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This special issue is dedicated to our teacher, mentor and friend Prof. Eleonora Santucci to
celebrate her 80-years birthday.

Nanovesicles are highly-promising and versatile systems for the delivery and/or targeting of
drugs, biomolecules and contrast agents. Despite the fact that initial studies in this area were performed
on phospholipid vesicles, there is an ever-increasing interest in the use of other molecules to obtain
smart vesicular carriers focusing on strategies for targeted delivery. This special issue aims to highlight
and capture the contemporary progress and current landscape of smart nanovesicles applied in drug
targeting and delivery.

A series of research articles and one review are present in this special issue and offer a summary
of the different researches by different countries’ teams, thus making meaningful and significant
contributions to the field.

Asprea et al. investigated the possibility to obtain monodisperse and stable nanocochleates
from Natural Soy Lecithin Liposomes, using two different phospholipids, phosphatidylcholine and
phosphatidylserine, loaded with a typical small hydrophobic natural product, andrographolide
(AG). AG from the Asiatic medicinal plant Andrographis paniculata shows numerous potential
activities ranging from anti-inflammatory to neuroprotection, antidiabetic to anti-obesity properties,
and antitumor activity to hepatoprotective activity. It has poor water solubility which deeply limits
its biodistribution and localization, resulting in low bioavailability and additionally, is unstable in
gastrointestinal media and has a very short biological half-life (t 1

2
= 1.33 h) after a single oral dose.

The stability of developed nanocochleates after lyophilisation and in simulated gastrointestinal fluids
was investigated. In addition, the studied nanocarriers show high EE%, and suitable drug release
properties for oral delivery, but with possible uses in other routes of administration [1].

In a second study Piazzini et al. evaluated the possibility of using liposomes to enhance the
penetration into the brain of AG. The AG-loaded liposomes showed protection against damage
induced by amyloid-oligomers in vitro, reduction of amyloid levels and tau phosphorylation in
mice, modulation of the formation of amyloid plaques and recovery of spatial memory functions in
Alzheimer’s disease transgenic mouse model. Liposomal surface was modified by adding Tween
80 alone or in combination with Didecyldimethylammonium bromide to confer cationic surface charge.
Liposomes were evaluated for various formulation parameters (size, polydispersity, ζ-potential,
morphology, chemical and physical stability, in vitro release) and the optimized formulations were
studied and characterized with in vitro tests. Both formulations enhanced solubility and cellular
permeability of AG, as in vitro tests with PAMPA and hCMEC/D3 cells and increase the permeation of
AG into the cell without alterations in cell viability and monolayer integrity. The presence of positive
charge elevated the cellular internalization of liposomes [2].

Another interesting study on a natural compound is the one by Santos-Rebelo and colleagues.
In this research study, Parvifloron D was efficiently extracted and isolated from P. ecklonii and it
showed more selectivity to human pancreatic tumor cells than healthy cells or breast cancer cells,
but Parvifloron D is affected by low water-solubility, thus, small and spherical albumin nanoparticles

Pharmaceutics 2019, 11, 147 www.mdpi.com/journal/pharmaceutics1
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(water soluble particles) have been formulated with high encapsulation efficiency to enhance drug
solubility and targeted delivery. Those nanoparticles led to a controlled release of the drug, which was
stable, and therefore, they can be considered a suitable and promising carrier to deliver the drug to the
tumor site, improving the treatment of pancreatic cancer [3].

The great interest around natural compound delivery was confirmed by the study reported
by Di Sotto and colleagues. They performed a deep physical-chemical characterization of
soybean phosphatidylcholine (SPC) liposomes used to improve the dissolution of the natural
sesquiterpene-caryophyllene (CRY) in biological fluids and its cellular uptake. Both unilamellar
(ULV) and multilamellar (MLV) formulations were studied. The lipid composition, lamellarity,
the manufacturing process and drug incorporation can all influence the physicochemical properties
of a liposomal formulation, including the drug release performance. In particular, the influence of
the drug–lipid ratio on the arrangement of the nonpolar region of the vesicles’ membrane must be
considered to design a carrier able to entrap and then release the loaded drug to obtain the therapeutic
effect. The antiproliferative activity of CRY-loaded SPC ULV and MLV with respect to that of CRY
alone was also studied in liver cancer HepG2 cells and MDA-MB-468 [4].

In the research study carried out by Coccè and colleagues, the application of extracellular vesicles
in the paclitaxel delivery was evaluated. In particular, the anticancer activity of secretomes from
both untreated and paclitaxel (PTX)-primed GinPaMSCs, by demonstrating that both PTX-loaded
GinPaMSCs and the corresponding extracellular vesicles (EVs/PTX) were active against cancer cells.
This research study provides a strong proof of concept, suggesting a possible application of the
procedure to collect PTX-associated EVs from drug-primed GinPaMSC working as “natural anticancer
liposomes” [5].

The study of Palchetti and colleagues focused on an important aspect related to liposomal
administration: the understanding that the limited success of liposomal drugs in clinical practice is
due to our poor knowledge of the nano–bio interactions experienced by liposomes in vivo. In this
study, a library of 10 liposomal formulations with systematic changes in lipid composition were
prepared and exposed to human plasma. Size, zeta-potential, and corona composition of the resulting
liposome–protein complexes were thoroughly characterized. According to the recent literature,
enrichment in protein corona fingerprints (PCFs) was used to predict the targeting ability of synthesized
liposomal formulations. In this study, the predicted targeting capability of liposome–protein complexes
was clearly correlated with cellular uptake in pancreatic adenocarcinoma (PANC-1) and insulinoma
(INS-1) cells. The cellular uptake of the liposomal formulation with the highest abundance of PCFs was
found to be much larger than that of Onivyde®, an Irinotecan liposomal drug approved by the Food
and Drug Administration in 2015 for the treatment of metastatic pancreatic ductal adenocarcinoma [6].

An example of a pH sensitive targeting by using non-ionic surfactant vesicles is represented by
the research study by Marzoli and colleagues. The anti-inflammatory and analgesic activity in acute
and chronic models of pain of ibuprofen loaded pH sensitive vesicles was evaluated. These niosomes,
with increased affinity for an acidic pH microenvironment, can take advantage of pathological
conditions (ischemia, infection, inflammation, and cancer where extracellular pH values range from 5.5
to 7.0) for selective targeting. In particular pH-Tw20Gly niosomes loaded with ibuprofen were compared
to free ibuprofen in animal models of acute and chronic pain. pH sensitive niosomal formulations
increase Ibuprofen’s analgesic activity, promoting a longer duration of action of this drug [7].

In the study of Rodrigues et al., multifunctional liposomes containing manganese ferrite/gold
core/shell nanoparticles were developed in order to obtain simultaneous chemotherapy and
phototherapy. In order to develop applications in cancer therapy, the prepared nanoparticles
were entrapped in liposomes (aqueous magnetoliposomes, AMLs) or covered with a lipid bilayer
(solid magnetoliposomes, SMLs). These new nanosystems were tested in this scenario as nanocarriers for
a potential anticancer drug, especially active against melanoma, breast adenocarcinoma, and non-small
cell lung cancer. The local heating capability of the developed systems was also monitored [8].
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An alternative route of administration by means of a nanotechnological strategy was proposed by
Touitou and colleagues for buspirone delivery. In particular, the nasal administration of buspirone
incorporated in a new nanovesicular delivery system (NDS) to be tested in a hot flushes animal model
was studied. The role of the carrier in the design of an efficient nasal product is fundamental, so to this
aim, in this work, buspirone NDS was appropriately designed and extensively characterized, then the
pharmacodynamic effect in an ovariectomized (OVX) animal model for hot flushes, and the drug levels
in brain and plasma were evaluated. The safety of the local application of the nanovesicular system on
the animal nasal cavity was also examined [9].

Finally, the review by Narayan and colleagues reported an overview on mesoporous silica
nanoparticles (MSNs), a material with high thermal, chemical and mechanical properties, that have
garnered immense attention as drug carriers owing to their distinctive features over the others [10].

All the articles presented in the special issue represent a small cross-section of a great research
interest in the field of nanovesicular system applications in drug delivery.

From the overall presented results, several interesting potentialities of these systems have been
highlighted together with their high versatility and excellent biocompatibility. These qualities make
them attractive and we hope that they will soon be able to represent an evolution in products available
on the market.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: (1) Background: Andrographolide (AN), the main diterpenoid constituent of Andrographis
paniculata, has a wide spectrum of biological activities. The aim of this study was the development of
nanocochleates (NCs) loaded with AN and based on phosphatidylserine (PS) or phosphatidylcholine
(PC), cholesterol and calcium ions in order to overcome AN low water solubility, its instability under
alkaline conditions and its rapid metabolism in the intestine. (2) Methods: The AN-loaded NCs
(AN–NCs) were physically and chemically characterised. The in vitro gastrointestinal stability and
biocompatibility of AN–NCs in J77A.1 macrophage and 3T3 fibroblasts cell lines were also investigated.
Finally, the uptake of nanocarriers in macrophage cells was studied. (3) Results: AN–NCs obtained
from PC nanoliposomes were suitable nanocarriers in terms of size and homogeneity. They had an
extraordinary stability after lyophilisation without the use of lyoprotectants and after storage at room
temperature. The encapsulation efficiency was 71%, while approximately 95% of AN was released in
PBS after 24 h, with kinetics according to the Hixson–Crowell model. The in vitro gastrointestinal
stability and safety of NCs, both in macrophages and 3T3 fibroblasts, were also assessed. Additionally,
NCs had extraordinary uptake properties in macrophages. (4) Conclusions: NCs developed in this
study could be suitable for both AN oral and parental administration, amplifying its therapeutic value.

Keywords: soy lecithin liposomes; nanocochleates; andrographolide; freeze-drying; gastrointestinal
stability; uptake and safety

1. Introduction

The design and production of appropriate drug delivery systems, in particular, nanosized ones,
offer an advanced approach to optimised bioavailability and/or the stability of drugs, to control drug
delivery and to maintain drug stability during transport to the site of action. A successful drug carrier
system should possess a long shelf life, optimal drug loading and release properties, and exert a much
higher therapeutic efficacy as well as have low side effects [1,2].

Phospholipids are the main amphiphilic components of the cell membrane and currently represent
the main constituents of nanovectors because they can self-assembly in aqueous milieu, generating
different supramolecular structures such as micelles and vesicles [1,3]. Typically, their variation in head
groups, aliphatic chains and alcohols leads to a wide variety of phospholipids, generally classified
as glycerophospholipids and sphingomyelins. The most common natural glycerophospholipids are
phosphatidylcholine (PC), phosphatidylinositol, phosphatidylserine (PS), phosphatidylglycerol and
phosphatidic acid, having diverse acyl moieties, principally myristoyl, palmitoyl, oleoyl and stearoyl.

In particular, glycerophospholipids are the specific constituents of liposomes, which are widely
used as drug vectors because of their high biocompatibility, non-toxicity, complete biodegradability,

Pharmaceutics 2019, 11, 34 www.mdpi.com/journal/pharmaceutics5



Pharmaceutics 2019, 11, 34

and non-immunogenic effects after both systemic and non-systemic routes of administration [4].
Conversely, the therapeutic use of vesicles has some limitations, principally poor stability and
availability under the harsh conditions typically presented in the gastrointestinal tract [1,2,5,6]. A very
limited number of studies report on the use of cochleates as an alternative platform to vesicles
in order to overcome these limitations. Cochleates were first observed by Verkleij et al. [7] using
phosphatidylglycerol liposomes and later by Papahadjopoulos et al. [8], using phosphatidylserine
liposomes in the presence of divalent metal cations (Me2+), i.e., Ca2+, Ba2+, Fe2+, Mg2+ and Zn2+.
Cochleates can be produced as nano- and microstructures and they are extremely biocompatible,
with excellent stability due to their unique compact structure. They present an elongated shape
and a carpet roll-like morphology always accompanied by narrowly packed bilayers, through the
interaction with Me2+ as bridging agents between the bilayers (Figure 1). During this arrangement,
the close approach of bilayers is dependent on dehydration of the head group of the phospholipid.
They roll-up in order to minimise their interaction with water and, consequently, cochleates possess
little or no aqueous phase. The relevant differences between cochleates and different liposomes,
i.e., small unilamellar vesicle (SUV), large unilamellar vesicle (LUV), multilamellar vesicle (MLV) and
multivesicle vesicle (MVV), are reported in Figure 1.

 
Figure 1. Schematic representation of the structures of liposomes (A) and nanocochleates (B).

The bilayers in a cochleate are organised very precisely at a very close repeating distance of 54
Angstrom [9] with a water-free interior, which is a rigid, stable, rod-shaped structure. Due to this
unique structure, cochleates can be easily lyophilised to a free-flowing powder that can be incorporated
in capsules for oral administration or re-dispersed in water for parental administration. Yet what
remains very unclear is their mechanism of permeation throughout the biological membranes. It is
reported that after oral administration, cochleates cross the epithelium, delivering the loaded drug
into the blood vessel [10]. There are two current hypotheses to explain the mechanism of permeation.
According to the first assumption, the contact of the calcium-rich membrane of the cochleate with a
cell can cause a perturbation and the reordering of the cell membrane. Subsequently, there is fusion
between the outer layer of the cochleate and the cell membrane [10]. An alternative hypothesis for the
delivery mechanism of cochleates is phagocytosis. In both cases, once within the interior of a cell, a low
calcium concentration results in the opening of the cochleate crystal and the release of the entrapped
drug [11–13].

Currently, cochleates represent difficult drug delivery systems for clinical use, principally due to
the numerous difficulties in producing monodisperse systems because of a tendency to form stable
and huge aggregates, which represent a serious drawback at the industrial level. Diverse patents and
publications have reported different strategies to overcome these limitations [11], in particular, the use
of methylcellulose, casein, or albumin, but proteins may decrease stability and safety due to the change
of pharmacokinetic parameters. Methylcellulose is able only in part to disrupt the formed aggregates.
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Other natural polysaccharides (including celluloses, gums, and starches) have been recommended as
inhibitors of the aggregation processes, but their efficiency still remains ambiguous [11,12]. In recent
times, the ability of citric acid to remove Ca2+ ions from the external surface of cochleates, leading to
the dispersion of the aggregates, has been investigated [13]. Furthermore, a recent approach compared
a novel microfluidics-based strategy with the conventional cochleate production methods; however,
the formation of aggregates was still present in the samples [14].

The aim of this study was the production of monodisperse and stable nanocochleates (NCs) using
two different phospholipids, PC and PS, loaded with a typical small hydrophobic natural product,
andrographolide (AN) from the Asiatic medicinal plant Andrographis paniculata. Besides the numerous
potential activities ranging from anti-inflammatory to neuroprotection, antidiabetic to anti-obesity
properties, and antitumor activity to hepatoprotective activity [15], AN has poor water solubility
(3.29 ± 0.73 μg at 25 ◦C) [16], which deeply limits its biodistribution and localisation, resulting in
low bioavailability [17]. Additionally, AN is unstable in gastrointestinal media and has a very short
biological half-life (t1/2 = 1.33 h) after a single oral dose [18]. The stability of developed nanocochleates
after lyophilisation and in simulated gastrointestinal fluids was investigated. In addition, the possible
hazards and the cellular effects of NCs were determined using J774a.1 murine macrophages and 3T3
fibroblasts. Lastly, studies on uptake using a confocal microscope were carried out in the macrophages
cell line.

