake, and communicate
with the endothelium through critical surface markers [72]. Specifically, it was demonstrated that

215



Nanomaterials 2018, 8, 637

over 150 transmembrane proteins were successfully grafted onto the MSV particle [120] while still
maintaining the bioactivity necessary to facilitate vascular permeability [121]. In addition, it was
demonstrated that when MSV were functionalized with cellular membrane derived from a syngeneic
cell source, prolonged circulation was achieved with a delay in sequestration in vivo [122].

Figure 4. (A) Schematic illustration demonstrating the fabrication of erythrocyte-coated PLGA
nanoparticles; (B) Transmission electron microscope images of erythrocyte-functionalized PLGA
nanoparticles and DLS measurements depicted nanoparticle size (black), PDI (red), and zeta potential
over 14 d; (C) Fluorescent microscope images depicting the colocalization of erythrocyte membranes
(green) and PLGA cores (red) following internalization by cervical cancer HeLa cells after 6 h.
Images reproduced from [114], with permission from National Academy of Sciences, 2011.

More recent efforts have incorporated leukocyte proteins directly into a proteolipid formulation,
resulting in proteoliposomal vesicles dubbed leukosomes [123]. In this approach, the targeting
potential and extended circulation of leukocytes can be granted to all classes of drugs capable of
being loaded into liposomal core or within the liposomal bilayer (i.e., hydrophobic, hydrophilic,
and amphiphilic). Using leukosomes, a 5-fold increase in targeting inflamed vasculature was displayed
when compared to liposomes in as little as 1 h following intravenous administration, with an 8-fold
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increase being observed at 24 h (Figure 5). These features ultimately allow for greater accumulation
at the inflammation site with minimal cytotoxicity to healthy cells, making them promising tools for
further evaluation for theranostic-based therapy. Further evaluation of this bioinspired tool revealed
a 16-fold increase in breast cancer accumulation relative to liposomes with similar significance also
observed in an atherosclerotic plaque animal model [124]. In an effort to evaluate the potential
imaging applications using MRI, leukosome bilayers were functionalized with gadolidium chelating
phospholipids. This revealed a linear increase in contrast as the leukosome concentration increased,
representing promise as an imaging modality and theranostic tool.

Figure 5. (A) Schematic illustration representing the synthesis and formulation of leukosome
nanoparticles; (B) Intravital microscope images comparing liposome and leukosome accumulation
in a lipopolysaccharide-inflamed mouse ear at 1 h and 24 h. Quantitative analysis was performed
by calculating the area fraction covered by nanoparticles. Error bars represent the mean ± SD of a
minimum of ten fields of view from three mice. Images reproduced from [123], with permission from
Springer Nature, 2016.
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As with many clinical therapeutics, ease of translation and scalability remains a valid concern.
As such, our group exhibited development of leukosome particles using a commercially available
microfluidic system did not hinder production and provided similar grafting compared to traditional
thin layer evaporation [125]. Specifically, we demonstrated a comparable transfer of proteins onto the
liposomal surface with more efficiency in protein integration observed (i.e., 90% protein integration).
In addition, leukosomes were found to remain stable up to one month following fabrication,
highlighting the validity of the micro-fluidic system in nanoparticle generation. Particularly, the use
of the NanoAssemblr micro-fluidic system was showcased as a promising tool to be used in
the fabrication of biomimetic nanoparticles up to 5 mL with scalability to larger micro-fluidic
systems (i.e., 1 L batches) made possible with relative ease. Although further studies are still
needed, bioinspired theranostics have displayed great promise as therapeutic and diagnostic tools,
supplementing an already vast arsenal.

5. Conclusions and Future Perspectives

Over the past several years, nanotechnology has spurred the development of a multitude
of delivery vehicles and the exploration of a variety of imaging modalities. Theranostics have
recently been introduced as a means to unify the dual-step process typically required to diagnose
and treat disease. Through the development of one-step theranostic platforms, it is now possible
to visualize the disease while simultaneously providing therapy, allowing for the ability to tailor
a therapeutic regimen to accommodate the adaptations of the disease and minimize toxicity to
healthy tissue. Herein, we briefly highlighted how inorganic nanoparticles have been employed
in the use of theranostic-based application (for further reading on the subject see [126,127]). However,
to further maximize the efficiency of these theranostic platforms, it is critical to incorporate bioinspired
approaches that can be strategically optimized to provide even greater targeting potential and
accumulation of a payload. As mentioned in this review, bioinspired approaches have been created to
not only harness the innate properties typically presented by the cells of the body, but to offer unique
approaches to delivery therapeutic cargoes that display hydrophobic characteristics such as in the case
of Abraxane.

In addition, although this review has focused primarily on a select number of nanotechnologies,
it is important to note that other materials have also shown promising results as theranostic and
biomimetic systems. For example, graphene, carbon nanotubes, and polymeric nanoparticles
have garnered significant interest from the scientific community, with trends on social media also
highlighting their popularity [128]. In the case of graphene, much work has been performed
showcasing the photothermal abilities along with various targeted delivery strategies [129,130].
In addition, the use of other inorganic nanoparticles (e.g., halloysites) have also seen promising
use in the stabilization of otherwise agglomerate-prone nanoparticles [131,132]. Overall, with the
convergence of theranostic technologies and bioinspired approaches, a new wave of one-step solutions
that offer personalized and precision-based technologies can be realized.

Nevertheless, to effectively translate current biomimetic theranostics into the clinic, further
investigation into several components is still needed. First and foremost, the issue of scalability
remains the primary barrier for translation into the clinic. As the incorporation of biological matter
into nanoparticles requires refined and intricate decoration, scalability may not always be a case of
simply doubling the materials required for fabrication. In addition, an issue that currently plagues
nanoparticle success is lack of homogeneity between patient to patient, opposite of what is commonly
observed in small animal models. This is further complicated by the observation of phenomena which
are observed in animal models (e.g., enhanced permeability and retention) yet lack sufficient proof in
humans. Although significant strides have been made in the translation of the various nanoparticles
discussed into preclinical and clinical trials [35], additional work is still needed. Specifically, it is
imperative that to effectively continue investigation, careful selection and examination of animal
models is employed.
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Abstract: Multilayer capsules of 4 microns in size made of biodegradable polymers and iron
oxide magnetite nanoparticles have been injected intravenously into rats. The time-dependent
microcapsule distribution in organs was investigated in vivo by magnetic resonance imaging (MRI)
and ex vivo by histological examination (HE), atomic absorption spectroscopy (AAS) and electron
spin resonance (ESR), as these methods provide information at different stages of microcapsule
degradation. The following organs were collected: Kidney, liver, lung, and spleen through 15 min, 1 h,
4 h, 24 h, 14 days, and 30 days after intravenous injections (IVIs) of microcapsules in a saline buffer at
a dosage of 2.5 × 109 capsule per kg. The IVI of microcapsules resulted in reversible morphological
changes in most of the examined inner organs (kidney, heart, liver, and spleen). The capsules lost
their integrity due to degradation over 24 h, and some traces of iron oxide nanoparticles were seen
at 7 days in spleen and liver structure. The morphological structure of the tissues was completely
restored one month after IVI of microcapsules. Comprehensive analysis of the biodistribution and
degradation of entire capsules and magnetite nanoparticles as their components gave us grounds to
recommend these composite microcapsules as useful and safe tools for drug delivery applications.

Keywords: polymer microcapsules; magnetite nanoparticles; biodistribution; magnetic resonance
imaging; electron spin resonance spectroscopy; histological examination; atomic absorption
spectroscopy; intravenous injections

1. Introduction

Novel drug delivery systems have been in the focus of research in bio-nanotechnology in the past
decades. Substantial progress in biomedicine and applied chemistry resulted in the development of
reasonably effective delivery systems aimed to bring bioactive compounds via chemical targeting to a
particular site of the body, organs and tissues. The major demand in the area is how to direct the vesicles
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to the tumor site, which remains challenging due to side effects. Most of the elaborated delivery systems
are “passive” in terms of external navigation and control over their delivery. Recent developments in
nanobiotechnology have made an essential contribution, as they deal with fabrication of constructs
enabling multimodal functioning, carrying bioactive molecules and being visible and addressable
externally. Logically, if a delivery system represents a sort of vesicle in order to make it visible and
addressable, these vesicles should also incorporate nanoparticles such as magnetite nanoparticles,
which can be seen by full-body imaging techniques such as magnetic resonance imaging (MRI).

Among the technologies available so far for drug delivery, in general, there are a limited
number of techniques enabling multifunctionality. Multifunctionality in this particular context is
the combination of the following: Ability to carry bioactive substances, navigate to a specific site,
be biodegradable after deploying the cargo, and susceptible to external activation and visualization.
Obviously, the components of these multifunctional delivery systems should be responsive to local
media or external stimuli. Use of externally guided nanostructured carriers for drug delivery is
a promising method in bio-nanotechnology, which can be used in areas such as diagnostics of
tumors [1,2] for enhanced contrast at MRI visualization [3,4], targeted delivery of drugs to specific
organs and tissues [5–7] and for magnetic hyperthermia of tumors [8–10]. This research has been
undertaken to illustrate the promise of addressed delivery to particular sites in the body with the help
of magnetic nanoparticles externally navigated with a magnetic field [11], which might also work as
an accomplishing method with biological targeting performed by conjugation of nanoparticles with
tumor-specific antibodies, followed by accumulation of nanoparticles in the targets [12].

In light of the development of multifunctional delivery systems more than a decade ago,
the principles of layer-by-layer (lbl) assembly were applied to construct micron and submicron sized
delivery systems, where various components can be simply tailored via incorporation of responsive
and charge species as shell components of the capsules [13].

These capsules, proposed as delivery systems a while ago, were intensively studied mostly for
their physical and chemical properties. At present, these capsules can be made of a defined size in a
range from about 100 nm to several microns, contain various bioactive molecules including proteins,
nucleic acids as well as small molecules, and can be externally addressed via a magnetic field, light
or ultrasound [14,15]. These capsules can be taken up by various cells types, including endothelial
cells, mesenchymal stem cells, microphages, neuroblastoma and others [16–18]. The mechanism of
cell uptake is relevant to endocytosis and, as most reports have demonstrated, there is a minimal or
absent effect on cell viability. Various cell types showed high percentages of survival at an excess of
capsules per cell ratio. Capsule degradation inside the cells varied from a few to up to 24 h, depending
on the cell type and capsule composition. The release of encapsulated materials inside the cells can be
gradual or triggered externally if light is used to open the capsules while inside the cells and releases
the cargo to cytoplasm [19–23].

Despite the intense study on capsule properties and their interaction with cells, there is a lack
of reported data on how the capsules would behave if administered systemically in vivo. So far,
there have been few reports on lbl capsules administered in vivo either via subcutaneous injection or
nasal gavage [24–27]. There are attempts for MRI imaging of iron oxide modified capsules. However,
there are no systematic studies of lbl capsule distribution in organs or at what time point they are
accumulated in a particular part of the body once they are introduced systemically.

The aim of this study was to examine capsule distribution in vivo upon systemic delivery via
the tail and to explore major organs, such as the liver, lung, heart, spleen, and kidney for capsule
presence at different time points in rats. Particular attention was given to evaluating for how
long the capsules and debris of capsule degradation were present in these organs and what their
degradation times were. A detailed analysis of capsule fate in vivo is very complex and requires
various methods for the unambiguous identification of capsules and their components. In order
to facilitate capsule identification, capsules were made of biodegradable polymers to ensure their
degradation was modified with magnetite nanoparticles sandwiched between the layers. Complex
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analysis was conducted in vivo using MRI visualization and on ex vivo samples using atomic
absorption spectroscopy (AAS), electron spin resonance (ESR) for detection of iron as an element and
as superparamagnetic nanoparticles, respectively, and direct histology visualization of selected organs.

2. Materials and Methods

2.1. Magnetic Microcapsule Preparation

Magnetic microcapsules were prepared using the layer-by-layer technique [28]. Poly-L-arginine
hydrochloride (Parg, MW ~70 kDa), dextran sulfate sodium salt (Dex, MW ~70 kDa), and sodium
chloride (anhydrous) were used without further purification and were purchased from Sigma-Aldrich
GmbH, Germany. The water used in all experiments was prepared in a UVOI-1M purification system
(Mediana-filter, Moscow, Russia) and had a resistivity higher than 14 MΩ•cm.

The following materials were used for the microcapsule preparation: CaCO3 microparticles
(diameter, 4 ± 0.7 μm), poly-L-arginine and dextran sulfate sodium salt diluted in 0.15 M NaCl water
solution; magnetite hydrosol (diameter, 13 ± 5 nm and zeta potential, −31 ± 9 mV measured by the
DLS method) (Figure S1). In this work, the method described previously by Massart was used for iron
oxide nanoparticle synthesis [29]. Synthesis was carried out using the setup described in reference [30].

The nanocomposite polyelectrolyte shells were formed on the surface of calcium carbonate
microparticles. Polyelectrolyte shells were prepared by lbl assembly technique via alternate treating
microparticles in solutions of oppositely charged polyelectrolytes and nanoparticles. These were
poly-L-arginine (Parg), dextran sulfate sodium salt (Dex) and magnetite nanoparticles (MNPs).
The consecutive adsorption of Parg and MNPs was repeated three times and finally, the capsules
had the following composition: Parg/Dex/(Parg/MNPs)3/Parg/Dex (Figure 1a). The microcapsule
with each freshly deposited layer was washed two times with deionized water before starting the
next deposition step. Optical and transmission electron microscopy (TEM) images of magnetic
microcapsules are presented in Figure 1b. The concentration of the microcapsules was determined
using a hemocytometer and it was of the order of 5 × 108 mL−1.

 

Figure 1. (a) Scheme of microcapsule preparation: 1, 3–adsorption of Parg, 2–adsorption of Dex,
4–adsorption of magnetite nanoparticles (MNP)s, 5–dissolution of core, 6–magnetic polyelectrolite
microcapsule. (b) Optical and transmission electron microscopy (TEM) (inset figure) images of
biodegradable microcapsules containing magnetite MNPs.

The polyelectrolyte composites containing this type of magnetite nanoparticles exhibit the
superparamagnetic behavior which was shown on the planar polyelectrolyte composite coatings. [31].
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Variation of the volume fraction of inorganic nanoparticles led us to control the physical properties of
microcapsule shells as well as MRI contrast. Contrast enhancement of magnetic microcapsules increases
with increasing average distance between magnetite nanoparticles in the shell [32]. In agreement with
the analyses of some already published articles, we can conclude that size stability of such type of
microcapsule in vitro is very high [33].

2.2. Dynamic Light Scattering, Atomic Force Microscopy, and Transmission Electron Microscopy

The measurements of the zeta-potential and size distribution of nanoparticles were performed
using a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., Malvern, UK).

Atomic force microscopy (AFM) images of microcapsules were obtained with a Ntegra Spectra
microscope (NT-MDT, Zelenograd, Moscow, Russia) in tapping mode. For image acquisition, NSG10
probes from NT-MDT with a resonant frequency of about 220 kHz, a force constant of 3.1–37.6 N/m
and a tip curvature below 10 nm were used. Samples were prepared by drying a drop of the
microcapsule suspension on the cover glass slide surface. All image processing was done with
Gwyddion software [34].

Transmission electron microscopy (TEM) images were obtained using a Libra-120 transmission
electron microscope (Carl Zeiss, Jena, Germany) operating at 120 kV. The samples were prepared by
deposition of a capsule suspension onto a formvar film supported by the copper grid.

2.3. Animal Study. Ex Vivo Organ Preparation

Animal experiments were performed in accordance with the University’s Animal Ethics
Committee and the relevant international agency [35] in Core Facilities of Saratov State Medical
University. In experiments, 42 white outbred male rats weighing 200 ± 20 g were used. Thirty-six rats
were intravenously injected with a single dose of a microcapsule suspension dispersed in physiological
saline at 2.5 × 109 capsules per kg. Then, the animals were randomly divided into 6 groups of 6 rats
in each group; the control group consisted of 6 rats. The duration of the experiment was different in
different groups; i.e., the lifetime of the animals after administration of the microcapsules was 15 min,
1 h, 4 h, 24 h, 7 days and 30 days. These time intervals were chosen as they are most frequently used
for the biodistribution study [36].

An MRI study was performed and after that, the animals were decapitated. The following
organs were collected: Kidney, liver, lung, and spleen at the indicated time points after microcapsule
administration. The time dependence of microcapsule and iron distribution inside the rats was
investigated by histological examination, AAS and ESR.

2.4. Magnetic Resonance Imaging

Magnetic resonance imaging in vivo was performed using a Philips Achieva 1.5T high field
MRI scanner with a phased array coil. Immobilization of animals was carried out for 60 min in
the supine position with the fixation of the limbs. Zoletil 50 (Virbac, France) was administered
intramuscularly at a dose of 40 μg/kg for anesthesia. T1 and T2-weighted quick “Spin Echo” protocols
(Turbo Spin Echo–TSE), and T1-weighted “Fast Field Echo” (is equal to the “Gradient Echo”) were used.
The presence of contrast agents in the test object which mainly reduces the longitudinal relaxation
time T1 (substances containing gadolinium, for example, gadobutrol [37]), in the tissue causes a
hyperintense signal on T1-weighted images (lighter staining). Contrast agents which mainly reduce
the transverse relaxation time T2 (iron oxides) cause a hypointense signal on T2-weighted images.
After in vivo MRI study, the animals were decapitated.

2.5. Histological Examination

The sampling of internal organs (spleen, liver, kidneys, lungs, and heart) for morphological
studies and determination of microcapsule accumulation were conducted after removing the animals
from the experiment. Samples of internal organs were fixed in a 10% solution of buffered neutral
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formalin for morphological examination and subjected to standard wiring alcohol. The standard
histological techniques with hematoxylin and eosin staining were used.

The capsules were counted in 10 fields of vision in each section of organ, but not less than in
3 sections, with an increase of 774 on Microvizor medical of transmitted light mVizo-103 (LOMO,
St. Petersburg, Russia). The standard magnification allows one to obtain more objective data and to
compare them, so it will be possible to study the dynamics of microcapsule movement and determine
the time points for the accumulation of microcapsules in the organs.

2.6. Atomic Absorption Spectrometry

A Thermo Scientific iCE 3500 instrument (Thermo Scientific, Bartlesville, OK, USA) was used
for the quantitative determination of iron in the tumor. The operating principle of the method
is based on the transfer of elements defined in the atomic state. Fiery atomizer was used in the
work. The element concentration was determined by the intensity of the light absorption with the
characteristic wavelength of atomic vapor of the element. The wavelength was 248.3 nm for Fe, the slit
width was 0.2 nm, and the lamp current was 75%. A hollow cathode lamp was used as the light source.
A standard sample of metal ions (GSO 7330-96, Saint Petersburg, Russia) was used for the calibration
of the spectrometer.

2.7. Quantitative Magnetite Content Analysis via Electron Spin Resonance (ESR) Spectroscopy

In order to evaluate microcapsules presence in organs, a quantitative magnetite content analysis
of ex vivo samples was performed using the ESR method according to the procedure described by
Chertok et al. [38] with modification given below in this section.

The modified procedure of ESR spectroscopy in this study is based on the recording of
ferromagnetic resonance spectra reflecting the magnetite content in a specimen. The paramagnetic
peaks of the ionized iron become totally smooth and really cannot influence the intensity and other
characteristics of the signal. Thus, the endogenous iron does not interfere with determination of
ferromagnetic capsules. Furthermore, the constant distribution of magnetite over the capsules and the
uniform environment for the incorporated magnetite (the polyelectrolytes surrounding the magnetite)
guarantee that the resonance field and the spectrum forms are not different for any specimens
containing microcapsules. This makes it possible to calibrate the spectrometer with in vitro specimens
of a microcapsules suspension and to measure the microcapsule and magnetite content in ex vivo
specimens without further corrections, including the control correction.

Before ESR analysis, pieces of extracted organs weighing 150–200 mg were dried in a vacuum
oven and fixed to the quartz rod. After that, they were inserted into a recording unit (block) of the ESR
spectrometer (The scheme is shown in Supporting Information (Figure S3)).

ESR spectra were obtained using a CMS 8400 X-band ESR spectrometer (Adani, Belarus) with
the following parameters: Resonant frequency, ~9.2 GHz; center field, 3100 G; sweep width, 3400 G;
modulation amplitude, 1 G.