2. Materials and Methods

2.1. Materials

The phospholipon 90G (soy phosphatidylcholine, PC) was sourced from the Italian agent AVG
srl (Milan, Italy) of Lipoid AG (Cologne, Germany). The dioleoyl phosphatidylserine (PS) was a
kind gift from Lipoid AG (Cologne, Germany). The following reagents were from Sigma-Aldrich
(Milan, Italy): pepsin from porcine gastric mucosa, bile salts, andrographolide (AN), fluorescein
isothiocyanate (FITC, purity ≥ 90%, HPLC), lipase from porcin pancreas, sodium hydroxide (NaOH),
calcium chloride (CaCl2), cholesterol, phosphate buffered saline (PBS) bioperformance certified,
paraformaldehyde (PFA), Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS),
l-glutamine, penicillin–streptomycin solution, WST-8 kit, acetonitrile (HPLC grade), methanol (HPLC
grade), formic acid (analytical grade), hydrochloric acid (HCl) (analytical grade) and dichloromethane
(CH2Cl2). The water used was from the Milli-Qplus system from Millipore (Milford, CT, USA).
The phosphotungstic acid (PTA) was from Electron Microscopy Sciences (Hatfield, PA, USA).
The dialysis kit was from Spectrum Laboratories, Inc. (Breda, The Netherlands). The J774a.1 murine
macrophages and the 3T3 fibroblasts were purchased from the American Type Culture Collection
(ATCC® TIB-67™, Manassas, VA, USA). A LT-4000 reader from Labtech was used to read the absorbance
(Bergamo, Italy).

2.2. Preparation of PC- and PS-based Liposomes and NCs

The NCs were obtained from nano-sized liposomes (LPs), which were prepared according to
the film hydration method [19]. The liposomes were formulated as follows: the required amounts of
phospholipids (60 mg) and cholesterol (20 mg) were dissolved in a dichloromethane/methanol mixture
(20 mL of a mixture, 3:2 v/v). The obtained organic solution was evaporated under vacuum and the
lipid film was hydrated by the addition of PBS (10 mL) using a mechanical stirrer (RW20 digital, IKA,
Staufen im Breisgau, Germany) for 30 min in a water bath at a constant temperature of 37 ◦C for PC and
60 ◦C for PS. The resulting formulations were optimised by ultrasonication (3 min, two cycles of 90 s)
in an ice bath to prevent lipid degradation. Subsequently, a gentle centrifugation (1205× g, 1 min) was
performed to remove possible metallic particles released during the ultrasonication. The NCs were
prepared from the nanoliposomes according to the trapping method, described by Asprea et al. [20].
Briefly, a 0.1 M solution of CaCl2 was added drop-by-drop to the liposomal suspension under magnetic
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stirring (150 rpm, room temperature) until the formulation appeared cloudy, indicating the formation
of NCs. The molar ratio between PC and CaCl2 was 1:1, while the molar ratio between PS and CaCl2
was 1:4.

2.3. Characterisation of Nanocarriers: Size, Polydispersity Index and ζ-Potential

The Zsizer Nano series ZS90 (Malvern Instruments, Malvern, UK) outfitted with a JDS Uniphase
22 mW He-Ne laser operating at 632.8 nm, an optical fiber-based detector, a digital LV/LSE-5003
correlator and a temperature controller (Julabo water-bath) set at 25 ◦C was used for Dynamic
Light Scattering (DLS) measurements, including for the particle size, polydispersity index (PdI) and
ζ-potential. The cumulant method was used to analyse time correlation functions, obtaining the mean
diameter of the nanocarriers (Z-average) and the size distribution using the ALV-60X0 software V.3.X
provided by Malvern. The size characterisation technique for the nanoparticles in suspension, based on
the measurement of their translational diffusion coefficient, related to the length, L, of their major axis
is as

D =
kBT

3πηL
FD, (1)

where η represents the viscosity of the solvent, kB represents the Boltzmann constant and T represents
the sample temperature. FD is a geometrical coefficient depending on the shape, but not the size,
of the particles [21,22]. In particular, for NCs, the expressions of FD corresponding to these particle
shapes are

FD = logρ + 0.312 + 0.565/ρ − 0.1/ρ2, (2)

ζ-potential values were obtained from the electrophoretic mobility, using the Henry correction
to Smoluchowski’s equation. The samples were diluted in distilled water and an average of three
measurements at the stationary level were taken. A Haake temperature controller kept the temperature
constant at 25 ◦C.

2.4. Morphological and Size Characterisation by Transmission Electron Microscopy (TEM)

A transmission electron microscope (TEM, Jeol Jem 1010, Tokyo, Japan) was used to evaluate the
morphology, shape and dimensions of NCs. The NCs dispersion was diluted 10-fold and placed on
a carbon film-covered copper grid and stained with a phosphotungstic acid solution 1 g/100 mL in
sterile water, before the TEM analysis. The samples were dried for 1 min and then examined under
TEM and photographed at an accelerating voltage of 64 kV.

2.5. Stability Study of NCs after Lyophilisation

The lyophilisation process of NCs provides an extended storage period at room temperature and
can be carried out without the use of lyoprotectants because of the very low water content. The samples
were frozen by a freezer (−23 ◦C) overnight before lyophilisation. Then, the samples were moved to a
freeze-drier. The temperature was set to −23 ◦C and the pressure was −1.0 bar. The drying time was
24 h. The pressure and the temperature remained unchanged during the process.

The stability of the lyophilised NCs was evaluated after reconstitution of the colloidal system to
the original volume with distilled water, using a vortex mixer at room temperature. The samples were
stored in sealed glass containers after being placed into a desiccator containing silica gel to absorb
water vapor. The samples were also protected from light. The stability of the lyophilised NCs was
assessed by checking the size, ζ-potential, polydispersity and morphology every week for 2 months.

2.6. Stability Study of NCs in Gastrointestinal Media

NCs could be used to protect the entrapped compound from the effects of the gastrointestinal fluids.
Accordingly, NC formulations were tested for their stability using simulated gastrointestinal conditions.
Simulated gastric fluid (SGF) was used to investigate the gastric stability of NCs, as previously
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reported [23,24]. Briefly, 5 mL of NCs was suspended in 5 mL of SGF (0.32% w/v pepsin, 2 g of sodium
chloride and 7 mL HCl dissolved in 1 L water and pH adjusted to 1.8 using 1 M HCl) and incubated at
37 ◦C under shaking at a speed of 100 strokes/min. After 2 h, the sample was collected. The size and
PdI were analysed by DLS, while the morphology of the colloidal systems was analysed by TEM.

The stability of the samples was also investigated in simulated intestinal fluid (SIF) containing an
intestinal enzyme complex (lipase 0.4 mg/mL, bile salts 0.7 mg/mL and pancreatin 0.5 mg/mL) and
750 mM calcium chloride solution at 37 ◦C, under shaking, with a speed of 100 strokes/min. The pH of
the mixture was adjusted to a value of 7.0 with NaOH 0.1 N. After 2 h, the sample was collected and its
physical and morphological properties were assessed by size and PDI analysis by DLS and TEM.

2.7. Preparation of Nanocarriers Based on AN and FITC

NCs were obtained from nanoliposomes (SUVs), which were prepared using the film hydration
method. The nanoliposomes were formulated as follows: phospholipids (60 mg), cholesterol (20 mg)
and AN (20 mg) or FITC (5 mg) were dissolved in dichloromethane/methanol mixture (20 mL of a
mixture 3:2 v/v). The obtained organic solution was evaporated under vacuum to obtain a lipid film,
which was hydrated by the addition of PBS (10 mL) using a mechanical stirrer (RW20 digital, IKA,
Staufen im Breisgau, Germany) for 30 min in a water bath at a constant temperature of 37 ◦C for PC
and 60 ◦C for PS. The resulting formulations were reduced in size using an ultrasonication probe for
3 min (two cycles of 90 s). During the sonication, the samples were kept in an ice bath to prevent lipid
degradation. After that, a gentle centrifugation (1205× g, 1 min) was performed to remove possible
metallic particles released during the ultrasonication. The NCs were prepared by the trapping method,
according to Asprea et al. [20]. A 0.1 M solution of CaCl2 was added drop-by-drop to the liposomal
suspension under magnetic stirring (150 rpm, at room temperature) until the formulation became
cloudy, indicating the formation of NCs. The molar ratio between PC and CaCl2 was 1:1, while the
molar ratio between PS and CaCl2 was 1:4.

2.8. Determination of Encapsulation Efficiency of AN–NCs by HPLC

After preparation of the NCs, free AN was removed by dialysis using bags with a pore size of
3.5–5 kD, and according to previous studies [25]. The dialysis bag was placed in 1 L of distilled water
at room temperature for 1 h under stirring. The physical mixture was used as a control to validate
the procedure. The AN-loaded content was quantified by HPLC–DAD analysis using a standard
sample of AN, after the treatment of NCs with methanol to destroy the cochleates. HPLC–DAD
analyses were performed with a HP 1200 Liquid Chromatograph (Agilent Technologies, Palo Alto, CA,
USA), equipped with a Diode Array Detector (DAD), managed by a HP 9000 workstation (Agilent
Technologies). The column was a Varian Polaris RP18 (250 mm × 4.6 mm i.d., particle size 5 μm)
(Agilent Technologies) maintained at 27 ◦C. The chromatograms were acquired at 223 nm. The eluents
were acetonitrile (A) and formic acid/water at pH 3.2 (B) at a flow rate of 1 mL/min. The following
gradient profile was applied: 0–3 min, 10% A, and 90% B; 3–11 min, 10–38% A, and 90–62% B; 11–25 min,
38% A, and 62% B; 25–30 min, 38–50% A, and 62–50% B; and 30–34 min, 50–10% A, and 50–90% B.
The post time was 10 min. The injected volume of the samples was 10–20 μL.

The calibration curve was obtained from a dilution series of the AN reference standard solubilised
in MeOH, in the range between 56 and 0.56 ng/mL. Linear regression was used to establish the
calibration curve. AN was quantified using the peak areas acquired at 223 nm. The correlation
coefficient (R2) was 0.9995. The data are expressed as the mean ± SD of the three experiments.

The encapsulation efficiency (EE%) for each preparation was calculated using the following
equation:

EE% = (Wt/Wi) × 100%, (3)

where Wt is the total amount of the loaded AN and Wi is the total quantity of AN added initially
during the preparation. The encapsulation efficiency was determined in triplicate.

9



Pharmaceutics 2019, 11, 34

2.9. Determination of Encapsulation Efficiency of FITC–NCs by HPLC

Free FITC was removed by means of dialysis, as previously described. The contents of FITC
were determined by the same HPLC instrument used for AN quantification. The column was a
Lichrosorb RP18 (4.6 mm × 100 mm i.d., 5 μm) (Agilent Technologies) maintained at 27 ◦C. The mobile
phases were (A) acetonitrile and (B) formic acid/water pH 3.2, at a flow rate of 0.8 mL/min and an
injection volume of 10 μL. The following gradient profile was used: 0–5 min, 10–40% A, and 90–60% B;
5–10 min, 40–50% A, and 60–50% B; 10–12 min 50–55% A, and 50–45% B; 12–15 min, 55% A, and 45% B;
15–18 min, 55–90% A, and 45–10% B; and 18–20 min, 10% A, and 90% B. The post time was 5 min.
The chromatograms were acquired at 224 nm. The linearity range of responses of FITC dissolved in
CH3OH was determined on five concentration levels from 6.40 ng/mL to 520 ng/mL and the correlation
coefficient (R2) was 0.9994 [26].

The encapsulation efficiency was calculated using the equation described in the previous paragraph.
In this case, Wt is the total amount of the loaded FITC and Wi is the total quantity of FITC added
initially during the preparation.

2.10. In Vitro Release Study

The in vitro release of AN from the NCs was investigated using the dialysis bag method. In order
to simulate the physiological conditions, PBS (pH 7.4) and enzyme-free SGF and SIF were used as
dissolution media. A total of 2 mL of AN–NCs suspension was deposited into the dialysis membrane
(pore size 3.5 kD) and placed in 200 mL of the release medium. The temperature was set at 37 ◦C and
the system was stirred at 150 rpm. Release into the PBS was monitored for 24 h while in SGF and for
2 h while in SIF, corresponding to the theoretical transit through the gastrointestinal tract; aliquots of
one millilitre were withdrawn in duplicate and replaced with fresh dissolution medium. The samples
were analysed by HPLC for the quantification of released AN. The percentage of AN released was
calculated as follows:

%AN released =
( ANr

ANtot

)
× 100, (4)

where ANr is the amount of AN detected by HPLC analyses and ANtot is the total quantity of AN
deposited into the dialysis membrane.

Furthermore, to evaluate the kinetics of drug release from the NCs, different mathematical models
were used, i.e., zero order and first order kinetics model, the Higuchi model, the Korsmeyer–Peppas
model and the Hixson–Crowell model. The best fitting model was selected according to the best
regression coefficient (R2) value for the release data.

2.11. Cell Viability and Uptake Studies

The albino mouse embryonic 3T3 fibroblast cell line and the murine monocyte/macrophage cell
line J774a.1 were used for cell viability and uptake studies [27,28]. The cell lines were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with foetal bovine
serum, 100 units/mL penicillin, and 100 μg/mL streptomycin; for the 3T3 cell line, an additional glucose
concentration (4.5 g/L) was used. The cells were maintained under standard culture conditions (37 ◦C,
5% CO2, 95% air and 100% relative humidity).

The cells were inoculated into 96-well microplates and maintained under standard culture
conditions for 24 h to test the cell viability. Thereafter, the medium was replaced with fresh medium
containing different concentrations of NCs or LPs. After 24 h, a WST-8 test was performed following
the kit protocol as indicated by the manufacturer and as described in [28]. Briefly, 100 μL of DMEM
supplemented with 10% WST-8 reagent was incubated in each well for 2 h at 37 ◦C. The formazan
concentration was quantified by an optical absorbance at 450 nm, with a reference wavelength of
630 nm and by subtracting blank values. The data were expressed as a percentage of the optical
absorbance with respect to the controls.
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The cells were inoculated into a 33-mm petri dish and maintained under standard culture
conditions for 24 h for uptake experiments. Subsequently, the medium was replaced with fresh
medium containing different concentrations of FITC loaded in NCs or SUVs. After 1 h, the medium
was removed and the cells were fixed in 3.6% PFA in PBS for 10 min at room temperature, stained with
DAPI and analysed by confocal imaging. Images were acquired by a Leica SP7 confocal microscope
and underwent no subsequent manipulation. A minimum of five different fields was acquired from
each sample and all samples were performed in triplicate.

3. Results

3.1. Preparation and Characterisation of NCs

The NCs were prepared according to the multi-step preparation reported in Figure 2.

Figure 2. Multi-step preparation process of nanocochleates.