In our studies, the ESR method originally proposed in the paper [38] has been modified: ESR
spectra were recorded in dry samples at room temperature (21 ◦C) in contrast to low-temperature
(−128 ◦C) measurements in frozen samples used by Chertok et al. This modification makes the
recording easier to use without significant loss of accuracy. The obtained calibration curve for the
contain/signal relationship have proved the relation to be linear in the investigated concentration
range (from 0.5 to 20 μg of magnetite per sample) for dry capsules. The calibration curve is given in SI
(Figure S4).

Spectra were recorded as the first derivative of absorbed microwave power (P) versus the
applied magnetic field (B) and are given as (dP/dB). The double integral of the collected spectra
(
∫ ∫

(dP/dB)dBdB) is known to be proportional to the number of resonating electronic spins in a
measured sample. Double integral values were obtained from spectra using the EPRCMD 4.0 program
(Adani, Minsk, Belarus).
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The concentration of magnetite in the samples was obtained with the help of a calibration curve,
which was made using samples with the known content of magnetite in form of a dried suspension of
magnetite microcapsules of known concentration. The samples were dried in vacuum at ESR-neutral
substrate and then investigated by the procedure mentioned above.

Control experiments, conducted with blood and tissue samples without any magnetite in the
system, showed no ferromagnetic signal; therefore, the background correction was negligible and
was not taken into account (Figure S5). It should be noted that the addition of blood and organ
homogenates to the calibration samples does not alter the shape of the spectra (Figure S6) and the
resonance field. This fact underpins the possibility of application of the ESR method to the quantitative
analysis of magnetite microcapsules in ex vivo samples.

3. Results

3.1. In Vivo MRI Study of Intravenously Injected Capsules

Initial assessment of capsule distribution was done by MRI. Magnetite nanoparticles mainly
reduce the transverse relaxation time T2 and cause the darker staining of corresponding marked
tissue areas on T2-weighted images (Figure 2). The microcapsules with magnetite NPs in the shell
do not enhance contrast in the region of interest ROI compared to magnetite hydrosol in the same
concentration, but upon enzyme degradation liberated nanoparticles enhance contrast in magnetic
resonance (MR) images (Figure 2, Figure S2).

 

Figure 2. The MRI contrast of the magnetite colloid and magnetic microcapsules at a different
concentrations of magnetite in the probe tubes. Different pulse sequences are presented from left
to right: T1 weighted “Spin-echo” (T1W_SE), T1 weighted “Fast Field Echo” (T1W_FFE), and T2
weighted “Turbo Spin Echo” (T2W_TSE).

Figure 3 shows the T1 and T2 weighted MR images of rats obtained 24 h after injection of
microcapsules containing magnetite nanoparticles. Solid orange lines indicate liver in a rat after
microcapsule injection. Dotted orange lines indicate liver in a control rat. Magnetite distributed in
liver leads to a decrease in the MR signal intensity in the region of interest (ROI) in the T1 weighted
MR images (Figure 3a). This can be explained by the fact that the concentration of magnetite in the
ROI was higher than 0.4 mg/mL. At high concentrations of magnetite nanoparticles, the effect of
the T2 relaxation process on the measured MR signal intensity was higher than the effect of the T1
relaxation process. This leads to a decrease in the MR signal intensity in the T1 weighted images.
The T2 relaxation time affects the MR signal intensity in the T1 weighted images because in clinical
MRI the images are weighted by T1 and T2 but not calculated from only T1 or T2 relaxation times. Pure
T1 and T2 images are not useful in clinical MRI, because the T1 and T2 values could not be applied for
differential diagnosis or characterization of pathology [39].
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Figure 3. Magnetic resonance (MR) images of rats obtained 24 h after injection of a microcapsule
suspension. (a) T1 weighted MR image. (b) T2 weighted image. The rat on the right is a control rat,
without injection of microcapsules.

The average magnetite nanoparticles concentration in the liver is less than 1 mg/mL, taking into
account volume of the rat’s liver so artifacts in MR images are not observed.

According to MRI investigation, immediately after intravenous administration of microcapsules,
the contrast of the region of interest is not observed. This fact is related to the high volume fraction of
magnetite NPs in the microcapsules used. Microcapsules with a high volume fraction of magnetite NPs
have no effect on the MR signal intensity, but upon enzyme degradation the liberated nanoparticles
enhance contrast (Figure 2, Figure S2) [32]. It was established that the dependence of the MR signal on
the volume fraction of magnetite was related to the interparticle distance (d) in the microcapsule shell
(Figure S2). The further histological study demonstrated that the microcapsules were destroyed in the
liver within 24 h and the realized magnetite nanoparticles exhibited contrast properties within 7 days
(Figure 3).

Then, the distribution of the microcapsules in the organs was analyzed postmortem at selected
time points by the three methods mentioned above: AAS, histology, and ESR. Appropriate qualitative
and quantitative assay methods need to be established and be sensitive enough to detect the presence
of microcapsules in cells and tissues.

3.2. Comparative Analysis of Histology Data with AAS and ESR

The time dependence of microcapsule and iron distribution inside the internal organs of rats
after intravenous injection (IVI) of biodegradable microcapsules was investigated by histological
examination, AAS, and ESR.

Liver. At the histologic examination the content of the microcapsules increased most 1 h after
IVI, while pronounced changes were noted in the form of circulatory disorders and dystrophy of
hepatocytes. Four hours after IVI, the number of whole capsules decreased, but the amount of
pigment increased (Figure 4a,b). At the same time, the morphological changes in the tissue were
less pronounced, although there were signs of an allergic reaction with eosinophils in the lumen
of the vessels. Twenty-four hours after IVI of microcapsules, the dissolution of the capsules in the
Kupffer cells was noted and the hepatocytes with the release of its contents into the cytoplasm of
a cell, eosinophilia was not already marked. A week later, the content of the pigment was large,
and the whole capsules were only between hepatocytes or their fragments. A month later a normalized
structure of the liver was observed, and the pigment was absent. According to AAS, the maximum
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amount of iron in the liver was observed 1 h after IVI of microcapsules. According to ESR analysis,
the dynamics of magnetite distribution had a different character. Starting at a relatively small fraction
at first time point of 15 min it consistently increased over 24 h and reached a maximum at the end of
the first day after administration. After a week, the concentration of magnetite in the liver dropped
7-fold lower than that at the maximum (Figure 5).

 

Figure 4. (a) Liver 4 h after intravenous injection (IVI) of the microcapsules—the conglomerates of the
microcapsules in sinusoids. Hematoxylin and eosin (H&E), magnification 774×. (b) Liver 4 h after IVI
of microcapsules, the conglomerates of the microcapsules were painted in blue. Prussian blue staining,
magnification 1199.7×. (c) Lung 15 min after IVI of the microcapsules, microcapsules in capillaries
of lung tissue. H&E, magnification 774×. (d) Kidneys 15 min after IVI of the microcapsules—the
microcapsules in vascular loops of glomeruli. H&E, magnification 774×. (e) Spleen one day after
IVI of the microcapsules—the microcapsules and magnetite were observed in spleen tissue. H&E,
magnification 774×. (f) Heart 1 h after IVI of microcapsules—the individual microcapsules in
myocardium. H&E, magnification 774×. The arrow indicates microcapsules or their clusters in
the organs.

Lung. At the histological examination, the maximum changes appeared 4 h after IVI of microcapsules
in the form of pronounced congestion of large vessels, focal hemorrhages, and peribronchial eosinophilic
infiltration. The severity of these changes was reduced after 24 h. A large number of capsules were also
noted 15 min after IVI of microcapsules in an average amount of 8.75 ± 1.03 units in the field of view
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in the lumen of medium caliber vessels, between the bronchi and in the stroma (Figure 4c). One week
after IVI of microcapsules, the severity of the allergic reactions increased with the involvement of the
bronchi and blood vessels. One month after IVI of the microcapsules, the appearance of a large number of
lymphocytes in the lungs was noted, which were in the form of widespread infiltrates located around
the main bronchus. Infiltrates occupied the area in several fields of view at the lowest magnification
eye field. There was pronounced hyperplasia of the muscular layer of vessels of various sizes, with
ring-shaped lymphoid infiltration around blood vessels of all calibers. The area of perivascular infiltration
was significantly less than that around the bronchi. According to AAS, the maximum amount of iron in
the lungs was observed 4 h after IVI of microcapsule suspension. According to ESR analysis in lungs,
the concentration of magnetite was highest in the early stages of ex vivo analysis (between 15 min and 4 h
after administration). It was significantly decreased at the time point of 24 h, and the magnetite was not
determined in the lungs in the subsequent phases of observation for week and month time (Figure 5).
Unfortunately, it was not confirmed by MRI, because normal lung tissue has low proton density; therefore,
magnetite-containing microcapsules were not visualized in lungs by MRI in vivo.

It should also be noted that in the lungs, a marked allergic reaction was observed during
all time intervals, which was manifested by the appearance of perivascular lymphoid infiltration,
and further abrupt thickening of the vessel walls, as well as more pronounced hyperplasia of bronchial
lymphoid tissue, which was observed one month after the intravenous administration of the capsules.
The absence of marked toxicity in the internal organs after IVI of microcapsules are consistent with our
data obtained earlier [32].

Spleen. At the histological examination the maximum changes occurred 4 h after IVI of
microcapsules in the form of pronounced congestion, increase in the number of microcapsules (up to 9
in the field of view in the white pulp. In red pulp, up to 4). After one day, the largest accumulation
of microcapsules was noted, and there were also indirect signs of their degradation (Figure 4e).
An important fact is that the signs of degradation were observed at all time intervals. After one week,
single capsules were observed in the white pulp, and the pigment was located diffusely. One month
after, the pigment disappeared in the red pulp and it remained in the white pulp. According to AAS,
the maximum amount of iron in the spleen was observed after 4 h. According to ESR, the dynamics of
magnetite accumulation in the spleen was similar to that in the liver (increasing in the first day with
subsequent decreasing), but after 24 h, the concentration of magnetite in the spleen was two times
higher than that in the liver (Figure 5).

Kidneys. At the histological examination, the maximum changes were observed 24 h after
injection in the form of hemorrhages in the cortex, dilatation of capillary loops of the glomeruli,
and marked degradation of the capsules with accumulation of content in the epithelium of convoluted
tubules. This does not allow us to make an unambiguous conclusion: The capsules pass through the
urinary filter and their contents are reabsorbed from the urine back into the tubules or capsules entered
into the epithelium through the capillaries which nourish epithelium. The maximum content of whole
capsules was observed in the first time points after IVI—in 15 min and 1 h (Figure 4d). After one week,
the whole capsules were not detected, but the appearance of magnetite in the epithelium of convoluted
tubules was noted. After one month, a normal structure of the kidney and the absence of pigment
were observed. According to AAS, the maximum amount of iron in the kidneys was observed after
15 min. According to ESR analysis in kidneys the absence of magnetite may be explained as follows:
The concentration of magnetite in kidneys is lower than the limit of determination even at the time of
first measurement (Figure 5).

Heart. At the histological examination the maximum changes were observed within 1 h after
administration in the form of marked edema, single diapedetic hemorrhages, swelling and necrosis of
cardiomyocytes. The maximum content of the capsules was up to 2–3 in the field of view (Figure 4f).
Four hours after IVI of microcapsules, the severity of changes was reduced, and capsules were not
detected; moderate swelling and granular degeneration were saved to the week after the introduction
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and after a month, the normal structure of the myocardium was seen. AAS and ERS investigations
were not carried out in the heart tissue.

 

Figure 5. Biodistribution of magnetic microcapsules at intravenous injections. Left side: Microcapsule
biodistribution data obtained by histological investigation, atomic absorption spectrometry (AAS) and
electron spin resonance (ESR). Right side: maximum accumulation of microcapsules and MR signal for
each organ observed.

4. Discussion

Since the nanocomposite microcapsules are multicomponent systems consisting of three
components (cationic and anionic polyelectrolytes and inorganic nanoparticles), the components
have different biodegradation times and as a result, the polymer shells are degraded more quickly
than the magnetite nanoparticles. Therefore, as far as the degradation of the magnetic capsule is
concerned, one should consider it as a multistep process. There is an initial state before biodegradation
starts, then it is likely the polymer shell degradation occurs, releasing magnetite nanoparticles
which later degrade, and iron ions could be free from the nanoparticles. Such a complex process of
degradation requires different complementary methods for evaluating the biodistribution of magnetic
microcapsules. Morphological methods, such as histology, allow comprehensive determination of the
quantitative content of capsules in sections of internal organs, time points the capsules appear there,
maximum accumulation and the delocalization of whole capsules between internal organs, and, at the
end, to evaluate complete capsule destruction and elimination of their components at certain time
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points after intravenous administration. ESR allows evaluation of the biodistribution of magnetite
nanoparticles once they are intact either in capsules or released from capsules but still intact and exhibit
superparamagnetic properties. MRI makes possible the visualization of magnetite nanoparticles before
and after polymer shell degradation, since these peculiarities of MRI capsule degradation imaging are
discussed in detail [32]. After the beginning of capsule destruction, the morphological method ceases to
be adequate for further quantification, since the capsules cannot be identified any longer. Since capsule
integrity is lost, one can follow the fate of magnetite nanoparticles released from the destroyed capsules
by using the MRI (in vivo) and ESR (ex vivo) methods. Both of these methods can monitor magnetite
nanoparticles till their degradation, leaving only iron ions, which cannot be detected any longer by
MRI and ESR. Along with that, AAS allows detection of iron element biodistribution at all stages of
capsule accumulation and degradation, including monitoring of iron before and after microcapsule
and nanoparticle degradation. In addition, the complexity of application of these methods makes
it possible to identify more clearly the time periods of biodegradation of capsules with magnetite
nanoparticles in certain organs.

Comparative analysis of microcapsule biodistribution showed that a significant correlation was
observed between the temporal dynamics of microcapsule content in the liver, spleen, and kidneys,
according to the histological and AAS data. At histological examination, the maximum amount of
magnetite microcapsules was obtained in the kidneys and lungs at 15 min, in the liver and heart at
1 h, and in the spleen at 24 h after IVI of microcapsules. At AAS the maximum amount of magnetite
microcapsules was observed in the kidneys at 15 min, in the liver at 1 h, and in the spleen and lungs at
4 h after IVI of microcapsules.

ESR analysis demonstrated the magnetite distribution dynamics in various tissues. Magnetite
was found in the lungs, liver, and spleen and was not detected in the kidney at the selected time point.
According to ESR analysis, the maximum of magnetite accumulation developed in the lungs after
4 h, and in the liver and spleen at 24 h after intravenous administration of capsules, Biodegradation
of the capsules and the release of their content begin on the first day after administration of the
capsules. Additionally, the examined organs showed no presence of magnetite 30 days after IVI of
microcapsules. Although the discrepancy of the results obtained by ESR and MRI could be explained
by the sensitivity of both methods to magnetite nanoparticle conditions and the integrity of the
microcapsule shells. According to the histological investigation, the microcapsules were degraded
within 24 h, which resulted in the different behavior of MRI and ESR signals.

The differences in the tissue distributions of magnetite and microcapsules can be explained by the
action of several factors. Firstly, our study has demonstrated a significant accumulation of magnetite
in the tissues with a highly developed reticuloendothelial system (liver and spleen). These data are
consistent with the data from other studies [40,41], in which it was shown that nanoparticles are
actively phagocytosed and accumulated in the organs with a large content of tissue macrophages.

Another factor which plays an important role in biodistribution may be the specific features of
particle passage through the microcirculatory system. We assume that early-stage accumulation and the
subsequent rapid decrease in the particle concentration in lungs is caused by mechanical embolization
of some pulmonary capillaries with microcapsules at their first passage. The embolization is possible
because the diameter of the capsules is close to the size of the pulmonary capillaries. The properties of
microcirculation can also contribute to the accumulation of the microcapsules and magnetite in the
liver and spleen. These organs contain open sections of the circulatory system, which makes possible
the transition of the microcapsules from the blood flow to the interstitium.

5. Conclusions

In this study, we showed what happens with polyelectrolyte capsules modified with magnetic
nanoparticles when they are systemically administered. The intravenous administration of
microcapsules brings about changes in tissue morphology in most organs (kidney, heart, liver,
spleen), but it is reversible and after a month, the structure of the tissue is completely restored.
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Whole capsules were not observed demonstrating their complete degradation, and the pigment
indicating iron disappeared. Although the timeline of organ localization for capsules is coherent for
other delivery systems, showing at first the accumulation in liver with traces of iron oxide seen in the
spleen after 7 days, the overall picture illustrates the applicability of using these capsules for systemic
delivery without visible pathological observation.

The reported data gave us more understanding about the distribution of capsules in the animal
body in the dynamic time frames over hours and days and provide information about what organ
and when one could expect the capsules potentially bearing bioactive cargo. The polyelectrolyte
microcapsules, being on the research agenda for decades, can deliver the substance of interest to organs
at a certain time after injection. Thus, the long-standing potential for application of these capsules can
be further explored on particular delivery to organs. The magnetic nanoparticles have not been used
here as their magnetic properties, but their addressing with magnetic field and/or electromagnetic
irradiation is subject for further study where the expectations of multifunctional microcapsules to be
used as multimodal drug delivery systems could be fulfilled.
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initial microcapsules.; Figure S3: The sample preparation process for ESR spectroscopy; Figure S4: Chart for mass
of magnetite—ESR area under curve dependence; Figure S5: Comparison of ESR spectra of liver from animals
exposed and not exposed to microcapsules; Figure S6: Comparison of ESR spectra of microcapsules suspension in
the water and liver homogenate.
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Abstract: The transport of dopamine across the blood brain barrier represents a challenge for
the management of Parkinson’s disease. The employment of central nervous system targeted
ligands functionalized nanocarriers could be a valid tactic to overcome this obstacle and avoid
undesirable side effects. In this work, transferrin functionalized dopamine-loaded liposomes were
made by a modified dehydration–rehydration technique from hydrogenated soy phosphatidylcoline,
cholesterol and 1,2-stearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(poly(ethylene glycol)-2000)].
The physical features of the prepared liposomes were established with successive determination
of their endothelial permeability across an in vitro model of the blood-brain barrier, constituted by
human cerebral microvascular endothelial cells (hCMEC/D3). Functionalized dopamine-loaded
liposomes with encapsulation efficiency more than 35% were made with sizes in a range around
180 nm, polydispersity indices of 0.2, and positive zeta potential values (+7.5 mV). Their stability and
drug release kinetics were also evaluated. The apparent permeability (Pe) values of encapsulated
dopamine in functionalized and unfunctionalized liposomes showed that transferrin functionalized
nanocarriers could represent appealing non-toxic candidates for brain delivery, thus improving
benefits and decreasing complications to patients subjected to L-dopa chronical treatment.

Keywords: dopamine; liposomes; drug delivery; transferrin; hCMEC/D3 cells; blood brain barrier

1. Introduction

The delivery of active pharmaceutical ingredients to the central nervous system (CNS) represents
the most important challenge for the management of the symptoms of Parkinson’s disease (PD) and
other neurodegenerative disorders, because of the various defensive barriers surrounding the brain [1,2].
It is well established that many CNS-active molecules, such as dopamine (DA), do not penetrate across the
blood–brain barrier (BBB) to enter the CNS, because of their high polarity, ionized state at physiological pH
and/or the deficiency of endogenous cellular membrane transporters located within the brain endothelium,
which forms the blood vessel walls [3–5]. Only small molecules with adequate hydrophilic/lipophilic
balance and molecular weight can be absorbed passively into the CNS, if not substrates for the ABC
(ATP-binding cassette) transporters efflux pumps. Different methodologies have been developed to raise
the delivery of therapeutics for CNS diseases, including the development of CNS-targeted pro-drugs or
co-drugs [6–9] and functionalized nanocarriers with uptake-facilitating ligands [10–12].
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Until today, the most successful therapy for the management of PD is represented by L-dopa (LD),
a bioprecursor of DA, that crosses the BBB through the active transport mechanism for amino acids and,
once in the brain, is metabolized and transformed to DA by the enzyme dopa decarboxylase [13–15].
Even though LD improves the PD manifestations in the early phases of the disorder, an excessive
peripheral LD bioconversion into DA from within the peripheral nervous system produces several
unwanted secondary effects. In detail, clinical and preclinical investigations have shown that LD
long-term use is associated with anomalous spontaneous movements, psychiatric complications and
DA- or LD-induced neurotoxicity [16–18].