Briefly, as a first step, nanosized LPs were prepared according to the film hydration method using
PC or PS and cholesterol, in the gravimetric ratio reported in the experimental part. The lipid film was
dispersed in PBS to obtain MLVs. The formation of the SUVs was performed using an ultrasonication
probe. In a further step, the SUVs collapsed after the addition of CaCl2 solution when added in the
molar ratio 1:1 to PC liposomes (PC–SUVs) and in the molar ratio 4:1 to PS liposomes (PS–SUVs).
Then, the collapsed vesicles fused giving large sheets, which rolled-up to give NCs. The calcium ions
were essential for the stability of the system, and the aqueous phase in the structure of NCs was very
limited, as reported in Figure 2. Both the SUV and NC formulations were characterised in terms of
size, homogeneity and ζ-potential by dynamic and electrophoretic light scattering (Table 1).

Table 1. Physical characterisation of empty liposomes and nanocochleates.

Sample Size (nm) PdI ζ-Potential (mV)

PC–SUVs 150 ± 2 0.20 ± 0.02 −29.3 ± 0.9
PC–NCs 150 ± 2 0.24 ± 0.01 −21.6 ± 1.3
PS–SUVs 205 ± 37 0.25 ± 0.03 −37.2 ± 7.1
PS–NCs 207 ± 44 0.55 ± 0.05 −36.4 ± 1.4

PC–SUVs: liposomes made of phosphatidylcholine; PC–NCs: nanocochleates made of phosphatidylcholine;
PS–SUVs: liposomes made of phosphatidylserine; PS–NCs nanocochleates made of phosphatidylserine. The data
are displayed as the mean ± SD; n = 3.

Both PC–SUVs and PC–NCs had a narrow size of ca. 150 nm and they were highly homogeneous
as evinced by the PdI (Table 1). Both the liposomes and the NCs based on PC were smaller than
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those prepared with PS. In particular, the PS–NCs were not homogeneous (Table 1). The dimension
of the nanocarriers in the suspension was based on the measurement of their translational diffusion
coefficient. This value is related to the length, L, of their major axis as described by Equation (1).
The shape of the particles, but not the size, is linked by the geometrical coefficient, FD, which is 1 for
spheres. However, it was determined for the NCs using a simplified geometry of long rods, according
to Equation (2) [19,20]. All the nanovectors were negatively charged, and, as expected, the ζ-potential
was a very low for the nanocarriers based on PS.

The morphological characterisation was completed by the observation of TEM pictures. The size
and homogeneity of the liposomes based on PC and PS were confirmed (data not reported).
The cigar-like shape of PC–NCs was strongly assessed (Figure 3a). PC–NCs dimensions were
comparable with the dimensional distribution results obtained from the DLS analysis. The TEM images
of PS–NCs confirmed the presence of polydisperse systems with structures different to NCs (Figure 3b).

 

 (a) (b)

Figure 3. TEM images of PC–NCs (a) and PS–NCs (b) (scale 100 nm).

3.2. Stability Study of Empty NCs

Firstly, the stability of the NCs was assessed by measuring the changes in terms of the average
dimensions, polydispersity and ζ-potential values after the lyophilisation process and resuspension at
room temperature with distilled water. The analysis was performed immediately after the lyophilisation
process, which did not affect the physical characteristics, when re-suspended in water, as reported in
Table 2. All the samples were reconstituted and analysed by DLS, ELS and TEM every week. It was only
the PC–NCs that did not experience considerable modification in size, homogeneity and ζ-potential
values (Table 2).

Table 2. The particle size, polydispersity index (PdI) and ζ-potential of PC–NCs and PS–NCs as a
lyophilised product after two-month storage at 25 ◦C.

PC–NCs t0 After 30 Days After 60 Days

Size (nm) 150 ± 2 166 ± 5 172 ± 3
PdI 0.24 ± 0.01 0.25 ± 0.02 0.25 ± 0.01

ζ-Potential (mV) −21.6 ± 1.3 −19.4 ± 1.1 −18.5 ± 1.0

PS–NCs t0 After 30 days After 60 days

Size (nm) 207 ± 44 292 ± 22 280 ± 25
PdI 0.55 ± 0.05 0.53 ± 0.04 0.55 ± 0.05

ζ-Potential (mV) −36.4 ± 1.4 −31.4 ± 2.1 −27.2 ± 1.1

PC–NCs: nanocochleates made of phosphatidylcholine; PS–NCs nanocochleates made of phosphatidylserine.
The data are displayed as the mean ± SD; n = 3.

TEM analyses confirmed the dimensional data obtained by DLS concerning PC–NCs (Figure 4).
Instantly after the preparation, PC–NCs had a dimension of 150 nm, while in the following 60 days
their size increased by about 20 nm, while their ζ-potential values remained almost constant during
this stability study. By contrast, the PS–NCs were not stable and their size increased by about 80 nm
during storage. The TEM pictures showed the presence of aggregates (data not reported), confirming
the results reported in Table 2.
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Figure 4. TEM image of PC–NCs re-suspended with distilled water after two months of storage at
room temperature in the lyophilised state (scale 100 nm).

3.3. AN–NCs and FITC–NCs Production

As a result of the stability testing of the two NC formulations, PC–NCs were selected as drug
delivery systems to be investigated in the present study. AN or FITC was added to the lipid phase and
their preparation was carried out using the same scheme reported in Figure 2.

FITC–LPs and FITC–NCs had a good size and homogeneity to test their performance for uptake
in the macrophage J774a.1 cell line (Table 3). The average FITC-entrapment efficiency in the SUVs and
NCs obtained by HPLC–DAD analyses was 87.5 ± 1.0 and 87.2 ± 0.1%, respectively.

Table 3. Physical and chemical characterisation of AN- and FITC-loaded LPs and NCs.

Sample Size (nm) PdI ζ-Potential (mV) EE (%)

AN–SUVs 148 ± 2 0.13 ± 0.01 −27.5 ± 2.9 71.1 ± 2.3
AN–NCs 140 ± 1 0.22 ± 0.05 −22.3 ± 3.1 70.6 ± 5.9

FITC–SUVs 180 ± 2 0.20 ± 0.05 −29.2 ± 0.9 87.5 ± 1.0
FITC–NCs 177 ± 1 0.13 ± 0.02 −20.4 ± 2.3 87.2 ± 0.1

AN–SUVs: andrographolide-loaded liposomes; AN–NCs: andrographolide-loaded nanocochleates; FITC–SUVs:
fluorescein isothiocyanate-loaded liposomes; FITC–NCs: fluorescein isothiocyanate-loaded nanocochleates. The data
are displayed as the mean ± SD; n = 3.
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The dimensions of the AN–NCs was ca. 150 nm, with a very low PdI, which resulted in suitability
for all routes of administration, not only oral [29]. These data were also reflected by the TEM which
exhibited NCs as tubular rod structures (Figure 5). The structure of the NCs is not modified in terms of
size by AN loading, which means that AN does not interfere with the cohesion and packing of the
apolar chains of the cochleate membrane. This is typical of small terpenes, which are able to decrease
the size of lipid nanocarriers by forcing the PC structure to increase its surface curvature [30].

 

Figure 5. TEM image of AN–NCs (scale 100 nm).

The average AN-entrapment efficiency in both SUVs and NCs was obtained by HPLC–DAD;
the results were 71.1 ± 2.3 and 70.6 ± 5.9%, respectively (Table 3).

3.4. Stability of AN–NCs in Gastrointestinal Fluids

It is known that AN is not stable in the presence of gastrointestinal enzymes. Accordingly, one of
the aims of this study was the development of a formulation able to protect the incorporated compound
from degradation in gastrointestinal fluids. The gastrointestinal fluids may have an influence on the
integrity of NCs. The physical stability of AN–NCs was assessed in SGF (pH 2) and in SIF (pH 7).
These media did not affect their structure after two hours of incubation. The DLS analyses revealed
that the mean diameter of the NCs was not affected by these conditions: after incubation in both
gastro-enteric media, their mean size was 143 ± 1 nm with PdI 0.25 ± 0.02.

3.5. In Vitro Release Studies

After demonstrating the physical stability of NCs in gastrointestinal conditions, the in vitro release
of AN from NCs was investigated by the dialysis bag diffusion technique. The test was carried out in
both SGF (pH 2) and SIF (pH 7) for two hours and in physiological pH conditions (PBS, pH 7.4) for 24 h.

The percentage of AN released in SGF was only 2.31 ± 0.02%, while in SIF, it was 14.75 ± 1.14%.
These results suggest that NCs may prevent AN burst release in the gastrointestinal tract, since about
85% of the compound remained entrapped in the NCs.

In PBS, the release of AN from NCs was not immediate, but gradual, unlike in the case of free-AN,
indicating that the formulation results in a more prolonged effect (Figure 6).

The AN release from NCs can be described as a biphasic process and the mathematical model

of the drug release data was found to best fit the Hixson–Crowell release model: W
1
3
0 −W

1
3
t = Kst;

where W0 is the initial amount of the drug in the pharmaceutical dosage form; Wt is the remaining
amount of the drug in the pharmaceutical dosage form, at time t; and Ks is a constant, incorporating
the surface–volume relation. The R2 was 0.9961. This model has been frequently used to describe drug
release from several dosage forms with modified release. According to this model, the drug release is
described by dissolution, characterised by the surface area and diameter of the particles. Consequently,
based on the obtained results, it is possible to hypothesise that this behaviour may be due to the strong
affinity of hydrophobic AN to the lipid structure of NCs.
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Figure 6. In vitro release profiles of free AN, AN–NCs and AN–SUVs in PBS. AN solution and
AN–SUVs were tested to evidence the superiority of AN–NCs on the gradual release of AN. The data
are displayed as the mean ± SD; n = 3.

3.6. Biocompatibility Studies

The biocompatibility of NCs was tested using two cell lines: macrophage J774a.1 and fibroblasts
3T3. SUVs were used as comparable reference nanovesicles. As a colorimetric, non-radioactive
assay, the WST-8 test was selected for assessing cell viability and proliferation because it indicates the
mitochondrial activity and hence reflects the cell viability. WST-8, a highly water-soluble tetrazolium
salt, is reduced to a soluble purple formazan derivative by trans-plasma membrane electron transport
from NADH via an electron mediator. The concentration of formazan was quantified by optical
absorbance at 450 nm, with a reference wavelength of 630 nm and by subtracting blank values. The mean
value and the standard deviation are the results of nine measurements: the test was performed in
three independent experiments and in each experiment, the samples were tested in triplicate. The data
were expressed as the percent of optical absorbance with respect to the controls. As indicated in
Figure 7, both SUVs and NCs showed no cytotoxicity at the concentration needed for massive uptake,
namely, with a dilution of 1:40. Higher concentrations showed a decrease in cell viability, validating
the dose–response curve. By contrast, it is remarkable that lower concentrations of the nanovesicles
increased the cell metabolism rates, which was probably due to the active uptake process.

Figure 7. Cell viability after 24 h of exposition to NCs or LPs. The concentrations are expressed in
mg/mL. The data represent the percentage of control ± SD. The J774a.1 (a) is a monocytes/macrophages
cell line; the 3T3 (b) is a fibroblasts cell line.

3.7. Cellular Uptake Studies

In Figure 8, the uptake of both NCs and SUVs by macrophage J774a.1 cell line, using nanoparticles
loaded with FITC (FITC–NCs and FITC–SUVs), is reported. The uptake was tracked by the green
fluorescence of FITC using a confocal microscope (Figure 8).
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Figure 8. Confocal images of the macrophage uptake of NCs (a) and SUVs (c). Following nuclear
staining with DAPI and FITC encapsulation into NCs and SUVs, the cell nuclei appear in blue and the
NCs/SUVs appear in green. The confocal images are also superimposed to Bright Field acquisition (b,d
for NCs and SUVs, respectively) to show the unaltered morphology of the cells and the localisation of
intracellular nanocarriers.

As reported in Figure 8, massive uptake takes place but the fluorescence is typically in the
cytoplasm without entering the cell nuclei. NCs and SUVs exhibit very similar uptake capability.

4. Discussion

In the present study, the potential of NCs is explored for the delivery of AN, a very promising active
natural constituent with various potential therapeutic benefits, but due to the low bioavailability and
instability in gastrointestinal media when administered with conventional dosage forms, it has never
reached a milestone therapeutic potential. Accordingly, the development of suitable delivery systems
for AN represents an urgent issue to formulate effective therapeutic approaches. Lipid-based delivery
systems, especially vesicles, have attracted huge efforts as high bio-compatible and biodegradable
nanocarriers crossing membrane delivery systems because of their resemblance to the cell membrane.
One of the main drawbacks of conventional liposomes for oral administration is their poor stability in
the gastrointestinal environment. By contrast, NCs can easily be lyophilised to obtain solid, stable,
biocompatible and biodegradable nanovectors [1,2,5,6].

The NCs were simply developed from nanoliposomes (Figure 2), selecting both PS and PC
and cholesterol as lipid phases due to their close resemblance to natural membranes and their high
compatibility for human use. Ca2+ was selected among the diverse divalent cations to generate
NCs because it can enhance membrane fusion and phagocytosis. It is well documented that calcium
ions induce perturbations of the contact region and thereby promote the membrane fusion [11,31].
Astonishingly, in our studies, only PC and cholesterol generated monodisperse NCs with a tightly
packed structure after the addition of Ca2+. As previously reported, PS-based NCs are not stable,
producing systems with elevated polydispersity because of a tendency to form stable and huge
aggregates, which represents a serious drawback at the industrial level [15]. By contrast, developed
PC-based NCs were stable after lyophilisation and re-suspension in distilled water, and after incubation
in simulated gastric and intestinal media. In vitro dissolution studies explained an extended release,
making AN available over a prolonged period after administration. The PC-based NCs were
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biocompatible. Even at high concentrations, the cell morphology and vitality were not affected by
internalisation. Moreover, high cellular uptake of PC-based NCs was found in macrophages using
fluorescent nanovectors. After treatment of the cells with NCs, a bright fluorescent color of the
cytoplasm arose due to the FITC and it was clearly distinguished from the nucleus stained with DAPI.
Due to the similar uptake performances of SUVs and NCs, it is plausible that the developed NCs
fuse with the cell membrane due to the interaction of calcium ions with the membrane containing
negatively charged lipids, entering into the cells as nanovesicles [11]. A distinctive geometry, together
with peculiar internal interactions, makes NCs ideal as pharmaceutical carriers, which may provide
unparalleled protection for the molecular species in order to be carried harmlessly toward its destination.
Developed NCs are inexpensive, stable, monodisperse, highly safe, biocompatible, and cell-permeating
delivery systems. Moreover, they have high EE%, and suitable drug release properties for oral delivery,
but with possible uses in other routes of administration. NCs are characterised by a series of solid-lipid
bilayers; the components within the interior of this structure remain intact, even though the outer
layers of NCs may be exposed to harsh external environmental conditions or enzymes. This interior
structure of NCs is essentially free of water and resistant to penetration by oxygen, which leads to an
increased shelf-life of the formulation. NCs can be stored at room temperature or 4 ◦C, and can be
lyophilised to a powder form. Thus, NCs can be used to formulate capsules, pills, tablets, granules,
suspensions or emulsions. Due to the ease of the internalisation process, this system could be exploited
by employing future in vivo experiments and could be of interest in various therapeutic options.
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Abstract: (1) Background: Andrographolide (AG) is a natural compound effective for the treatment
of inflammation-mediated neurodegenerative disorders. The aim of this investigation was
the preparation of liposomes to enhance the penetration into the brain of AG, by modifying
the surface of the liposomes by adding Tween 80 (LPs-AG) alone or in combination with
Didecyldimethylammonium bromide (DDAB) (CLPs-AG). (2) Methods: LPs-AG and CLPs-AG were
physically and chemically characterized. The ability of liposomes to increase the permeability of AG
was evaluated by artificial membranes (PAMPA) and hCMEC/D3 cells. (3) Results: Based on obtained
results in terms of size, homogeneity, ζ-potential and EE%. both liposomes are suitable for parenteral
administration. The systems showed excellent stability during a month of storage as suspensions
or freeze-dried products. Glucose resulted the best cryoprotectant agent. PAMPA and hCMEC/D3
transport studies revealed that LPs-AG and CLPs-AG increased the permeability of AG, about an
order of magnitude, compared to free AG without alterations in cell viability. The caveolae-mediated
endocytosis resulted the main mechanism of up-take for both formulations. The presence of positive
charge increased the cellular internalization of nanoparticles. (4) Conclusions: This study shows that
developed liposomes might be ideal candidates for brain delivery of AG.