In this context, to overcome these disadvantages, a promising strategic delivery system to enhance
BBB penetration by DA is the use of nanocarriers such as liposomes (LPs) decorated with uptake-facilitating
ligands (Figure 1). In particular, the active targeting approach could be reached using LPs decorated with
transferrin (β-1 glycopeptide) (Tf), a hydrophilic carrier that regulates the extracellular iron level in human
fluid by binding and sequestering it. In fact, Tf receptor, a dimeric transmembrane glycoprotein, certainly
represents a successful target molecule since it as well as being overexpressed in different malignant cells
that require high levels of iron for their growth is also localized on the endothelia surface of brain capillaries
that comprise the BBB [19–21]. Numerous researchers used the targeting to Tf receptor for improving the
BBB transport of drugs [22,23].

In this study, we have encapsulated the hydrophilic drug dopamine hychloride (DA·HCl) into Tf
functionalized and unfunctionalized LPs (DA·HCl-LPs). These nanocarriers were made by a dehydration-
rehydration technique and their particle sizes, polydispersity index, zeta potential and encapsulation
efficiency values were determined. Their stability and drug-release behavior were also evaluated.
An additional goal in this work was to study the permeability of the functionalized and unfunctionalized
DA·HCl-LPs across an in vitro model of the BBB, constituted by human cerebral microvascular endothelial
cells (hCMEC/D3), using a well-established procedure.

Figure 1. Schematic representation of functionalized DA·HCl-LPs. LPs are made of a phospholipid
bilayer, which encloses an aqueous center. The aqueous space incorporates the hydrophilic DA·HCl.
Hydrophilic polymer polyethylene glycol (PEG) coats the ligand-targeted LPs.
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2. Materials and Methods

2.1. Materials

Dopamine hydrochloride (DA·HCl, MW = 189.64 g/mol), cholesterol (Chol), Triton X-100,
N-(3-dimethylamino-propyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
(S-NHS) and Tranferrin (Tf) were bought from Sigma-Aldrich (Milan, Italy).

Hydrogenated soy phosphatidylcoline (Phospholipon 90H, PC) was a gift of Natterman Phospholipids
GmbH (Koeln, Germany). 1,2-stearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(poly(ethylene
glycol)-2000)] (DSPE-PEG2000-COOH) was purchased from Avanti Polar Lipids (Alabaster, AL, USA).

For cellular transport studies luciferin yellow was bought from Sigma-Aldrich (Milan, Italy);
Transwell® permeable supports were from Corning (Corning, NY, USA). All the media and supplements
for cell culture were bought from Life Technologies, Thermo Fisher Scientific (Waltham, MA, USA).
Other materials used in this study were of analytical grade.

2.2. Quantification of DA·HCl

High-performance liquid chromatography (HPLC) analysis was used to detect and quantify
DA·HCl. The HPLC station and the column were the same previously described by Lopedota et al. [24]
making a change to the mobile phase which in this case was constituted by 90/10 v/v 0.020 M
potassium phosphate buffer (pH 2.8)/acetonitrile mixture. The flow rate was kept at 1.0 mL/min,
the eluent was continuously monitored at a wavelength of 280 nm and in these conditions DA·HCl
retention time was about 6.5 min. Calibration curves were obtained solubilizing DA·HCl in the same
mobile phase and were linear over the tested concentration range (from 0.85 mg/mL (4.48 × 10−3 M)
to 0.0085 mg/mL (4.48 × 10−5 M)).

2.3. Preparation of Unfunctionalized LPs

Unfunctionalized LPs were made using the dehydration-rehydration method with a slight
modification [25]. Briefly, PC/Chol in 7/3 molar ratio were solubilized in a chloroform/methanol
(2/1 v/v) mixture and the solvents were removed by a rotary evaporator at 55 ◦C until a lipid
film was obtained. The film was stored under vacuum for 3 h to guarantee whole elimination of
the organic solvents and then rehydrated in the dark with a DA·HCl solution in phosphate buffer
pH = 4.5. To avoid oxidation of DA·HCl all subsequent manipulations of the liposomal suspension
were carried out in the absence of light. The resulting LPs were sized by sonication (Branson Sonifier
150, Danbury, CT, USA) alternating three cycles of 60 s each with three cooling cycles of 60 s in an ice
bath. The liposomal suspension was freeze-dried for 24 h and then subjected to a controlled rehydration
process with demineralized water. The un-loaded drug was removed by ultracentrifugation at
45,000 rpm for 50 min at 4 ◦C (Beckman L7-55, Life Science, Boston, MA, USA) and the obtained pellet
was suspended in phosphate buffer pH = 4.5. Finally, dimension, zeta potential and encapsulation
efficiency of the obtained vesicles were determined.

2.4. Preparation of Tf Functionalized LPs

The preparation of Tf functionalized LPs was conducted using the procedure described by
Paszko et al. [26]. In detail, the initial composition of PC/Chol 7/3 molar ratio was integrated with the
2.5 mol % of DSPE-PEG2000-COOH and LPs were prepared following the procedure described in the
previous paragraph.

Then, LPs suspension was incubated for 10 min at room temperature with S-NHS and EDC,
both dissolved in PBS pH = 4.5. Finally, 120 mg of Tf per mmol of lipid were added and incubated
for 12 h at 4 ◦C to allow the formation of an amide bond between the carboxyl and amine groups of
PEGylated lipids and Tf, respectively. The unbound Tf was separated from functionalized vesicles
by ultracentrifugation at 50,000 rpm for 2 h, at 4 ◦C (Beckman L7-55, Life Science, Boston, MA, USA).
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The recovered pellet containing LPs was suspended in PBS pH = 4.5 and stored in the dark until
further manipulations.

In order to investigate the density of Tf on the LPs surface a BCA assay kit was used, evaluating
the percentage of Tf exposed on external LPs surface compared to the total amount of Tf used for the
conjugation. The absorbance at 595 nm was recorded (PerkinElmer 2030 multilabel reader Victor TM
X3, Waltham, MA, USA) and the protein concentration was determined by comparison to a standard
curve (0.5 to 30 μg/mL).

2.5. Physicochemical Characterization of LPs

For the determination of vesicles dimension and polydispersity index (P.I.) a Zetasizer Nano ZS
(Malvern Instrument Ltd., Worcestershire, UK) was used and suspensions were appropriately diluted
with demineralized water. The zeta potentials were investigated by laser Doppler velocimetry using
the same instrument and diluting all samples with a 1 mM KCl solution to keep the ionic strength
constant [27].

Experiments were performed in triplicate and the results were reported with the corresponding
standard deviation.

2.6. Quantification of DA·HCl into LPs

The quantity of DA·HCl encapsulated in liposomal vesicles was expressed as the difference
between the total quantity solubilized in the LPs medium and the quantity of non-encapsulated
DA·HCl recovered in the aqueous suspending medium after centrifugation at 45,000 rpm for 50 min
at 4 ◦C (Beckman L7-55, Life Science, Boston, MA, USA). DA·HCl content was determined by HPLC
using the calibration curve obtained as explained in Section 2.2. Results are expressed as encapsulation
efficiency (EE) determined as actual drug loading/theoretical drug loading × 100 [28]. Experiments
were performed in triplicate.

2.7. Freeze-Fracture Electron Microscopy

A sample of DA·HCl-LPs was examined by transmission electron microscopy after freeze-fracture
in the presence of 20% of glycerol as cryoprotectant. In detail, a drop of liposome dispersion, deposited
in a small gold pan, was quickly frozen in liquid nitrogen. A freeze-replica apparatus at −100 ◦C
(FR-7000A, Hitachi Science Co., Tokyo, Japan) was used to fracturing the sample and replica was
realized by platinum-carbon shadowing and examined with a JEM-1200EX (Japan Electron Co., Tokyo,
Japan) transmission electron microscope.

2.8. In Vitro Release Studies

1 mL of Tf functionalized and unfunctionalized LPs suspension containing DA·HCl was put into
dialysis sacs (cut-off 3000 MW) and dialyzed against 50 mL of phosphate buffer pH = 4.5 supplemented
with α-tocopherol 0.005 M to avoid DA·HCl oxidation in the release medium. The dialysis was
conducted at 37 ◦C in a shaker bath, 100 μL of external medium were removed at predetermined times
interval and analyzed by HPLC for DA·HCl content, and 100 μL of phosphate buffer were added
in order to preserve the sink condition. The experiment was conducted on both functionalized and
unfunctionalized LPs for at least three times.

2.9. Stability Studies

LPs stability was evaluated by measuring size and polydispersity index by means of light
scattering for one month, after appropriate dilution with demineralized water.
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2.10. Culture of hCMEC/D3 Cells and Endothelial Permeability Experiments

The in vitro model of the BBB, constituted by human cerebral microvascular endothelial cell line
hCMEC/D3 was obtained from Dr. PO Couraud, Inserm, Paris, France. Culture of these cells was
realized as reported by Lopalco et al. in a previous study. [2]. Briefly, cells at passage numbers between
25 and 30 were cultivated onto polyester Transwell® inserts and grown in supplemented media.
Cell barrier integrity was verified prior to perform endothelial permeability experiments by means of
trans-endothelial electrical resistance (TEER) using an EndOhm meter. Monolayers of human cerebral
microvascular endothelial cells with TEER values between 65 and 89 Ohm·cm2 were used in this study.
The transport of Tf functionalized and unfunctionalized DA-LPs was examined at a concentration of
50 μg/mL of DA·HCl in LPs. The endothelial permeability of the nano-systems was performed as
reported by Lopalco et al. [2]. The quantity of DA·HCl that had passed through the lipid membrane,
constituted by the cell monolayer, was determined using HPLC. In order to determine the apparent
permeability values across blank Transwell® inserts, experiments were performed in triplicate without
seeding cells in the inserts.

Luciferin yellow transport studies were performed in the same manner explained earlier, except that
the sample volumes were 200 μL. The cumulative quantity of luciferin yellow transported was measured by
determining the fluorescence of the samples in phenol red-free DMEM at λex = 480 nm and λem = 530 nm
using an FLX800 microplate reader (BioTek Instruments, Inc., Winooski, VT, USA) [29]. A Gen5™ software
(BioTek Instruments, Inc., Winooski, VT, USA) was used for the acquisition of the data. The relative
quantity of luciferin yellow per unit of volume of solution in the basal chamber was then determined from
calibration standards made by serial dilution of the luciferin yellow.

2.11. Statistical Analysis

Statistical evaluation of data has been made using GraphPad Prism version 5.0 (San Diego, CA,
USA) and statistical significance (p < 0.05) determined using a one-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc tests.

3. Results and Discussion

3.1. LPs Characterization

LPs containing DA·HCl and functionalized with Tf were prepared, as described, using a modification
of the Kirby and Gregoriadis procedure since this method is well known to improve entrapment of water
soluble drugs [30]. Tf was conjugated to the carboxyl group of PEG on the LPs PC/Chol/DSPE-PEG-COOH
surface to obtain PC/Chol/DSPE-PEG-CO-Tf according to the procedure described in the Section 2.4.
Then, the fully characterization in terms of dimension, polydispersity index, zeta potential, drug loading
and Tf coupling efficiency was carried out. Results are summarized in Table 1.

Table 1. Particle size ± SD, polydispersity index (PDI), zeta potential, and percent of encapsulation
efficiency (EE%) of DA·HCl-LPs unfunctionalized and functionalized with Tf.

Formulation Size (nm) PDI Zeta Potential (mV) (EE%)

unfunctionalized DA·HCl-LPs 162.4 ± 3.2 0.20 +4.8 ± 0.9 41.5 ± 2.9
Tf functionalized DA·HCl-LPs 181.7 ± 7.8 0.20 +7.5 ± 1.2 35.4 ± 1.8

As can be seen, there is a difference between Tf functionalized and unfunctionalized LPs in
terms of size and EE%. In particular, unfunctionalized LPs exhibit a mean diameter of 162.4 ± 3.2 nm
and a EE% of 41.5 ± 2.9% while for Tf functionalized LPs we found a value of mean diameter equal
to 181.7 ± 7.8 and a EE% of 35.4 ± 1.8%. This behavior is quite in agreement with data found
in literature [20,31], the coupling of Tf or other ligands on the surface of liposomal vesicles leads to
a slight increase in size, although the values are not different from the statistical point of view (p > 0.05).
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In all cases the PDI was equal to 0.2 and this value indicates the existence of a very uniform liposomal
population in terms of dimensional distribution.

The charge on the LPs was found to be positive and small for the two formulations (values in
a range from +4.8 to +7.5 mV), with a slight increase for Tf functionalized LPs. This behavior could
be ascribed to the existence of positive charged functional groups of Tf. Regarding the coupling
efficiency of Tf, it was found to be equal to 48.8 ± 2.6%, compared to the total amount of Tf used for
the conjugation.

In order to determine the stability of the obtained liposomal preparations, their size and PDI were
evaluated one a week for 1 month, keeping them at 4 ◦C. Results are shown in Table 2.

Table 2. Particle size ± SD and PDI vales of DA·HCl-LPs unfunctionalized and functionalized
with Transferrin.

Formulation
Week 1 Week 2 Week 3 Week 4

Size (nm) PDI Size (nm) PDI Size (nm) PDI Size (nm) PDI

unfunctionalized
DA·HCl-LPs 168.4 ± 2.4 0.20 165.4 ± 1.8 0.25 159.4 ± 3.5 0.19 160.7 ± 1.2 0.21

Tf functionalized
DA·HCl-LPs 186.5 ± 7.8 0.20 175.7 ± 1.3 0.18 182.4 ± 4.1 0.23 179.4 ± 0.8 0.18

It is evident that no significant variations in terms of size and PDI are highlighted, so it is possible
to state that vesicles are stable and can be used for next studies.

Moreover, after one month we determined by HPLC the DA·HCl amount in LPs after vesicles
disruption with 0.1% Triton X-100 and filtration with 0.22 μm cellulose acetate membrane filter
(Millipore®, Milan, Italy). It was found equal to 98.2% of the initial amount with no significant loss
due to drug oxidation.

Figure 2 shows the freeze fracture electron micrograph and the size distribution of unfunctionalized
DA·HCl-LPs. Freeze fracture electron microscopy is a powerful technique in the characterization of
nanosystems such as micelles, quantum dots, unilamellar and multilamellar liposomes, niosomes
and drug crystals because it allows to distinguish between bilayer and non- bilayer structure [32].
Moreover, freeze fracture electron microscopy remains a key tool for investigation of bilayer organization,
since it allows to determine the multilamellarity of liposomal systems [32]. As can be seen by micrograph,
unfunctionalized DA·HCl-LPs appeared as SUV (small unilamellar vesicles), as expected having used
sonication to homogenize the size distribution, with no ripples on the surface and a fairly uniform
distribution in terms of size, according to what has been seen through DLS analysis.

Figure 2. Freeze fracture electron micrograph and size distribution of unfunctionalized DA·HCl-LPs.
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3.2. In Vitro Release Studies

In vitro release studies were carried out by dialysis and the obtained cumulative release profiles are
reported in Figure 3. The percentage of DA·HCl released was found to be 59.0 ± 4.2% and 68.4 ± 2.9%
for Tf functionalized and unfunctionalized LPs, respectively, after a period of 24 h, without any burst
effect. The lower value found for functionalized LPs can be explained by the presence of Tf bound on
the LPs surface which results in a decrease in the liposomal membrane permeability, slowing down
drug release. This behavior is perfectly in line with what has been reported in the literature [20,22].

Figure 3. Release profiles of DA·HCl from LPs. Data are the mean of three determination.

3.3. In Vitro Transport Analysis

In vitro transport of formulations across the BBB was investigated using human hCMEC/D3 cell
monolayers. The paracellular permeability (Pe) of luciferin yellow was evaluated to exclude alterations of
the tight junction properties triggered by LPs. In the presence of both functionalized and unfunctionalized
LPs the Pe value of luciferin yellow was 1.12 ± 0.18 × 10−3 cm/min, suggesting no adverse effect on cell
monolayer integrity. The data in Table 3 show that the functionalization of LPs with Tf provide a higher
permeability across the monolayer compared to unfunctionalized LPs. In detail, the permeability value
registered for Tf functionalized DA·HCl-LPs turned out to be equal to 4.97 ± 0.41 × 10−3 cm/min versus
0.92 ± 0.24 × 10−3 cm/min found for unfunctionalized DA·HCl-LPs, with an increase of about 5 fold.
The presence of Tf on the surface of LPs allows vesicles to exploit a mechanism of receptor-mediated
endocytosis by means of the Tf receptor which is expressed on the endothelium of the cerebral capillaries
(Figure 4). Five steps can describe the mechanism proposed in Figure 4. Initially, LPs decorated with
transferrin bind specifically to endothelial receptor (1), resulting in their uptake or endocytosis (2).
Intracellularly, LPs are transported in vesicles, that move through the endothelial cytoplasm in apical
to basal direction (3), escaping degradation in lysosomes. When the opposing membrane is reached,
the vesicle opens towards the basolateral compartment and releases LPs (4). The vesicle with the receptor
moves through the endothelial cytoplasm in basal to apical direction (5) [33,34].

Table 3. hCMEC/D3 permeability values (Pe) of DA·HCl-LPs, functionalized DA·HCl-LPs and luciferin
yellow ± standard deviation (SD).

Formulation Pe ± SD (cm/min)

Unfunctionalized DA·HCl-LPs 0.92 ± 0.24 × 10−3

Tf Functionalized DA·HCl-LPs 4.97 ± 0.41 × 10−3

Luciferin yellow 1.12 ± 0.18 × 10−3
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Figure 4. Representation of the endogenous Tf receptor-mediated transcytosis of DA·HCl loaded Tf
functionalized LPs across an in vitro model of human BBB composed of hCMEC/D3 cell monolayers.

4. Conclusions

The transport of DA·HCl across the BBB represents one of the main missions for the management
of Parkinson’s disease. The employment of CNS targeted Tf functionalized nanoparticles such as LPs
could offer a stratagem to overcome this obstacle. In this work, we have prepared both unfunctionalized
and Tf functionalized LPs using a method well known to improve the capturing into the vesicles of
hydrophilic drugs. Then, we evaluated their dimension, zeta potential, drug loading, Tf coupling
efficiency and drug-release behavior. Finally, the permeability (Pe) through a cellular model of BBB
was studied, highlighting how these vesicles are able to permeate through the cell membrane by
exploiting a receptor-mediated endocytosis mechanism. The absence of cytotoxicity and the validated
technique of preparation make LPs appealing candidates for brain delivery, thus improving benefits
and decreasing complications to patients subjected to LD chronical treatment.
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Abstract: Cerium oxide nanoparticles (nanoceria), well known for their pro- and antioxidant
features, have been recently proposed for the treatment of several pathologies, including cancer and
neurodegenerative diseases. However, interaction between nanoceria and biological molecules such
as proteins and lipids, short blood circulation time, and the need of a targeted delivery to desired sites
are some aspects that require strong attention for further progresses in the clinical application of these
nanoparticles. The aim of this work is the encapsulation of nanoceria into a liposomal formulation
in order to improve their therapeutic potentialities. After the preparation through a reverse-phase
evaporation method, size, Z-potential, morphology, and loading efficiency of nanoceria-loaded
liposomes were investigated. Finally, preliminary in vitro studies were performed to test cell uptake
efficiency and preserved antioxidant activity. Nanoceria-loaded liposomes showed a good colloidal
stability, an excellent biocompatibility, and strong antioxidant properties due to the unaltered activity
of the entrapped nanoceria. With these results, the possibility of exploiting liposomes as carriers
for cerium oxide nanoparticles is demonstrated here for the first time, thus opening exciting new
opportunities for in vivo applications.

Keywords: cerium oxide nanoparticles; liposomes; drug delivery

1. Introduction

In cerium oxide, Ce owns the peculiar ability to easily switch between two oxidation states, Ce3+

and Ce4+, through the loss of electrons and/or oxygen, thus giving origin to crystalline defects or
vacancies on the surface of the material [1]. At a nanoscale level, due to the higher surface/volume
ratio, this phenomenon is more evident, thus making cerium oxide nanoparticles (nanoceria) more
reactive with respect to the bulk material. The discovery of the excellent catalytic activities of nanoceria
and their ability to act as free radicals scavengers have opened new perspectives in the biomedical
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fields and, more specifically, in all those scenarios where oxidative stress plays a crucial role in the
pathogenesis of diseases [2]. Previous studies have shown that nanoceria are able to neutralize
reactive oxygen species (ROS), including superoxide anions, peroxide radicals, and hydroxyl radicals,
by mimicking the activity of enzymes involved in antioxidant defenses such as superoxide dismutase
and catalase [3]. The biological activities of cerium oxide nanoparticles were assessed in vitro on
several cell culture models such as cardiac [4], neuronal [5], and stem cells [6]; in vivo, nanoceria
showed strong antioxidant properties by decreasing both nitric oxide and peroxynitrite formation in
a murine model of ischemic cardiomyopathy [7], and they slowed down the progression of retinal
degeneration in mouse and rat models [8,9], promoted the regression of retinal vascular lesions in
mice [10], and inhibited weight gain in rats [11].