Keywords: liposomes; brain delivery; surfactant; cationic liposomes; andrographolide; PAMPA;
hCMEC/D3 cells

1. Introduction

The major hindrance in the treatment of brain disorders is the blood–brain barrier (BBB),
which prevents the transfer of most drugs, peptides and large molecules across the endothelial
cell lining to protect the brain from undesirable side effects. To overcome such problems various
approaches are used.

The liposomes offer a promising tool to resolve the low permeability and high selectivity of
the BBB.

Liposomes are non-toxic, biocompatible and biodegradable drug carrier systems. Their structure
which is composed of phospholipids with an aqueous reservoir allows the encapsulation of a wide
variety of hydrophilic and hydrophobic agents [1–4]. Their phospholipid bilayer structure, similar to
physiological membranes, makes them more compatible with the lipoid layer of BBB and increase the
permeability of the drug.

Pharmaceutics 2018, 10, 128 www.mdpi.com/journal/pharmaceutics20
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Liposomes allow relatively higher intracellular uptake than other particulate systems, due to their
sub-cellular size. They are highly studied for the treatment of central nervous system’s pathologies
such as infections, cerebral ischemia, brain tumors and neurodegenerative diseases, for instance
Parkinson’s and Alzheimer’s [5,6]. Several studies have reported an increased transport across the
BBB of encapsulated drugs both through intracerebral and intravenous administration [7].

The surface can be modified with functional ligands to enhance the brain targeting.
The functionalized nanoparticles with structures able to interact with targets on the surface of the BBB
represents a tool of enormous potentiality to ameliorate the bioavailability and to reduce side effects.
Several studies on animal models of Alzheimer’s disease demonstrated the efficacy of functionalized
liposomes to cross BBB and ameliorate impaired cognitions [8–10].

In a previous research studies, the authors developed solid lipid nanoparticles [11] and polymeric
nanoparticles [12] to deliver the andrographolide (AG), a natural compound, through the central
nervous system and ameliorate its biopharmaceutical characteristics.

AG is one of the characteristic diterpenoids from Andrographis paniculata with a wide spectrum of
biological activities, being anti-inflammatory, anticancer, hepatoprotective and antihyperlipidemic.
AG is involved in oxidative stress-related pathways implicated in stroke pathogenesis and it
protects against ischemic stroke [13]. Furthermore, it has shown protection against damage induced
by amyloid-β oligomers in vitro, it reduces amyloid-β levels and tau phosphorylation in mice,
it modulates the formation of amyloid plaques and it retrieves spatial memory functions in Alzheimer’s
disease transgenic mouse model [14]. The high lipid solubility of AG would permit its penetration of
the BBB but its poor water solubility and stability reduces its bioavailability: indeed, these factors are
the greatest drawbacks for clinical application [15,16].

In recent years, surfactants such as Tween 80 have been studied for the application in liposomal
formulations. The sterically stabilized liposomes exhibited a superior entrapment stability compared
with surfactant-free liposomes [17]. The surfactant during preparation of liposomes helps in efficient
emulsification resulting in decreasing the size of vesicles and promotes the flexibility of the vesicle to
penetrate the biological cell membranes. Tween 80 was also able to enhance liposomes half-life [18] and,
in addition, has interesting properties including the formation of a superficial coating on liposomes
that can produce “stealth” nanocarriers. Tween 80 can adsorb ApoE, which subsequently binds to its
specific LDL receptor by increasing carrier endocytosis at the level of cerebral endothelial cells [4,19–22].
Finally, this surfactant is also an inhibitor of the P-gp effluent pump [23].

Another approach is the use of the cationic liposomes, able to cross the BBB via
absorption-mediated transcytosis [24]. Several studies have shown that these cationic nanocarriers are
more efficient vehicles for drug delivery to the brain than conventional, neutral, or anionic liposomes,
possibly due to the electrostatic interactions between the cationic liposomes and the negatively charged
cell membranes, enhancing nanoparticle uptake. In particular, this kind of liposome interacts with the
endothelial cells of microvessels rich in lecithin, which binds positively charged material and induces
its cell internalization process through endocytosis [6,24]. Furthermore, the cationic liposomes very
easily fuse with cells.

The aim of the present study was the formulation of nano-sized liposomes of AG for brain
targeting. Tween 80 alone or in combination with Didecyldimethylammonium bromide (DDAB) were
considered to investigate the effects, on chemical and physical aspects, stability, release characteristics,
in vitro uptake and permeability of the AG liposomes and to ameliorate the loading and the solubility
of AG.

Liposomes were evaluated for various formulation parameters (size, polydispersity, ζ-potential,
morphology, chemical and physical stability, in vitro release) and the optimized formulations were
studied and characterized with in vitro tests. The ability of liposomes to increase the permeability of
AG was evaluated by a Parallel Artificial Membrane Permeability Assay (PAMPA) [25]. Furthermore,
the uptake of liposomes as well as their permeability across hCMEC/D3 monolayer cells, as an in vitro
BBB model [11,26,27], were considered. Cell viability and cytotoxicity studies were also conducted.
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2. Materials and Methods

2.1. Materials

Egg phosphatidylcholine (Phospholipon 90G) was purchased from Lipoid AG, Cologne, Germany
with the support of its Italian agent AVG srl, Milan, Italy. Andrographolide, Cholesterol ≥95%,
Didecyldimethylammonium bromide (DDAB, 98%), Coumarin-6 (6C), Fluorescein sodium salt (NaF),
Human Serum Albumin (HSA), Phosphate Buffered Saline (PBS 0.01 M) powder (29 mM NaCl,
2.5 mM KCl, 7.4 mM Na2HPO4·7H2O, 1.3 mM KH2PO4) pH 7.4 and Tween 80 were from Sigma
Aldrich, Milan, Italy. Glucose anhydrous and sucrose came from Merck, Darmstadt, Germany.
96-well Multi-Screen PAMPA filter plate (pore size 0.45 μm) were purchased from Millipore
Corporation, Tullagreen, Carrigtwohill, County Cork, Ireland. Porcine polar brain lipid was obtained
from Avanti Polar Lipids, Inc., Alabaster, AL, USA. All the solvents used (acetonitrile, dichloromethane,
dodecane, ethanol, formic acid, methanol) were HPLC grade from Sigma Aldrich, Milan, Italy.
Water was purified by Millipore, Milford, MA, USA, Milli-Qplus system. Phosphotungstic acid
(PTA) was from Electron Microscopy Sciences, Hatfield, PA, USA.

2.2. Preparation of Liposomal Carriers

Stealth liposomes containing Tween 80 (LPs) and cationic liposomes (CLPs) with Tween 80 and
DDAB were prepared according to the thin layer evaporation method [28]. For LPs, 160 mg of egg
phosphatidylcholine (P90G) and 10 mg of cholesterol (CHOL) were dissolved in dichloromethane.
The organic solvent was vacuum evaporated, and the dry lipid film was hydrated by adding 10 mL
PBS containing Tween 80 at a concentration of 3% w/v. The aqueous dispersion was shaken with a
mechanical stirrer for 30 min in a water bath at the constant temperature of 37 ◦C. In order to obtain
small unilamellar vesicles from multilamellar vesicles, an ultrasonication probe was used for 10 min
(with pulsed duty cycles of 1

2 s on and 1
2 s off, amplitude 50%) with the sample in an ice bath to prevent

lipid degradation [29]. Finally, a gentle centrifugation of 1 min at 1205× g was performed to remove
possible metallic particles released by the ultrasonic probe inside the liposomal dispersion [30].

In addition, for CLPs, 10 mg of DDAB were weighted together with P90G and CHOL and then
vesicles were prepared by hydrating the dry lipid film with 10 mL PBS containing 3% of Tween 80 [31].

AG-loaded LPs (LPs-AG) and AG-loaded CLPs (CLPs-AG) were prepared with the same method
described above, adding 8.5 mg of AG (0.85 mg/mL, corresponding to 5% of the weight of the lipid
component) together with P90G, CHOL, DDAB in the case of CLPs-AG and 1–2 mL of methanol with
dichloromethane to completely dissolve AG.

Coumarin-6-loaded liposomes (LPs-6C and CLPs-6C) were prepared using the same method,
adding 5 mg of the probe (λmax = 444, λex = 420 nm, λem = 505 nm, green), corresponding to 3% of the
weight of the lipid component, to the organic phase.

2.3. Physical and Morphological Characterization

Liposomes’ hydrodynamic diameter, size distribution and ζ-potential were measured by Light
Scattering (LS), using a Zsizer Nano series ZS90 (Malvern Instruments, Malvern, UK) outfitted with
a JDS Uniphase 22 mW He-Ne laser operating at 632.8 nm, an optical fiber-based detector, a digital
LV/LSE-5003 correlator and a temperature controller (Julabo water-bath) set at 25 ◦C. Time correlation
functions were analyzed by the Cumulant method, to obtain the hydrodynamic diameter of the vesicles
(Zaverage) and the particle size distribution (polydispersity index, PdI) using the ALV-60 × 0 software
V.3.X provided by Malvern. ζ-potential, instead, was calculated from the electrophoretic mobility,
using the Henry correction to Smoluchowski’s equation. The samples were diluted 100-fold in distilled
water and an average of three measurements at stationary level was taken. A Haake temperature
controller kept the temperature constant at 25 ◦C.

Liposomes were also analyzed in terms of morphology, shape, and dimensions by the transmission
electron microscopy (TEM). The aqueous dispersion was diluted 10-fold in PBS and 5 μL were applied
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to a carbon film-covered copper grid. Most of the sample was blotted from the grid with filter paper to
form a thin film. After the adhesion of liposomes, 5 μL of phosphotungstic acid solution (1% w/v in
sterile water) were dropped onto the grid as a staining medium and the excess solution was removed
with filter paper. Samples were dried for 3 min, after which they were examined with a JEOL 1010
electron microscope and then photographed at an accelerating voltage of 64 kV.

2.4. Chemical Characterization of Formulations

The percentage of the AG or 6C entrapped into liposomes in respect to the amount of substances
initially used in the liposomal preparation was expressed as encapsulation efficiency (EE%) and
calculated using the direct method. Free AG or 6C was removed by means of dialysis. 2 mL of liposomal
suspensions were transferred in a dialysis bag (cut-off 3500–5000 Dalton), which was stirred in 1 L
of water at room temperature for 1 h [29]. The content of AG or 6C entrapped within liposomes was
quantified by HPLC-DAD analysis, respectively after disruption with methanol of purified liposomes
(placed in the ultrasonic bath for 30 min) and ultracentrifugation for 10 min at 11,330× g.

LC% for liposomal formulations was calculated using the following Equation (1):

LC% =
Total amount of determined drug

Weight of liposomes
× 100 (1)

The Recovery% was carried out with the same procedure but without initial dialysis and was
calculated using the following Formula (2):

Recovery% =
Total amount of determined drug

Initial amount of drug loading
× 100 (2)

2.5. HPLC-DAD and HPLC-FLD Methods

An HP 1100 liquid chromatograph equipped with a DAD detector was used to carry out the
quali-quantitative determinations of AG. A 150 mm × 4.6 mm i.d., 5 μm Zorbax Eclipse XDB,
RP18 column (Agilent Technologies, Santa Clara, CA, USA) was employed. The mobile phases
were (A) CH3CN and (B) formic acid/water pH 3.2. Flow rate was 0.8 mL/min and temperature
were set to 27 ◦C. The following gradient profile was utilized: 0–2 min, 5–15% A, 95–85% B; 2–5 min,
15% A, 85% B; 5–7 min 15–50% A, 85–50% B; 7–12 min, 50% A, 50% B; 12–15 min, 50–30% A, 50–70% B;
15–20 min, 30% A, 70% B; 20–25 min, 30–5% A, 70–95% B with equilibration time of 5 min. Injection
volume was 10 μL. The UV/vis spectra were recorded in the range 200–800 nm and the chromatograms
were acquired at 223 nm.

6C characterization was performed using an HP 1200 liquid chromatograph with Luna RP18
column (4.6 mm × 250 mm i.d., 5 μm) maintained at 25 ◦C. The mobile phase was composed of (A)
CH3CN and (B) formic acid/water pH 3.2 with a flow rate of 1 mL/min. The gradient profile was:
0–2 min, 30% A, 70% B; 2–26 min 30–100% A, 70–0% B; 26–29 min 100% A, 0% B; 29–35 min 100–30% A,
0–70% B with post-time of 5 min. Chromatograms were acquired at 444 nm.

An HP 1200 liquid chromatograph equipped with a FLD detector was used for the quantification
of NaF probe (λex = 460 nm, λem = 515 nm, green). The column was a Kinetex C18 (4.6 mm × 150 mm
i.d., 5 μm) maintained at 27 ◦C. The mobile phases were (A) CH3CN and (B) formic acid/water pH
3.2. Flow rate was 0.8 mL/min and the injection volume was 10 μL. The following gradient profile
was utilized: 0–3 min, 20% A, 80% B; 3–23 min, 20–80% A, 80–20% B; 23–25 min 80–100% A, 20–0% B;
25–27 min, 100–20% A, 0–80% B with equilibration time of 5 min.

Diluting stock solutions in CH3OH (0.5 mg/mL for AG and 0.1 mg/mL for 6C) and in H2O
(0.1 mg/mL for NaF), standard solutions were freshly prepared. To quantify each compound,
an external standard method was applied using a regression curve and analyses were performed in
triplicate. Results were expressed as the mean ± SD of the 3 experiments.
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All the compounds showed a linear response: AG from 0.05 to 25 μg/mL, NaF from 0.05 to
46 μg/mL and 6C from 0.515 to 51.5 μg/mL. All the curves had coefficients of linear correlation
R2 ≥ 0.999.

Progressive dilutions of standard solutions were used to calculate the limit of detection LOD
(S/N ≥ 3) and the limit of quantification LOQ (S/N ≥ 10). LOD and LOQ for AG were 2.6 ng and
5.3 ng, respectively.

2.6. Stability Studies

The stability of empty and AG-loaded liposomes was studied for one month. Aqueous
dispersions were kept at 4 ◦C and, at fixed time intervals, their physical and chemical stabilities
were assayed: physical stability was checked by monitoring sizes, polydispersity index and
ζ-potential, while chemical stability was determined by quantification of encapsulated drug by
HPLC-DAD analysis.

The freeze-drying process in the absence of cryoprotectant and in the presence of 1% w/v of
glucose or sucrose was also considered. Afterwards, lyophilization physical stability was checked for
one month at 25 ◦C.

200 μL of LPs and CLPs dispersions were incubated at body temperature with a solution of
human serum albumin (HSA, 40 mg/mL in PBS) for two hours under magnetic stirring to mimic
in vivo conditions [32,33]. Physical stability of the formulations was evaluated using Dynamic Light
Scattering, by controlling liposomes sizes at regular intervals.

The yield of the preparation of freeze-dried LPs-AG and CLPs-AG was calculated as the weight
of the product obtained after the freeze-drying, compared to the weight of the components used in the
reaction (3):

Yield% =
real weight (mg)

teoric weight (mg)
× 100 (3)

2.7. In Vitro Release

AG in vitro release from liposomes was performed using a dialysis membrane
(cut-off 3000–5000 Dalton) in PBS at 37 ◦C. Two mL of AG solution (0.85 mg/mL in methanol), LPs and
CLPs suspensions were filled in pre-soaked dialysis tubes and placed in 200 mL of release medium
using a magnetic stirrer. An aliquot of 1 mL of release medium was removed at pre-determined time
intervals and replaced with 1 mL of fresh PBS maintained at 37 ◦C [34]. AG concentration at different
times was calculated using HPLC analyses: the mean of triplicate drug release and standard deviation
(mean ± SD, n = 3) was used to draw the drug release profiles.

The following Formula (4) was applied to calculate the percentage of AG released in the medium
at pH 7.4 at each time interval (0, 30, 60, 120, 240, 360 and 1440 min):

% drug released =
drug(t) (mg)

total drug (mg)
× 100 (4)

To evaluate the kinetics and mechanism of drug release from the liposomes,
the Korsmeyer–Peppas model, Hixson Crowell model, Higuchi model, first order and zero
order mathematical models were used and the best fitted model was selected based on high regression
coefficient (R2) value for the release data.

2.8. PAMPA Studies

PAMPA studies for LPs-AG and CLPs-AG were carried out using the method previously
published [11]. A solution (2% w/v) of Porcine Polar Brain Lipid (PBL) in n-dodecane was prepped and
the mixture was sonicated. PBL solution (5 μL) was added to each donor plate well [16]. Right after the
application of the artificial membrane, 250 μL of formulation were added to each donor compartment,
whilst the acceptor compartment was filled with PBS/Ethanol solution. Then the drug-filled donor
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compartment was installed into the acceptor plate. After incubation for 18 h, the donor and acceptor
plate samples were withdrawn and analyzed by HPLC-DAD analyses for quantification of AG
concentration: 150 μL were taken from both compartments, later diluted with methanol, placed in the
ultrasonic bath for 30 min and finally ultra-centrifuged for 10 min at 11,330× g (4 ◦C). The permeability
of AG was calculated using the following Formula (5) [35]:

Pe = −ln [1 − CA(t)/Cequilibrium]/A × (1/VD + 1/VA) × t (5)

where Pe is permeability in the unit of cm/s, effective filter area (A) = f × 0.3 cm2, where f = apparent
porosity of the filter, CA(t) = compound concentration in receptor well at time t, VD = donor well
volume (mL), VA = receptor well volume (mL), t = incubation time (s), CD(t) = compound concentration
in donor well at time t, and (6)

Cequilibrium = [CD(t) × VD + CA(t) × VA]/(VD + VA) (6)

The experiments were performed in triplicate.

2.9. hCMEC/D3 Cell Culture

This cell line (Millipore Cat. # SCC066) derives from human temporal lobe micro-vessels isolated
from tissue excised during surgery for epilepsy control. Cells were seeded in a concentration of
2.5 × 104 cells/cm2 and grown at 37 ◦C in an atmosphere of 5% CO2 in 25 cm2 rat tail collagen type I
coated culture flasks. EndoGROTM-MV Complete Media Kit (Cat. # SCME004) supplemented with
1 ng/mL FGF-2 (Cat. #GF003) was changed every three days and cells were grown until they were
90% confluent. Cells were passaged at least twice before use. Confluent hCMEC/D3 cells were split by
AccumaxTM Cell Counting Solution in DPBS.

2.10. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Assay

To assess cell viability after AG and LPs-AG and CLPs-AG exposure, an MTT assay was
performed [36,37]. Cells were seeded in a 24-well plate (6 × 104 cells/cm2) pre-coated with Collagen
Type I, Rat Tail (Cat. #08–115) and grown at 37 ◦C in an atmosphere of 5% CO2 in EndoGROTM Basal
Medium (EBM-2). When the cells were approximately 70–80% confluent they were incubated with
different concentrations of AG (10 and 100 μM), LPs-AG (0.085 and 0.0085 mg/mL) and CLPs-AG
(0.085 and 0.0085 mg/mL), obtained by dilution (1:10 and 1:100) of the formulation in EBM-2 for 2,
4 and 24 h. The liposome formulations were previously filtered through 0.4 μm sterile filter units.
The medium of each well was separated from the cells and stored for lactate dehydrogenase (LDH)
assay, and cells were treated with 1 mg/mL of MTT for 1 h at 37 ◦C and 5% CO2. Finally, DMSO was
added to dissolve MTT formation and absorbance was measured at 550 and 690 nm. Cell viability
was expressed as a percentage compared to the cells incubated only with EBM-2 (positive control).
Triton X-100 was used in the MTT assay as the negative control since its detergent action disrupts
the cells.

2.11. LDH Assay

Cytotoxicity after AG and liposomes exposure was verified with LDH assay. The medium
resulting from incubation of AG and liposomes with cells was centrifuged (250× g, 10 min at RT) and
the supernatant separated from the deposited cells in each well. This centrifugation process allowed
us to remove any waste and cellular debris as well as AG and liposomes. The release of LDH into
culture supernatants was detected by adding catalyst and dye solutions of a Cytotoxicity Detection Kit
(LDH) (Roche Diagnostics, Indianapolis, IN, USA). The absorbance values were recorded at 490 nm
and 690 nm. Cytotoxicity was expressed as a percentage compared to the maximum LDH release in the
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presence of triton X-100 (positive control). EBM-2 was used as negative control since no cytotoxicity
was detected in such conditions.

2.12. hCMEC/D3 Cell Culture for Transwell Permeability Studies

High density pore (2 × 106 pores/cm2) transparent PET membrane filter inserts (0.4 μm, 23.1 mm
diameter, Falcon, Corning BV, Amsterdam, Netherlands) were used in 6-well cell culture plates (Falcon,
Corning, Amsterdam, Netherlands) for all transcytosis assays. The transparent PET membrane filter
inserts were coated with rat tail collagen type I at a concentration of 0.1 mg/mL and incubated at 37 ◦C
for 1 h prior to cell barrier coating. Inserts were subsequently washed with PBS and incubated for 1 h,
after which PBS was removed and replaced with the assay medium. The inserts were calibrated for at
least 1 h with assay medium at 37 ◦C. Optimum media volumes were calculated to be 1 mL and 1.2 mL
respectively for apical and basolateral chambers. The transwell inserts were calibrated with assay
medium for 1 h, then the medium was removed and hCMEC/D3 cells were seeded onto the apical
side of the inserts at a density of 6 × 104 cells/cm2 in 1 mL assay media. 1.2 mL of fresh medium was
added to the basolateral chamber. The assay medium was changed every 3 days following transwell
apical insert seeding with hCMEC/D3. For seven days, cells were grown to confluence. hCMEC/D3
monolayers were used as a permeability assay for AG and AG-loaded liposomes. Fluorescein sodium
salt (NaF) was considered at a concentration of 10 μg/mL as an integrity control marker with a
known permeability coefficient (Papp) for this cell line [19]. The integrity of monolayer cells was
confirmed also by observation of cultures under phase-contrast microscopy or under bright-field
optics using of transparent membranes. The image was observed using an inverted microscope
(Olympus IX-50; Solent Scientific, Segensworth, Fareham, UK) with a low-power objective (20X).
The images were digitized using a video image obtained with a CCD camera (Diagnostic Instruments
Inc., Sterling Heights, MI, USA) controlled by software (InCyt Im1TM; Intracellular Imaging Inc.,
Cincinnati, OH, USA).

For permeability studies, AG (10, and 100 μM), LPs-AG and CLPs-AG (0.085 mg/mL,
corresponding to AG 240 μM) obtained by dilution 1:10 of the formulation in EBM-2 were tested
and incubated for 1, 2, 3 and 4 h in the apical donor compartment. At the end of the incubation, the
amount of NaF and AG were quantified both in apical and basolateral compartments by HPLC-FLD or
HPLC-DAD method. In the case of the formulation, EBM-2 was diluted with methanol and placed
in the ultrasonic bath for 30 min and then ultra-centrifuged for 1 h at 11,330× g (4 ◦C). The apparent
permeability coefficients (Papp) of free AG and AG encapsulated in LPS and CLPs were calculated
according to the Equation (7):

Papp (cm/s) = VD/(A·MD) × (ΔMR/Δt) (7)

where: VD = apical (donor) volume (cm3), MD = apical (donor) amount (mol), ΔMR/Δt = change in
amount (mol) of compound in receiver compartment over time.

The recovery for AG and NaF was calculated according to the Equation (8) [19]:

Recovery (%) = CDf·VD + CRf ·VR/(CD0·VD) × 100 (8)

where CDf and CRf are the final compound concentrations in the donor and receiver compartments,
CD0 is the initial concentration in the donor compartment and VD and VR are the volumes in the donor
and receiver compartments, respectively. All experiments were performed at least in triplicate.

2.13. Cellular Uptake of LPs-6C and CLPs-6C

For the evaluation of the intracellular content of 6-Coumarin, hCMEC/D3 cells (1 × 104) were
exposed for 2 h to the LPs-6C and CLPs-6C loaded with 0.5 mg/mL of 6C and diluted 1:100 into
EBM-2, and to a saturated solution of fluorescent probe. To elucidate the endocytic uptake mechanisms,
these experiments were carried out in presence/absence of endocytic inhibitors. Control cells were
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exposed to liposomal formulations without any agent pre-treatment and their uptake was assumed to
be 100%. A second group of cells was pre-treated with 15 μM chlorpromazine for 30 min followed by
incubation with liposomes. A third group of cells was pre-treated with 25 μM of indomethacin for
30 min; and, finally, a fourth group of cells was maintained at 4 ◦C during the LPs-6C and CLPs-6C
exposure to observe the effect of low temperature, a general metabolic inhibitor.

At the end of the treatments, the amount of 6C was quantified on cellular lysate by HPLC.
For control cells and cells maintained at 4 ◦C during exposure, a morphological evaluation of cellular
uptake was also performed: hCMEC/D3 cells were cultured on histological slides, treated as described
above, fixed in 4% formaldehyde in 0.1 mol/L phosphate buffer, pH 7.4, for 10 min then stained with
Fluoro scheld with DAPI (Sigma, Milan, Italy) to display the nucleus and observed by fluorescence
microscopy (Labophot-2 Nikon, Tokyo, Japan). Ten photomicrographs were randomly taken for
each sample.

Cellular uptake was investigated by confocal microscopy Nikon Eclipse Ti using liposomes labeled
with 6C, with S Fluor 20x, NA = 0.75 high pressure Hg vapor lamp (Intensilight, Nikon, Tokyo, Japan).

Filter set: excitation 365 nm emission 400 nm hi-pass DAPI, excitation 485 nm emission 524 nm
6Co and CCD camera: Coolsnap HQ2, Princeton instruments, Trenton, NJ, USA, 1392 × 1040, 6.45 um
square pixels.

2.14. Statistical Analysis

The experiments were repeated three times and results expressed as a mean ± standard deviation.
Statistical significance of hCMEC/D cell viability and cellular uptake was analyzed using one-way
ANOVA followed by the post hoc Tukey’s w-test for multiple comparisons. All statistical calculations
were performed using GRAPH-PAD PRISM v. 5 for Windows (GraphPad Software, San Diego, CA,
USA). A probability value (p) of <0.05 was considered significant.

3. Results and Discussion

3.1. Preparation and Characterization of Liposomes

LPs were prepared by using P90G, CHOL and Tween 80. This compound was selected as a
coating agent to increase the stability of the formulation, to produce “stealth” nanovesicles and to
promote endocytosis of the carrier at the level of cerebral endothelial cells [23]. Various ratios of the
two lipid constituents were tested to obtain small sizes, good polydispersity and favorable ζ-potential.
In particular, the ratios P90G:CHOL 18:1, 16:1, 14:1, 12:1, and 10:1 were considered. The best ratio
resulted to be 16:1, corresponding to 160 mg of P90G and 10 mg of CHOL. Then, 3% w/v of Tween
80 was added (LPs). Furthermore, different sonication times were tested to optimize LPs physical
characteristics. The selected conditions consisted in two cycles of 5 min of sonication, each including
0.5 s of sonication alternating with 0.5 s of pause, as reported in the materials and methods section.
LPs were nanosized unilamellar vesicles, with a PdI less than 0.25 and a ζ-potential, around −20 mV
(Table 1), confirming a homogeneous and stable dispersion. LC% was 2.28% ± 0.22. The mean vesicle
sizes and the width of the particle distribution are important parameters as they govern physical
stability and permeation through BBB [38]. Moreover, the vesicles sizes highly affected the interaction
of the liposomes with the hCMEC/D3 cellular model [39,40].

AG does not influence the stability of the formulation (Table 1); when LPs were loaded with AG,
LPs-AG showed the same physical parameters as LPs. The electron microscope analysis confirmed
the liposomal structure; the results evidenced the presence of spherical vesicles, with a defined
phospholipid bilayer, well separated, due to the presence of the surfactant that prevents agglomeration,
and with dimensions around 100 nm, confirming the DLS results (Figure 1a).

Next, LPs were functionalized with positive surface charges by using DDAB (cationic liposomes,
CLPs) in the same amount of CHOL (10 mg in the total formulation). In this case, ζ-potential resulted
positive, indicating the presence of positive charges on the surface of the carrier.
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Then, CLPs loaded with 8.5 mg of AG (corresponding to 5% of the weight of the lipid component)
were prepared (CLPs-AG); the presence of DDAB and AG did not modify the physical characteristics
of the formulation (Table 1). LC% was 3.08% ± 0.21. TEM analysis showed well separated spherical
shape vesicles, with a distinct phospholipid bilayer (Figure 1b).