Another peculiar feature of cerium oxide nanoparticles is their ability to act as a pro-oxidant agent
at acidic pH values [12]. Several research groups reported that, where tumor microenvironment is
acidic, nanoceria triggers ROS accumulation [12], possess cytotoxic and anti-invasive properties [13,14],
and sensitize cells to radiotherapy [15]. Anticancer activity of nanoceria was studied in vitro for the
treatment of breast, pancreas, ovarian, lung, and colon cancer cells [15–17].

Despite the significant promises of nanoceria, several challenges still need to be addressed before
a translational exploitation into clinical practice. First of all, nanoceria dispersions are often unstable in
aqueous solutions and in high ionic media, quickly precipitating and forming aggregates that hinder
their in vivo administration [18] or at least that heavily affect their transport and biodistribution [19].
The interaction of nanoparticles with proteins moreover triggers recognition by phagocytic cells,
thus inducing retention in the reticuloendothelial system (mainly in the spleen and in the liver),
with a consequent reduction of blood circulation half-life [20]. Additionally, proteins adsorbed on
the surface of nanoceria may also modify their surface chemistry and thus their physicochemical
properties, in addition to the hydrodynamic size and the surface charge that determine cellular uptake
and subcellular localization [21–23].

The goal of this study is the investigation of the possibility of exploiting the advantages of
a liposomal drug delivery system in order to increase the therapeutic index of nanoceria. Liposomes
are promising vectors that allow for the incorporation of hydrophilic and hydrophobic drugs due to
their amphiphilic nature and vescicular structure [24]. Liposomes composed of phospholipids are
biocompatible and biodegradable, with a diameter in the range of 50–200 nm, and they generally do
not undergo a rapid systemic clearance [24]. Surface modifications by means of polymeric chains as
polyethylene glycol (PEG), in fact, provide a stealth layer that reduces their uptake by the immune
system, thus prolonging the persistence of the liposomes in the blood circulation [24]. In addition,
the use of liposomes can promote a selective delivery of the payload into targeted cells/tissues upon
the functionalization of their surface with antibodies, antigens, or small molecules capable of binding
specific receptors on the cell membrane [25,26]. Furthermore, such a targeting strategy can be also
exploited for the crossing of biological barriers, thus allowing compartments otherwise inaccessible,
such as the central nervous system, to be reached [27].

In this work, nanoceria-loaded liposomes were prepared through a reverse-phase evaporation
method, extruded with membrane filters, and finally purified with gel permeation chromatography.
Obtained hybrid nanovectors were extensively investigated in terms of lipid concentration,
size distribution, Z-potential, morphology, and loading efficiency. Finally, preliminary in vitro studies
have been carried out on normal human dermal fibroblasts to investigate biocompatibility and
unaltered antioxidant activity of the entrapped nanoceria.

2. Results

2.1. Characterization of Liposomes

Empty liposomes and nanoceria-loaded liposomes were prepared by a reverse-phase evaporation
method in order to obtain a high loading amount of nanoceria. Size and Z-potential were assessed

252



Nanomaterials 2017, 7, 276

before biological testing, and obtained results are summarized in Table 1. Free nanoceria present
an average diameter of 12 ± 1 nm and a Z-potential of 32.0 ± 3.8 mV. Empty liposomes and
nanoceria-loaded liposomes have a hydrodynamic size of about 165 ± 42 nm and 230 ± 10 nm,
respectively. As expected, analyses revealed a negative Z-potential of −41.0 ± 11.2 mV for empty
liposomes because of the presence of the anionic lipid (1,5-dihexadecyl-N-succinyl-L-glutamate,
DHSG), while nanoceria-loaded liposomes present a positive surface charge of 30.8 ± 0.4 mV deriving
from the adsorption of cerium oxide nanoparticles on the surface of negatively charged liposomes.
Values obtained from inductively coupled plasma mass spectroscopy (ICP-MS) revealed 6 mg/mL
of complexed nanoceria for a dispersion of 9 mg/mL of nanoceria-loaded liposomes, highlighting
a loading efficiency of 12%. The samples were found stable for many weeks since the preparation,
resulting into a variation of the hydrodynamic size <15% after one month of storage.

Morphology of the samples was confirmed by transmission electron microscopy (TEM) images.
Figure 1a shows the monodispersed cerium oxide nanoparticles used in this work, while Figure 1b
highlights the formation of well-defined spherical liposomes, and suggests the presence of cerium
oxide nanoparticles complexed to the liposomes, both inside the lipid vesicles and on their surface,
as also confirmed by the increment of the Z-potential.

The analysis of the total antioxidant capacity (TAC) of nanoceria-loaded liposomes and empty
liposomes was assessed and expressed in terms of Trolox equivalents, a water-soluble vitamin E
analog that serves as an antioxidant standard [28]. The TAC of 7 μg of nanoceria-loaded liposomes
was found significantly higher (6.14 ± 0.34 nmol; * p < 0.05) with respect to the negligible effect of
the same quantity of empty liposomes (0.09 ± 0.03 nmol), showing strong retained efficiency of the
encapsulated nanoceria.

Table 1. Characterization of nanoceria, liposomes, and nanoceria-loaded liposomes dispersions.

Sample Size (nm) Polydispersity Index Z-Potential (mV)

Nanoceria 12 ± 1 0.156 ± 0.010 32.0 ± 3.8
Empty liposomes 165 ± 42 0.147 ± 0.006 −41.0 ± 11.2

Nanoceria-loaded liposomes 230 ± 10 0.263 ± 0.023 30.8 ± 0.4

(a) (b)

Figure 1. TEM imaging of free nanoceria (a) and of nanoceria-loaded liposomes (b).

2.2. In Vitro Studies

Biocompatibility of empty liposomes and of nanoceria-loaded liposomes was investigated on
normal human dermal fibroblast (NHDF) cell line by a PicoGreen assay. As shown in Figure 2a, results
indicate good cytocompatibility for all the samples up to a concentration of 200 μg/mL and after 48 h
of treatment. No significant variation of fluorescence intensity, and therefore of number of cells in the
samples, was in fact detected in the different cultures, thus demonstrating no cytotoxic effects of all of
the formulations.
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Confocal microscopy was instead used to verify the cellular uptake of nanoceria-loaded liposomes,
and Figure 2b clearly shows strong internalization by NHDF cells after 48 h of incubation, with a strong
accumulation of nanoceria-loaded liposomes (in red) in the perinuclear area of the cells (cell membranes
stained in green, nuclei in blue).

To demonstrate unaltered antioxidant activity of entrapped nanoceria, reactive oxygen species
(ROS) formation was assessed. NHDF cells were stimulated with 1 mM H2O2 for the intracellular
generation of ROS, after a pre-incubation with increasing concentrations of nanoceria-loaded liposomes
and empty liposomes as a control. Figure 3 shows that the treatment for 45 min with 1 mM H2O2

induced an increase in the ROS production of about 56% with respect to non-treated cells, which was
hindered by the pre-incubation with nanoceria-loaded liposomes in a dose-dependent manner.
This demonstrates a maintained antioxidant activity of cerium oxide nanoparticles encapsulated
in the liposomes.

(a) (b)

Figure 2. PicoGreen assay on NHDF cells after 48 h of incubation with increasing concentrations
of empty liposomes and nanoceria-loaded liposomes (a); confocal image showing nanoceria-loaded
liposomes (in red) up-taken by NHDF cells after 48 h of incubation; nanoceria-loaded liposomes are
stained in red, cell membranes in green, and nuclei in blue (b).

Figure 3. Quantitative evaluation of reactive oxygen species levels in NHDF cells treated with empty
liposomes and nanoceria-loaded liposomes, with and without H2O2 pro-oxidant insult; * p < 0.05.
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3. Discussion

The excessive and non-balanced production of free radicals, a process known as oxidative stress,
can damage various cell components such as proteins, lipids, and DNA, causing many different
diseases [29]. Neurodegenerative disorders, cancer, atherosclerosis, hypertensions, autoimmune
diseases, diabetes, and obesity are just some of the pathological conditions associated with oxidative
stress [30].

A way to restore the cell redox status could be the use of cerium oxide nanoparticles, the ability
of which, as ROS scavengers, has been demonstrated by countless studies in the literature [31,32].
However, though efforts have been made to improve the stability and the biodistribution of nanoceria
in vivo through polymeric coatings or surface modifications with ligand moieties, to date only
one work reports the use of drug delivery systems as a multi-stage strategy for increasing the
therapeutic potential of nanoceria [33]. In this research, the authors obtained cerium oxide nanoparticles
encapsulation in poly(lactide-co-glycolide) microspheres, without however confirming the ROS
scavenging activity of entrapped nanoceria in vitro [33].

As a similar approach, our objective was focused on the investigation of a strategy to load
nanoceria into a drug delivery platform, namely, liposomes, that traditionally gained considerable
interest in nanomedicine because of many advantageous features. Their high biocompatibility,
the possibility of controlling their physicochemical properties, their ability to entrap molecules in both
an aqueous core and a lipid bilayer, and, most importantly, the specific targeting to a desired site
through an appropriate surface functionalization are only some of the properties that make liposomes
an efficient drug carrier [34].

Most of the studies about the encapsulation of small inorganic nanoparticles in liposomes concern
quantum dots [35], silica nanoparticles [35], and magnetic nanoparticles [36]. Extensively studied,
megnetoliposomes are an interesting example of a multifunctional liposomes/nanoparticles hybrid
platform, and they can be exploited as contrast agents in magnetic resonance imaging, for magnetically
guided targeting delivery, or for generating heat when exposed to an alternating magnetic field [37].

A study of interaction between liposomes and nanoceria has been approached by Liu et al.,
who exploited phosphocoline-based liposomes as a model of the cell membrane, but focusing their
investigations only on the interaction between nanoceria and biological membranes [38].

In the present work, we demonstrate for the first time that nanoceria can be encapsulated inside
liposomes preserving their antioxidant activities. The final lipid composition has been the result of
an extensive procedure of optimization, which took into account the stability of the preparation,
the encapsulation yield, and the biocompatibility of the nanovectors. Particular attention has also been
dedicated to the ease of purification of the final products. The presented formulation was an optimal
compromise among all these considered factors.