The compound 6-Coumarin (6C), a lipophilic fluorescent dye, was incorporated into liposomes
to investigate the ability of nanoparticles to penetrate into hCMEC/D3 cells, as BBB-model, and to
elucidate trans-endothelial transport in vitro. The preparation of fluorescent liposomes was performed
as reported for LPs and CLPs, by adding 6C (0.5 mg/mL) to the organic phase. Their physical and
chemical parameters are shown in Table 1. The same dimensions of the two types of liposomes,
was very important to interact with the HCMEC/D3 equally [39]. LPs-6C and CLPs-6C resulted larger
but useful for a parenteral administration. AG and 6C are lipophilic compounds and there are inserted
in the bilayer, but the effect on the sizes of nanoparticles is different due to their unlike chemical
structure. The high ζ-potential of all formulations is indicative of their stability, as also supported by
stability studies.

Table 1. Physical characterization of empty, andrographolide (AG) and coumarin-6 (6C)
loaded liposomes.

Sample Size (nm) PdI ζ-Potential EE% Recovery%

LPs 80.2 ± 3.6 0.22 ± 0.03 −20.4 ± 4.1 - -
CLPs 84.6 ± 8.1 0.23 ± 0.02 20.7 ± 4.7 - -

LPs-AG 96.4 ± 9.5 0.23 ± 0.03 −22.8 ± 1.2 44.7 ± 3.2 91.1 ± 5.3
CLPs-AG 82.1 ± 9.3 0.25 ± 0.01 20.3 ± 3.7 47.5 ± 3.3 94.9 ± 4.7

LPs-6C 193.1 ± 3.0 0.21 ± 0.02 −27.4 ± 0.4 46.0 ± 1.4 71.2 ± 4.2
CLPs-6C 197.1 ± 1.4 0.27 ± 0.03 31.1 ± 0.6 63.1 ± 0.1 80.6 ± 5.0

LPs: liposomes with Tween 80, CLPs: liposomes with Tween 80 and DDAB. Data displayed as mean ± SD; n = 3.

 

Figure 1. TEM images of LPs-AG (a) and CLPs-AG (b) (scale 100 nm).

3.2. Stability Studies

Liposomes stability was evaluated both as a colloidal dispersion and in the freeze-dried form.
The ability of the aqueous dispersions to maintain their physicochemical properties in terms of particle
size, PdI, surface charge and drug entrapment was assessed after 1-month storage at 4 ◦C and the
Light Scattering analyses were performed to control the stability over time. No significant changes
were observed in physical parameters of empty or LPs-AG and CLPs-AG dispersions (Figure 2).
The presence of non-ionic surfactant is expected to reduce the agglomeration between liposomes via
steric repulsion. Also, the presence of DDAB on the surface of liposomes prevented the aggregation
and the precipitation of the vesicles and increased the systems stability. In addition, the entrapment
efficiency remained constant, around 45%.
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Figure 2. Particle size, polydispersity index (PdI) (a) and zeta-potential (b) of LPs-AG and CLPs-AG as
dispersion after one-month storage at 4 ◦C. (Data displayed as mean ± SD; n = 3).

The major limitation to liposomes use is due to their physical and chemical instability, when the
aqueous suspension is stored for an extended period. The poor stability in an aqueous medium forms
a real obstacle against the clinical application of nanoparticles.

To improve the physical and chemical stability, water needs to be removed. Freeze-drying is a
good technique to enhance the chemical and physical stability of formulations over prolonged periods.

The stability of LPs-AG and CLPs-AG with time was evaluated also in the freeze-dried form.
However, the freezing process of the sample might cause problems of possible structural and/or
functional damages of the system, and/or subsequent difficulties in sample re-solubilization, due to
particle aggregation phenomena. The addition of cryoprotectants improves the quality of the
dehydrated product, decreases particle aggregation phenomena and allows to obtain an easier
re-dispersion of the freeze-dried product.

Therefore, to estimate the effect of the presence and type of cryoprotectant, empty, LPs-AG and
CLPs-AG formulations were freeze-dried with and without sucrose or glucose (1% w/v). After the
lyophilization process, all formulations were dispersed in PBS and analyzed by DLS and ELS (Table 2).
As shown in Table 2, the drying process produced an increase in terms of size and PdI, respect to
the values reported before the freeze-drying process (Table 1). However, all liposomes maintained
characteristics suitable for parenteral administration. The best freeze-drying process was obtained in
the presence of glucose both for LPs-AG and CLPs-AG. The EE% remained almost constant around
43%. The yield % of the preparation process was also calculated, in this case without addition of the
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cryoprotectant, and resulted 69.5% ± 0.1 for LPs and 71.2% ± 0.1 for CLPs (mean ± SD; n = 3). After a
month of storage at 25 ◦C the freeze-dried product retained the starting characteristics.

Table 2. Physical parameters of andrographolide loaded liposomes, after the freeze-drying process
with and without cryoprotectant, 1% w/v of sucrose or glucose.

LPs-AG No Cryoprotector Glucose Sucrose

Size (nm) 148.8 ± 1.4 135.0 ± 0.9 147.5 ± 1.2
PdI 0.32 ± 0.03 0.25 ± 0.02 0.35 ± 0.01

ζ (mV) −21.3 ± 0.9 −19.4 ± 1.1 −18.5 ± 1.0

CLPs-AG

Size (nm) 144.6 ± 2.2 131.3 ± 5.1 149.3 ± 1.2
PdI 0.38 ± 0.02 0.28 ± 0.01 0.29 ± 0.01

ζ (mV) +28.6 ± 0.9 +27.0 ± 0.8 +26.5 ± 0.9

LPs-AG: liposomes with Tween 80 loaded with AG, CLPs-AG: liposomes with Tween 80 and DDAB loaded with
AG. Data displayed as mean ± SD; n = 3.

A drawback to the use of nanocarriers, in particular cationic nanocarriers, for brain delivery is
their binding to serum proteins that attenuates their surface charge. Therefore, the stability of LPs-AG
and CLPs-AG in presence of human serum albumin (HSA) at physiological concentration was also
tested. After 2 h of incubation, DLS analyses confirmed that sizes were not affected by the presence of
HSA and therefore revealed coexistence of free serum proteins and optimized nanocarrier without any
protein corona effect (Table 3).

Table 3. Physical stability of LPs-AG and CLPs-AG in presence of human serum albumin.

LPs-AG CLPs-AG

Time Size (nm) Pd Size (nm) Pd

0 94.8 ± 2.4 0.23 ± 0.02 76.4 ± 1.2 0.24 ± 0.01
30’ 103.8 ± 2.0 0.39 ± 0.01 82.9 ± 0.5 0.41 ± 0.02
1 h 97.2 ± 3.2 0.39 ± 0.02 83.5 ± 4.8 0.40 ± 0.01
2 h 99.1 ± 5.1 0.39 ± 0.01 81.9 ± 3.4 0.43 ± 0.02

LPs-AG: liposomes with Tween 80 loaded with AG, CLPs-AG: liposomes with Tween 80 and DDAB loaded with
AG. Data displayed as mean ± SD; n = 3.

3.3. In Vitro Release

AG in vitro release at 37 ◦C from LPs-AG and CLPs-AG was evaluated for 24 h by using a dialysis
bag and PBS as receptor medium to mimic sink conditions. The release profiles of AG from AG
solution, LPs-AG and CLPs-AG were reported in Figure 3. The result indicated that the release of AG
from methanol solution through the dialysis membrane was much faster, with a fast release during the
first 2 h and approximately 100% of the drug released within 6 h. In contrast, the immediate release
of the drug (burst effect) does not occur in the case of LPs-AG and CLPs-AG. The percentages of
AG released from LPs and CLPs were gradual: only 56.8% and 69.7% of drug was released within
6 h, respectively. The percentages rose to 83.5% and 77.4%, after 24 h, respectively. The almost linear
and gradual trend of the release indicated that the liposomal systems can release AG for prolonged
periods and in greater quantities compared to the saturated aqueous solution, were the solubility of AG
resulted very low (0.05 mg/mL). Optimized liposomal formulations are able to solubilize 0.85 mg/mL
of drug.

Different theoretical models were considered to examine the nature of release. The drug release
mechanism was defined by fitting AG release data with various kinetics models. By comparing the
regression coefficient values, the Higuchi model (R2 = 0.8366 and 0.9264, respectively, Table 4) resulted
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as the best to describe the kinetics of these two types of liposomes. Thus, the liposomal membrane
disruption controlled the release mechanism [41].

 

Figure 3. In vitro release profiles of LPs-AG and CLPs-AG in PBS. (each data point represents the
average of three samples).

Table 4. Regression coefficient (R2) obtained in different kinetics models for AG release from LPs-AG
and CLPs-AG.

Release Kinetics LPs-AG CLPs-AG

Zero order 0.5722 0.7079
First order 0.7685 0.8816

Korsmeyer-Peppas 0.4552 0.4980
Hixson 0.7033 0.8292
Higuchi 0.8366 0.9264

LPs-AG: liposomes with Tween 80 loaded with AG, CLPs-AG: liposomes with Tween 80 and DDAB loaded with AG.

Due to the very low solubility of AG in water and the related problems of bioavailability, both the
liposomal formulations allow the administration of a high amount of solubilized molecule according
to the requirements for parenteral preparations.

3.4. PAMPA Study

Parallel Artificial Membrane Permeability Assay (PAMPA) was performed to estimate passive
transcellular permeability. It is a non-cell-based permeability model because it lacks transporter-
and pore-mediated permeability, but is considered robust, reproducible and it results in a helpful
complement to the cellular permeability model for its speed, low cost and versatility, and readily
provides information about passive transport permeability.

AG is a molecule with low BBB permeability (effective permeability, Pe value of
0.49 ± 0.16 × 10−6 cm/s [11] and therefore liposomal formulation could represent a useful tool
to improve its permeation. Pe of AG-loaded liposomes resulted as increased, in particular
3.94 ± 0.60 × 10−6 cm/s for LPs-AG and 3.87 ± 0.36 × 10−6 cm/s for CLPs-AG. These values
confirmed that LPs-AG and CLPs-AG increased the permeability of the drug, of about an order
of magnitude, compared to the aqueous solution.

Though this test does not discriminate the different behavior of the two systems because the
artificial membrane fails to mimic all properties of a cell, a mechanism of permeation through the
artificial membrane was hypothesized. An interaction between the phospholipid bilayer, which is a
flexible system, with the lipid that covers the artificial membrane, similar to one of mechanisms of
liposome-cell interaction.
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3.5. MTT and LDH Assays

MTT and LDH assays were performed in the hCMEC/D3 cell line to evaluate the effect of AG and
LPs-AG and CLPs-AG in cell viability and cytotoxicity, and permeability studies were also conducted
in transwell devices using the same cell line. The in vitro cytotoxicity of the developed LPs-AG and
CLPs-AG and AG was assessed by cell viability determination and membrane integrity evaluation
using the hCMEC/D3 cell line in MTT and LDH assays, respectively (Figure 4). When cells were
exposed to different concentrations of AG (10 and 100 μM) and LPs-AG and CLPs-AG (0.0085 and
0.085 mg/mL) for 2 (Figure 4a) and 4 h (Figure 4b), no significant changes were observed in MTT
metabolization, except for LPs-AG and CLPs-AG (0.085 mg/mL) or LDH release when compared to
cells exposed to the EBM-2 medium alone, indicating that AG and LPs-AG and CLPs-AG affected
neither the metabolic activity of the cells nor the membrane integrity at these time points. On the other
hand, when the cells were incubated for 24 h with AG at a dose of 100 μM, LPs-AG (0.085 mg/mL)
and CLPs-AG (0.0085 and 0.085 mg/mL) we observed a significant reduction of cell viability and an
increase in cytotoxicity compared to the control (Figure 4c).

 

 

Figure 4. hCMEC/D3 cell viability evaluated by MTT assay (left panel) and cytotoxicity by LDH assay
(right panel) when exposed for 2 h (a), 4 h (b) and 24 h (c) to AG (10 and 100 μM) or LPs-AG and
CLPs-AG (0.0085 and 0.085 mg/mL). Data is expressed as percentage of control (EBM-2 medium)
and Triton-X (TTX) which represent, respectively, the maximum cell viability and cell cytotoxicity.
Values represent the mean ± SEM of at least three experiments performed in triplicate. * p < 0.05 and
** p < 0.01 vs. EBM-2 alone.
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3.6. BBB Permeability Studies

hCMEC/D3 brain microvascular endothelial cell line is a model of human BBB utilized to study
the drug transport mechanisms [18,42]. The cells retain the expression of most transporters and
receptors expressed in vivo in the human BBB. hCMEC/D3 apparent permeability coefficient (Papp)
correlates well with in vivo permeability data, and therefore permeability studies were performed to
predict the permeability of free AG and LPs-AG and CLPs-AG across the BBB. NaF was used as the
negative control and its Papp was determined during all transport experiments to monitor the integrity
of the cell layer. This aspect was also been checked by phase-contrast microscopy [11].

Papp of NaF was 8.27 ± 1.81 × 10−6 cm/s, in agreement with the literature values [11,12,19].
This value remained constant during the permeability assay, and demonstrates the confluence of
the monolayer and assesses the tight junction integrity. Papp of LPs-AG and CLPs-AG were only
slightly higher than the Papp values of the free AG for the first 3 h. However, at 4 h, the Papp

value for both LPs-AG and CLPs-AG was significantly higher (about double) than that of the free
AG (Papp of AG: 8.67 ± 0.95 × 10−6 cm/s; Papp LPs-AG: 16.8 ± 1.70 × 10−6 cm/s; Papp CLPs-AG:
17.2 ± 1.43 × 10−6 cm/s). The amount of AG that permeated when loaded into liposomes increased
about 200 times in respect to the free molecule, as confirmed by the increase of the Papp values
during the time reported in Figure 5. AG transport across the cell was in a time-dependent manner.
The obtained Papp data are useful for in vitro prediction, as confirmed by the recovery value, which was
above 80% in all experiments. The data agrees with PAMPA results.

 

Figure 5. The apparent permeable coefficient of different liposomal formulations for different treatment
time in the in vitro BBB model. (Data represent means ± S.D, n = 3).

A combination assay of PAMPA and unidirectional (apical to basal) hCMEC/D3 permeability
model can synergistically provide invaluable permeability/absorption assessment of AG. The Papp

values are greater than those of Pe, due to the presence of an active endocytic mechanism in addition
to a passive one, as seen by following uptake studies.

3.7. Liposome Uptake by hCMEC/D3 Cells

Figure 6 shows the fluorescence images of hCMEC/D3 cells treated with LPs-6C and CLPs-6C
after 2 h of incubation. The images revealed that the probe was internalized and LPs-6C and CLPs-6C
were punctually concentrated in intracellular vesicles (endosomes or lysosomes) which can be related
to their endocytic mechanism of uptake [42]. Besides their cytoplasmic location, green fluorescence
indicates that nanoparticles were also transported to the perinuclear area. This is an important finding
for pharmaceutical drug delivery research, since the nucleus is the target site for several drugs [43].
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Figure 6. Cellular uptake of LPs-6C and CLPs-6C by hCMEC/D3 cells after 2 h incubation at 37 ◦C.
Images of nuclei stained with DAPI (blue), 6-Coumarin (green) and their overlay. Scale bar: 20 μm.

Concerning the uptake of liposomes by hCMEC/D3 cells, it was different for both liposomes
LPs-6C and CLPs-6C: 6.4% and 14.0%, respectively. The result proves that the internalization ability of
liposomes increases in the presence of positive charge on the bilayer that improves the binding affinity
between carrier and cellular membrane [31].

Furthermore, a group of cells was maintained at 4 ◦C in the presence of LPs-6C and CLPs-6C,
to observe the effect of low temperature, a general metabolic inhibitor. The fluorescence of cells
incubated with 6C loaded liposomes in the absence of any inhibitor was considered as 100%, while
the fluorescence after incubation in the presence of inhibitors was expressed as a relative percentage
compared to the cells without inhibitor. As shown in Figure 7, a significant reduction (about 80%) in
hCMEC/D3 cell uptake efficiency was observed at 4 ◦C for all two formulations as compared with that
at physiological temperature, suggesting that their uptake relied on an energy-dependent pathway
and it was mediated by endocytosis [44].

To elucidate the endocytic uptake mechanisms, the experiments were also carried out in the
presence of endocytic inhibitors, such as chlorpromazine, a clathrin blocker, and indomethacin, a
caveolin-dependent endocytosis inhibitor.

Liposomes could be internalized into cells by different mechanisms, according to the type of cell,
composition, surface charge, and size of the liposome [45–47]. In our study, the cellular association of
the liposomes was significantly influenced by indomethacin, with a reduction in cellular association of
about 44% and 63% for LPs-6C and CLPs-6C, respectively (Figure 7). Caveolae-mediated endocytosis
is involved in the uptake of liposomes. However, it did not completely inhibit active uptake of the
nanoparticles when compared with the results at 4 ◦C, confirming that cellular uptake of liposomes
involved more that on an energy-dependent pathway. In fact, as evidenced in the Figure 7, an uptake
reduction of 15% for LPs-6C and 20% for CLPs-6C was observed in the presence of chlorpromazine,
even if less pronounced than with indomethacin. This indicates that clathrin-mediated endocytosis is
also a mechanism involved in the uptake.

Therefore, the preferential mechanism of the liposomes uptake by hCMEC/D3 cells was found to
be caveolae-mediated endocytosis, with a greater effect of inhibitors in the case of CLPs-6C.
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Figure 7. Effect of the temperature (4 ◦C) and different inhibitors on hCMEC/D3 cell internalization
pathways of LPs-6C and CLPs-6C after 2 h incubation at 37 ◦C. (Data represent the mean ± standard
deviation (n = 3). Bars represent the mean ± SD of at least 6 experiments ** p < 0.01 vs. corresponding
liposome at 37 ◦C; # p < 0.05 CLPs-6C vs. LPs-6C. (ANOVA + Tukey’s test).

4. Conclusions

Based on the obtained results in terms of size, homogeneity, ζ-potential and EE%, both optimized
liposomal formulations of AG are suitable for parenteral administration. The systems showed excellent
chemical and physical stability during a month of storage as suspensions or freeze-dried products.
The optimized liposomes enhanced solubility and cellular permeability of AG, as demonstrated by
in vitro tests with PAMPA and hCMEC/D3 cells. Both carriers increase the permeation of AG into
the cell without alterations in cell viability and monolayer integrity. The presence of positive charge
elevated the cellular internalization of liposomes. Uptake experiments suggest an energy-dependent
pathway as a possible transport mechanism across the hCMEC/D3 monolayer, with caveolae-mediated
endocytosis, in particular, being the main mechanism.
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Abstract: Pancreatic cancer is the eighth leading cause of cancer death worldwide. For this reason,
the development of more effective therapies is a major concern for the scientific community.
Accordingly, plants belonging to Plectranthus genus and their isolated compounds, such as
Parvifloron D, were found to have cytotoxic and antiproliferative activities. However, Parvifloron D
is a very low water-soluble compound. Thus, nanotechnology can be a promising delivery system
to enhance drug solubility and targeted delivery. The extraction of Parvifloron D from P. ecklonii
was optimized through an acetone ultrasound-assisted method and isolated by Flash-Dry Column
Chromatography. Then, its antiproliferative effect was selectivity evaluated against different cell lines
(IC50 of 0.15 ± 0.05 μM, 11.9 ± 0.7 μM, 21.6 ± 0.5, 34.3 ± 4.1 μM, 35.1 ± 2.2 μM and 32.1 ± 4.3 μM
for BxPC3, PANC-1, Ins1-E, MCF-7, HaCat and Caco-2, respectively). To obtain an optimized
stable Parvifloron D pharmaceutical dosage form, albumin nanoparticles were produced through
a desolvation method (yield of encapsulation of 91.2%) and characterized in terms of size (165 nm;
PI 0.11), zeta potential (−7.88 mV) and morphology. In conclusion, Parvifloron D can be efficiently
obtained from P. ecklonii and it has shown selective cytotoxicity to pancreatic cell lines. Parvifloron D
nanoencapsulation can be considered as a possible efficient alternative approach in the treatment of
pancreatic cancer.

Keywords: Plectranthus ecklonii; Parvifloron D; cytotoxicity; pancreatic cancer; nanoparticles
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1. Introduction

Pancreatic cancer is one of the most deadly oncologic disease and it is estimated that it will be the
second most common cause of death due to cancer in the United States (USA) in 2030 [1].

This type of cancer is difficult to diagnose early, and currently, the treatment options available are
very limited, being surgical resection the only potentially curative treatment. Nevertheless, surgery
may be not possible in 80−90% of the cases, and long-term survival after surgical resection is very
low [2–4].

Chemotherapy has demonstrated a positive impact on overall survival when prescribed after
surgery with curative intent, and may reduce the risk of recurrence [5]. Gemcitabine and erlotinib
are some examples of approved drugs in use and nab-paclitaxel has been approved in the USA
and in Europe for metastasis [6]. However, chemotherapy with classical therapeutic agents has
many side effects, such as nausea and vomiting, loss of appetite, hair loss, ulcers nozzles and higher
chance of infection, as it promotes a shortage of white blood cells. In order to improve the long-term
survival and improve the quality of life of patients with pancreatic cancer, it is imperative to find new
therapeutic agents.

The use of medicinal plants and their constituents has proved their potential as clinical alternatives
to synthetized drugs, leading to the discovery of new bioactive compounds [7]. These compounds
have generated a strong interest in pharmacological research, towards the development of new
anticancer agents. In fact, more than 50% of the compounds with different mechanisms of action used
in chemotherapy are extracted from plant materials [4,6].

Many Plectranthus species are used as plants with medicinal interest against a variety of diseases,
such as cancer. Abietane diterpenoids have been reported as the main constituents of some species
in this genus and are responsible for its potential therapeutic value [8]. These naturally occurring
compounds display a vast array of biological activities including cytotoxic and antiproliferative
activities against human tumor cells [8,9]. Diterpenoids containing an abietane skeleton have proven
to be strongly cytotoxic against human leukemia cells [10].

Burmistrova et al. confirmed that Parvifloron D (Figure 1) has strong cytotoxic properties against
several human tumor cell lines [8]. Parvifloron D was isolated from P. ecklonii and thus, this plant
can be associated as a good source of this abietane diterpenoid. In addition, it was also found that
Parvifloron D anti-proliferative effect is generally associated with an increase in the intracellular level
of Reactive Oxygen Species (ROS) that seems to play a crucial role in the apoptotic process of cells [11].

Figure 1. Molecular structure form Parvifloron D.

Nanotechnology has the potentiality of controlling and manipulating matter at the nanoscale
by designing and engineering new systems [4]. Advances in nanoscience and nanotechnology can
transform what has been done until today since new strategies will enhance and upgrade solutions to
the formulation problems raised [12]. Besides improving solubility and stability of active compounds,
nanoparticles may extend a formulation’s action and successfully combine active substances with
different degrees of hydrophilicity [12–14]. Its targeting abilities to deliver drugs directly to the affected
organs and tissues are another advantage of these systems that can be used in medicine [12,15].

Nanocarriers can improve the efficiency of drugs by changing their body distribution, decreasing
acute toxicity, increasing their dissolution rate and in vivo stability concerning the risk of earlier
metabolism and degradation [12,14,16,17].
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The present study focuses on the optimization of the extraction and isolation of Parvifloron
D, given its cytotoxic potential. Therefore, new approaches to target pancreatic cancer cells will be
performed to improve its selectivity. Moreover, the development of a novel diterpene-encapsulated
nanosystem will be done in order to optimize the Parvifloron D stability.

2. Materials and Methods

2.1. Materials

Plant material P. ecklonii Benth was given by the Faculty of Pharmacy of the University of Lisbon
and it was collected from seeds provided by the herbarium of the National Botanical Garden of
Kirstenbosch, South Africa. Voucher specimens (S/No. LISC) have been deposited in the herbarium
of the Tropical Research Institute in Lisbon [8]. Acetone, hexane and ethyl acetate were supplied
by VWR Chemicals (VWR international S.A.S., Briare, France); Silica was obtained from Merck
(grade 60, 230–400 mesh, Merck KGaA, Darmstadt, Germany); Bovine serum albumin was purchased
to Sigma-Aldrich (Steinheim, Germany). Culture media and antibiotics were obtained from Invitrogen
(Life Technologies Corporation, Carlsbad, CA, USA). All cell lines were obtained from the American
Type Culture Collection (LGC Standards S.L.U. Barcelona, Spain). Reagents for cell proliferation
assays were purchased from Promega (Madison, WI, USA). All reagents used for the nanoparticles
preparation were of analytical grade and purified water obtained by a Millipore system (Millipore,
Burlington, MA, USA).

2.2. Extraction and Isolation

2.2.1. Extraction

The whole plant-dried powdered P. ecklonii (197.55 g) was used to perform the Parvifloron D
exhaustive extraction followed by thin-layer chromatography (TLC) (hexane: ethyl acetate, 7:3 (v/v)).
The ultrasound-assisted extraction was performed using the acetone (10 × 600 mL) as the extraction
solvent. The extract was obtained (28.54 g) by filtration and evaporation of acetone under vacuum
(<40 ◦C) [9].

2.2.2. Isolation

Repeated Flash-Dry Column Chromatography of P. ecklonii extract (25 g), over silica gel
(Merck 9385, 75 g), using n-hexane: ethyl acetate mixtures of increasing polarity, allowed the isolation of
pure Parvifloron D (0.882 g) [18]. The chemical structure of Parvifloron D was elucidated comparing the
1H-NMR spectroscopic data (Table S1: NMR data of PvD, (CDCl3, 1H 400 MHz, 13C 100 MHz; δ in ppm,
J in Hz) and Table S2: Significant assignments observed on Heteronuclear Multiple Bond Correlation
(HMBC) experiment for Parvifloron D) which was almost identical to those in the literature [9,19].

2.3. Parvifloron D Quantification by HPLC-DAD Analysis

The High-Performance Liquid Chromatography (HPLC) quantification of Parvifloron D from
P. ecklonii extract was carried out as previously described [20]. It was used as a Liquid Chromatograph
Agilent Technologies 1200 Infinity Series Liquid Chromatography (LC) System equipped with diode
array detector (DAD), using a ChemStation Software (Agilent Technologies, Waldbronn, Germany)
and a LiChrospher, 100 RP-18 (5 mm) column from Merck (Darmstadt, Germany). Parvifloron D was
determined and quantified by injecting 20 μL of the sample at 1 mg/mL, using a gradient composed
of Solution A (methanol), Solution B (acetonitrile) and Solution D (0.3% trichloroacetic acid in water)
as follows: 0 min, 15% A, 5% B and 80% D; 20 min, 80% A, 10% B and 10% D; 25 min, 80% A, 10% B
and 10% D. The flow rate was set at 1 mL/min. The authentic sample of Parvifloron D was run under
the same conditions in methanol, and the detection was carried out between 200 and 600 nm with a
diode array detector (DAD). All analyses were performed in triplicate.
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2.4. Cell Culture and Cytotoxicity Assays

In order to evaluate Parvifloron D selectivity and antiproliferative effects against human tumor
cells, different cell lines were tested: three pancreatic (BxPC3, PANC-1 and Ins1-E) and three
non-pancreatic (MCF-7, HaCat and Caco-2) cell lines.

All cell lines tested, BxPC3 (human pancreas adenocarcinoma), PANC-1 (human pancreas
adenocarcinoma), Ins1-E (rat pancreas insulinoma), MCF-7 (human breast cancer), HaCat (human
keratinocyte) and Caco-2 (colon adenocarcinoma), are typically adherent cell cultures. Evaluations
were made in different conditions regarding the different types of cells. Thus, BxPC3 cells were
maintained in Roswell Park Memorial Institute (RPMI)-1640 medium with 10% heat-inactivated FBS;
Ins1-E cells were maintained in RPMI medium supplemented with 10% fetal bovine serum, 100 IU/mL
of penicillin, 100 μg/mL streptomycin and β-mercaptoethanol (50 μM) 1:1000; MCF-7, PANC-1 and
HaCat cells were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) with high-glucose
(4500 mg/L), supplemented with 10% fetal bovine serum and 100 IU/mL of penicillin and 100 μg/mL
streptomycin; and Caco-2 cells were maintained in RPMI medium supplemented with 10% fetal
bovine serum and 100 IU/mL of penicillin and 100 μg/mL streptomycin all at 37 ◦C in a humidified
atmosphere of 5% CO2 incubator.

The effects of Parvifloron D on cell growth were evaluated by different assays, namely, for BxPC3
cells, the sulforhodamine B (SRB) assay (colorimetric) was used [21] and for Ins1-E, MCF-7, PANC-1,
HaCat and Caco-2 cells the MTT test was used [10]. Briefly, cells were seeded in 96-well plates (using a
cell concentration of 800 cells per well for BxPC3, 1 × 104 cell/mL per well for Ins1-E, MCF-7, PANC-1,
HaCat and Caco-2) under normal conditions (5% CO2 humidified atmosphere at 37 ◦C) and allowed to
adhere for 24 h. The cells were then incubated with Parvifloron D at different concentrations: between
0.5 and 25.0 μM for BxPC3 and to Ins1-E, MCF-7, PANC-1, HaCat and Caco-2 between 10.0 and
60.0 μM. Following this incubation period, and once the cells were analyzed through different assays,
they were processed under different conditions. BxPC3 cells were fixed with 10% trichloroacetic acid
for 1 h on ice, and washed and stained with 50 μL 0.4% SRB dye for 30 min. The cells were then
washed repeatedly with 1% acetic acid to remove unbound dye. After, the cells were dried, and the
protein-bound stain was solubilized with 10 mM Tris solution.

The SRB absorbance was measured at 560 nm using the microplate reader Model 680 (Bio-Rad,
Hercules, CA, USA). The concentration that inhibits cell survival in 50% (IC50) was determined using
the SRB assay. The absorbance of the wells containing the drug and the absorbance of the wells
containing untreated cells, following a 24 h incubation period, were subsequently compared with that
of the wells containing the cells that had been fixed at time zero (when Parvifloron D was added).
Similarly, Ins1-E, MCF-7, PANC-1, HaCat and Caco-2 cells medium was removed, and the wells were
washed with Phosphate-Buffered Saline (PBS). Then, 50 μL of a 10% MTT solution was added to the
cells and the plates were incubated for 4 h. After the incubation time, 100 μL of DMSO were added to
each well to solubilize the formazan crystals formed during the incubation period.