Thus, nanoceria-loaded liposomes, well-tolerated by fibroblasts, can be extensively internalized
by the cells and preserved strong antioxidant activities. The proposed strategy is therefore extremely
promising for improving the biodistribution and the in vivo targeting: the encapsulation into liposomes
could in fact protect nanoceria by the surface absorption of blood proteins that can affect the interaction
with cells, while at the same time protecting the surface chemistry of the nanoparticles and therefore
their catalytic activities. Moreover, the PEGylation of the liposome surface and their stability deriving
from favorable electrostatic interactions could represent an advantage in overcoming the fast clearance
from the blood circulation, by shielding liposomes from immunoglobulins and proteins of the
complement system, which act as signals for recognition by the mononuclear phagocytic system.
Liposomal lipids could also be used for several strategies of functionalization with targeting moieties,
thus avoiding a direct link of ligands on the nanoparticle surface that could hinder their catalytic
activities while, at the same time, enabling the targeting and crossing of biological barriers, such as
the blood–brain barrier, which represents the major obstacle of nanoceria delivery to the central
nervous system. Finally, the capacity of nanocarriers such as liposomes to act as multi-functional
vectors for the delivery of multiple cargos offers an interesting stimulus for alternative therapeutic
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strategies. As an example, co-encapsulation of nanoceria and imaging contrast enhancers such as
magnetic nanoparticles could make the liposomes an actual theranostic nanoplatform suitable in all
those scenarios where nanoceria can play an important medical action.

4. Materials and Methods

4.1. Preparation of Lipid Mixture and Liposomes

For the liposome preparation, a lipid anionic mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), cholesterol, 1,5-dihexadecyl-N-succinyl-L-glutamate (DHSG), and 1,2-distearoylsn-glycero-3-
phosphoethanolamine-N-[monomethoxy poly(ethylene glycol) (5000)] (PEG-DSPE) at a molar ratio of
5:5:1:0.03 was used. DPPC and cholesterol were purchased from Nippon Fine Chemicals (Osaka, Japan),
PEG-DSPE from NOF Corporation (Tokyo, Japan), and DHSG was in-house synthesized in
laboratory [39,40].

A mixture was prepared by dissolving those lipid components (total 100 mg) in t-butylalcohol
(20 mL); the mixed solution was then freeze-dried overnight, and powder was then used for
liposome preparation.

Nanoceria-loaded liposomes were prepared by a reverse-phase evaporation method. More specifically,
10 mg of mixed lipid powder was dissolved in ethanol, and 50 mg of nanoceria was then added
(47,232 from Alfa Aesar, Ward Hill, MA, USA), presenting a Ce3+/Ce4+ ratio of ~1.6, please see
characterization reported in Figure S1, Supplementary Materials). After the solvent at 40 ◦C was
removed by rotary evaporation under reduced pressure, the obtained dried lipid-nanoceria mixed film
was hydrated and dispersed in 1 mL of water at room temperature for 3 h through stirring.

The liposome dispersion thereafter underwent two extrusion cycles through polycarbonate filters
of a 200 nm pore size (Whatman® Nuclepore™ Track-Etched Membranes, Maidstone, UK). In order
to separate un-loaded nanoceria from the liposome dispersion, suspension was purified through gel
permeation chromatography using a Sephadex G-100 column and deionized water as eluent.

Each fraction containing liposomes was collected and analyzed in terms of size, Z-potential,
nanoceria content, and lipid concentration. The same procedure was used for empty liposomes
preparation, without nanoceria addition. Lipid concentration of the liposomes was calculated from the
concentration of cholesterol using a cholesterol assessment kit (Abcam, Cambridge, UK) according to
the manufacturer’s instruction.

4.2. Liposomes Characterization

Particle size distribution and Z-potential of nanoceria, empty liposomes, and nanoceria-loaded
liposomes were investigated with a Nano Z-Sizer (Malvern Instrument, Malvern, UK). For both
analyses, each measurement was performed three times. Nanoceria content was calculated by
means of elemental analysis performed through inductively coupled plasma mass spectroscopy
(ICP-MS, Thermo Scientific, Waltham, MA) analysis, and the obtained value was used to determine
the encapsulation efficiency through the following equation:

%EE = [(nanoparticles added − free nanoparticles)/nanoparticles added] × 100, (1)

Transmission electron microscopy (TEM) was performed in order to analyze sample morphology.
For negative staining, 10 μL of the nanoceria-loaded liposomes dispersion or of free nanoceria solution
was placed on carbon-coated 200 mesh copper grids for 5 min and then stained with a 1% uranyl
acetate solution. Thereafter, grids were washed three times with water to remove the excess of staining
and allowed to air-dry. Transmission electron microscopy of the samples was performed using a JEOL
JEM-1011 microscope (JEOL Ltd., Tokyo, Japan) equipped with a tungsten thermionic gun operating
at a 100 kV accelerating voltage. TEM images were acquired with a 11 Mp Orius 1000 CCD camera
(Gatan, Pleasanton, CA, USA).
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The antioxidant efficiency of nanoceria-loaded liposomes was evaluated through a specific
assay (the Total Antioxidant Capacity Assay Kit, Sigma, Saint Louise, MO, USA) that allows for
the determination of the antioxidant capacity of a substance in terms of Trolox equivalents. Trolox
is a water-soluble vitamin E analog [28] and was used as a standard antioxidant in order to obtain
a calibration curve following the manufacturer’s instruction. A Cu2+ working solution was added
to dispersions of empty liposomes, nanoceria-loaded liposomes (in both cases corresponding to
an amount of 7 μg of nanovectors), and to all the Trolox standard samples. In the presence of
antioxidants, Cu2+ ions are converted to Cu+ ions, which react with a colorimetric probe giving
an absorbance peak at 570 nm. This peak, assessed after 90 min of incubation through a microplate
reader (Victor3, PerkinElmer, Waltham, MA, USA), is proportional to the total antioxidant capacity.

4.3. Cell Cultures

The normal human dermal fibroblast (NHDF) cell line was purchased from Lonza
(Basel, Switzerland) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were grown at 37 ◦C
in an atmosphere containing 5% CO2 and passaged by trypsinization with 0.5% trypsin/
ethylenediaminetetraacetic (EDTA).

4.4. Cytotoxicity of Nanoceria-Loaded Liposomes and Empty Liposomes

The biocompatibility of nanoceria-loaded liposomes and empty liposomes was tested in terms of
cell proliferation by the Quant-ITTM PicoGreen® dsDNA assay (Molecular Probes, Eugene, OR, USA),
enabling cell number quantification upon evaluation of nucleic acids concentration. Cells were seeded
at a density of 6 × 103 cells/cm2 in 24-well plates and incubated for 24 h at 37 ◦C and 5% CO2.
The medium was then replaced with fresh medium containing empty liposomes or nanoceria-loaded
liposomes with different concentrations (0, 100, and 200 μg/mL). After 48 h since the beginning of the
treatment, cells were lysed and incubated with the appropriate reagents according the manufacturer’s
instructions. Finally, fluorescence was measured in 96-well black plates through a microplate reader
(Victor3, PerkinElmer, Waltham, MA; excitation 485 nm, emission 535 nm).

4.5. Cellular Uptake Investigation

Internalization of nanoceria-loaded liposomes into NHDF cells was investigated by confocal
microscopy. Cells were seeded at a density of 3 × 103 cell/cm2 in Ibidi μ-Dishes (35 mm, Ibidi) and
after 24 h they were treated with nanoceria-loaded liposomes at a concentration of 100 μg/mL for
48 h. The liposomes were previously stained with a lipophilic red-fluorescent dye (1:200 dilution,
Dil, Molecular Probes, Eugene, OR). Finally, cells were rinsed with PBS and treated for 10 min with
CellMask, a green-fluorescent dye for labeling cell membranes (1:1000 dilution, Invitrogen, Carlsbad,
CA, USA), and with Hoechst 33342 (5 μg/mL, Invitrogen) for nucleus counterstaining. A confocal
microscope (C2s, Nikon, Tokyo, Japan) was therefore used for the acquisition of the images.

4.6. Intracellular Antioxidant Activity Evaluation

In order to investigate the antioxidant activity of nanoceria-loaded liposomes, 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCF-DA) Cellular Reactive Oxygen Species Detection Assay
Kit (Life Technologies) was used. H2DCF-DA is a fluorogenic dye that is able to diffuse through cell
membrane and to intracellularly interact with hydroxyl, peroxyl, and other ROS. More specifically,
after its cell internalization, H2DCF-DA is deacetylated by cellular esterases to a non-fluorescent
compound, which is later oxidized by ROS into 2′,7′-dichlorofluorescein (DCF), a fluorescent
compound that thus becomes a direct indicator of the intracellular ROS levels. NHDF cells were
seeded in a 24-well plate at a density of 6 × 103 cell/cm2, incubated for 24 h, and then treated for
48 h with dispersions of empty liposomes or nanoceria-loaded liposomes at different concentrations
(0, 75, and 150 μg/mL), respectively containing 0, 50, and 100 μg/mL of nanoceria. In order to induce
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intracellular ROS accumulation, cells were treated with 1 mM H2O2 for 45 min at 37 ◦C in a complete
medium, and finally incubated with 100 μM H2DCF-DA in a serum-free medium at 37 ◦C in the dark
for 30 min. After cell lysis through three freezing/thawing cycles, fluorescence was quantified with
a microplate reader (Victor3, Perkin Elmer, Waltham, MA; excitation 485 nm, emission 535 nm).

4.7. Statistical Analyses

Data were analyzed with one-way ANOVA followed by Bonferroni’s post hoc test or two-tailed
unpaired t-test through KaleidaGraph (Synergy Software). In all experiments, performed in triplicate,
data with a p-value < 0.05 were considered statistically significant.

5. Conclusions

Liposomes were demonstrated to be an excellent platform for nanoceria encapsulation without
altering antioxidant properties of the nanoparticles. Nanoceria-loaded liposomes showed good
biocompatibility, a regular spherical shape, nanometric size, and preserved antioxidant activity in vitro.
Further investigations will be needed in order to modify the liposome surface with appropriate ligands
for a targeted delivery. The encapsulation of nanoceria into a liposomal drug delivery system could
improve the pharmacokinetic profile of nanoceria in vivo and represents a stimulus for new strategies
of nanotechnology-based therapies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/9/276/s1,
Figure S1: XPS analysis of free nanoceria.
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