The absorbance of all samples was again measured at 570 nm using the microplate reader and
IC50 was determined.

The cytotoxic effect was evaluated by determining the percentage of viable/death cells for each
Parvifloron D studied concentration. Based on these values, the IC50 (Parvifloron D concentration that
induces a 50% inhibition of cell growth) was calculated, according to an equation proposed by Hills
and co-workers [22]. For IC50 determination, two concentrations, X1 and X2, and the respective cell
densities, Y1 and Y2, that correspond to higher or lesser than half cell density in negative control (Y0),
were established, according to the following equation:

Log IC50 = Log X1 + {[(Y1 − (Y0)/2)]/(Y1 − Y2)} x (Log X2 − Log X1) (1)
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where, Y0/2 is the half-cell density of the negative control; Y1 is the cell density above Y0/2; X1 is
the concentration corresponding to Y1; Y2 is the cell density below Y0/2; X2 is the concentration
corresponding to Y2; The IC50 was determined by linear interpolation between X1 and X2.

2.5. Parvifloron D Solubility Assays

Parvifloron D solubility in PBS (pH 7.4, European Pharmacopoeia 7.0) was determined at two
different temperatures, 25 ◦C and 37 ◦C, by measuring the amount of compound dissolved in a
saturated solution (∼30 μg/mL) after 24 h, with constant stirring (200 rpm). Three independent
measurements at each condition were conducted (n = 3) [23].

2.6. Parvifloron D Encapsulation into a Biocompatible and Hydrophilic Nanomaterial

In previous studies, Parvifloron D has showed low water-solubility, probably due to its long
carbon chains and the presence of aromatic rings, giving Parvifloron D lipophilic characteristics [24,25],
along with an apparent lack of selectivity to cancer cells [23]. Therefore, the encapsulation of Parvifloron D
into a biocompatible and hydrophilic nanomaterial as a drug delivery system had the main objective of
the achievement of optimized bioavailability and stability of the drug and thus, optimal drug loading
and release properties, a long shelf life and higher therapeutic efficacy, with lower side effects [26].

Albumin was chosen as the encapsulating material to Parvifloron D due to its biocompatibility
and affinity to the liver. The technology used to produce nanoparticles was the desolvation method,
suitable to a wide range of polymers, especially heat-sensitives ones such as albumin, being the
main advantage that it does not require an increase in temperature [27,28]. Briefly, bovine serum
albumin was dissolved in purified distilled water with the pH adjusted to 8.2 with NaOH 0.1 M.
Subsequently, Parvifloron D was dissolved in acetone and added to the albumin solution, which was
added dropwise into a solution of absolute ethanol under magnetic stirring (500 rpm). After stirring,
an opalescent suspension was spontaneously formed at room temperature. After this desolvation
process, glucose in water (1.8%, v/v) was added to cross-link the desolvated albumin nanoparticles.
The cross-linking process was performed under stirring of the colloidal suspension over a time period
of 30 min. Measurement of pH was conducted with a pH electrode meter (827 pH lab Metrohm)
calibrated daily with buffer solutions pH 4.00 ± 0.02 and 7.00 ± 0.02 (25 ◦C).

2.7. Determination of the Parvifloron D Encapsulation Efficiency by HPLC Analysis

Parvifloron D encapsulation efficiency (EE%) was determined using a reverse-phase HPLC
chromatographic method (stationary phase—LiChrospher RP 18 (5 μm), Lichrocart 250–4.6) for the
drug quantification at a detection wavelength of 254 nm. Briefly, a HPLC (Hitachi system LaCrom
Elite, Column oven, Diode Array Detector (UV-Vis) (Hitachi High Technologies America, San Jose, CA,
USA)) was used with a mobile phase comprising methanol and trichloroacetic acid 0.1% (80:20, v/v)
(flow rate of 1.0 mL/min). Column conditions were maintained at 30 ◦C, with an injection volume
of 20 μL and a run-time of 15 min. Measurements were carried out in duplicate and according to the
described formula:

EE (%) = (Amount of encapsulated drug/Initial drug amount) × 100% (2)

2.8. In Vitro Release Studies

After determining Parvifloron D solubility, to maintain sink conditions during the in vitro release
studies, empty nanoparticles and Parvifloron D-loaded nanoparticles were freeze-dried (24 h at
−50 ± 2 ◦C, Freezone 2.5 L Benchtop Freeze Dry System, Labconco, MO, USA) and weighted according
to the drug solubility. As an approximation to the blood pH, each sample of weighted nanoparticles
was placed in a glass recipient, containing 250 mL of PBS (pH 7.4, European Pharmacopoeia 7.0),
under constant stirring (200 rpm), in order to simulate the in vivo conditions [23]. At appropriate time
intervals, aliquots of the release medium were collected from three different points of the dissolution
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medium, in order to obtain a homogenous collection of the sample. Nanoparticles were isolated from
the supernatant by centrifugation (20,000 rpm for 15 min). The Parvifloron D amount collected from
the in vitro release medium, at each time point, was determined by HPLC (see Section 2.7). The assay
was conducted for 72 h, to assure that all Parvifloron D was released. (n = 3, mean ± SD).

2.9. Physical and Morphological Characterization of the Nanoparticles: Dynamic Light Scattering (DLS),
Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM)

Freshly prepared empty nanoparticles and Parvifloron D-loaded nanoparticles were studied in
terms of their structure, surface morphology, shape and size by DLS, SEM and AFM.

Physical characterization of the nanoparticles was carried out by evaluation of mean particle size,
polydispersity index (PI) and zeta potential by DLS and electrophoretic mobility (Coulter nano-sizer
Delsa Nano™ (Beckman Coulter, Brea, CA, USA)) of the nanoparticles’ concentrated suspension
(n = 3).

For SEM, the aqueous suspensions containing empty and loaded nanoparticles were fixed with
2.5% glutaraldehyde in 0.1 M sodium phosphate buffer at pH 7.2 (European Pharmacopoeia 7.0) during
1 h. After centrifugation, the pellets were washed three times in the fixative buffer. Then, aliquots
(10 μL) of the two samples suspensions were scattered over a round glass coverslip previously coated
with poly-L-lysine and left to dry in a desiccator. Subsequently, the material was coated with a thin
layer of gold and observed on a JEOL 5200LV scanning electron microscope (JEOL Ltd., Tokyo, Japan)
at an accelerating voltage of 20 kV. Images were recorded digitally.

AFM images were acquired on an atomic force microscope, Multimode 8 coupled to Nanoscope
V Controller, from Bruker, UK, by using peak force tapping and ScanAssist mode. In order to offer
a clean and flat surface for AFM analysis, an aliquot of each sample (~30 μL) was mounted on a
freshly cleaved mica sheet and left to dry before being analyzed. The images were obtained in ambient
conditions, at a sweep rate close to 1 Hz, using scanasyst-air 0.4 N/m tips, from Bruker.

2.10. Physicochemical Characterization of Nanoparticles Interaction Analysis by Fourier Transform
Infrared (FT-IR)

To study the possible interactions between Parvifloron D and bovine serum albumin polymer of
the developed nanoparticles, FT-IR spectroscopy was conducted on freeze-dried nanoparticles samples
and on each isolated compound, using potassium bromide (KBr). The FT-IR spectra was recorded
by using a Nicolet FT-IR Spectrometer (Thermo Electron Corporation, Beverly, MA, USA) from 4000
to 400 cm−1, at a scanning speed of cm−1 for 256 scans by placing the KBr pellet on the attenuated
total reflection objective. The final data is reported as a data average of 256 scans. The pellet was
prepared in a ratio of 1:10 (w/w) of KBr to sample (nanoparticles or other component) and left to dry in
a desiccator for 24 h before the analysis. The following samples were compared: empty nanoparticles
(i.e., without Parvifloron D), Parvifloron D-loaded nanoparticles, physical mixture of Parvifloron D
and bovine serum albumin (1:1, w/w), the polymer (bovine serum albumin), the cross-linking agent
(glucose) and the drug (Parvifloron D).

2.11. Differential Scanning Calorimetry

In an attempt to check the purity of the drug and to confirm possible physicochemical interactions
between nanoparticles and their raw components, thermal transformations and phase transitions of the
nanoparticles were studied by calorimetry (Diferential Scanning Calorimetry, Q200, TA Instruments,
New Castle, DE, USA) under a nitrogen gas flow of 50 mL/min (AirLiquide, Algés, Portugal). Samples
(1–5 mg) were analyzed in hermetic aluminum pans at a heating rate of 10 ◦C /min from 40 to
400 ◦C. The endothermic and exothermic events were analyzed using TA-Universal Analysis software
(Universal Analysis 2000 version 4.7A, TA Instruments, New Castle, DE, USA).
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3. Results and Discussion

3.1. Extraction and Isolation

The diterpenoid Parvifloron D was isolated from a P. ecklonii extract in a total amount of
166.1 μg/mg, quantified by HPLC. This extraction yield of Parvifloron D with acetone was optimized
when compared with Burmistrova et al. extraction (136.75 μg/mg) [8]. Here, the ultrasound-assisted
extraction showed a higher extraction yield when compared with the previous described maceration
method. The optimized isolation of Parvifloron D (882 mg, 0.45% on the dry plant) showed to be
a successful isolation process which presented a higher yield of Parvifloron D in comparison with
M Simões et al. results (0.27% on the dry plant) [9].

The isolated compound peak was verified by HPLC, as Figure 2 shows.

 

Figure 2. Isolated Parvifloron D spectra by High-Performance Liquid Chromatography (HPLC) analysis.

3.2. Parvifloron D Quantification by HPLC-DAD

The phytochemical analysis of P. ecklonii extract was performed by HPLC-DAD as represented in
Figure 3. The presence of Parvifloron D was revealed (Retention Time (RT) = 27.63 min) as the principal
constituent was obtained and its absorption spectra was performed, as previously described [29].

 
Figure 3. HPLC profile of P. ecklonii extract (254 nm): (1) Parvifloron D peak and absorption spectra.
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3.3. Cell culture and Cytotoxicity Assays

To study the cytotoxicity of free Parvifloron D, SRB and MTT assays were conducted. The results
have shown that free Parvifloron D was more cytotoxic to pancreatic cell lines (BxPC3, PANC-1 and
Ins1-E) than to non-pancreatic cell lines (MCF-7, Caco-2 and HaCat), displaying more selectivity to our
target tumor cells than to others. Parvifloron D presented the lowest value of IC50 of 0.15 ± 0.05 μM
for BxPC3 (human pancreatic tumor cells), and a high value of 32.1 ± 4.3 μM for Caco-2 cells (colon
adenocarcinoma) according Table 1. Even in tumor cells, Parvifloron D had a higher selectivity to
human tumor pancreatic cells. Cell viability in different time points, 24 h and 48 h, for Ins1-E, MCF7
and Caco-2 cells were measured and the results were added to supplementary material (Table S3—IC50

(μM) values in different time points, 24 h and 48 h, of different cell lines–cytotoxicity assays).

Table 1. IC50 (± Standard deviation (SD)) values of different cell lines—cytotoxicity assays.

Cell line IC50 (μM) ± SD

MCF-7
(breast cancer) 35.1 ± 2.2

HaCat
(human keratinocyte) 34.3 ± 4.1

Caco-2
(Colon adenocarcinoma) 32.1 ± 4.3

INS-1E
(rat pancreatic insulinoma) 21.6 ± 0.5

BxPC3
(human pancreatic adenocarcinoma) 0.15 ± 0.1

PANC-1
(human pancreatic adenocarcinoma) 11.9 ± 0.7

Considering some previously published results such as X. Yu et al. (IC50 = 0.2 μM to gemcitabine
in BxPC3 cell line) [30], A. Singh et al. (IC50 = 123.9 μM to gemcitabine in PANC-1 cell line) [31],
A. Acuna et al. (IC50 = 46.5 μM to PH-427 in BxPC3 cell line) [32], S. Mukai et al. (IC50 = 19.5 μM and
20.4 μM to gefitinib in BxPC3 and PANC-1 cell lines, respectively) [33], L. Wang et al. (IC50 = 39.86 μM
and 83.76 μM to Pemetrexed in BxPC3 and PANC-1 cell lines, respectively) [34] or even A. Wright et al.
(IC50 = 70.9 μM and 22.8 μM to Aphrocallistin in BxPC3 and PANC-1 cell lines, respectively) [35], we
can suggest that Parvifloron D has a higher cytotoxic potential (IC50 = 0.15 ± 0.05) to these pancreatic
tumor cells.

Despite these results and concerning the Parvifloron D mechanism of action, our group work
is studding Parvifloron D-induced cell death and they have observed that Parvifloron D induces
an increase in Sub-G1 and a reduction of G2/M populations in MDA-MB-231 (human breast
tumor cells), as Burmistrova et al. already described in leukemia HL-60 and U-937 cells [8].
These results lead us to believe that Parvifloron D-induced cell death can be through this mechanism
independently of the cell line tested. Although, this data is still in progress, and thus it has not been
published yet. Nevertheless, our group has tested the internalization of polymeric nanoparticles with
Parvifloron D, observing that it had occurred by endocytosis within 2 h [23]. Moreover, according to
the literature, seven membrane-associated albumin-binding proteins have been discovered, namely:
albondin/glycoprotein60 (gp60), glycoprotein18 (gp18), glycoprotein30 (gp30), the neonatal Fcreceptor
(FcRn), heterogeneous nuclear ribonucleoproteins (hnRNPs), calreticulin, cubilin, and megalin [36].
This leads us to believe that our nanoparticles may internalize via endocytosis [37]. This assumption
must be confirmed with future experiments of nanoparticles co-localization and nanoparticles
cellular quantification.
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3.4. Nanoparticles Encapsulation Efficiency by HPLC Analysis

In order to determine Parvifloron D encapsulation efficiency, a calibration curve was made using
previously isolated Parvifloron D as a calibration standard. Parvifloron D standards ranging from 3 to
75 μg/mL were evaluated and a calibration curve (y = 7589.9x − 12798) was obtained with R2 = 0.999.
Limit of Detection (LOD) and Limit of Quantification (LOQ) were calculated to be 2.6 μg/mL and
7.9 μg/mL, respectively.

Encapsulation efficiency (%) was determined by measuring the non-encapsulated drug.
Non-encapsulated drug was measured (8.79 μg/mL) (i.e., indirect quantification) and the value
obtained was subtracted from the amount of drug initially added, being the encapsulation efficiency
value for Parvifloron D 91.2 ± 5.51% (mean value ± SD, n = 3).

3.5. Parvifloron D Solubility Assays and In Vitro Release Studies

HPLC studies were carried out to determine the solubility of Parvifloron D in PBS (pH 7.4) before
performing in vitro release studies of Parvifloron D after entrapment into the albumin nanoparticles.

After 24h incubation in PBS pH 7.4, at two different temperatures, 25 ◦C and 37 ◦C, Parvifloron D
solubility was 3.7 ± 0.8 μg/mL and 4.9 ± 0.3 μg/mL, respectively (n = 3).

Concerning the in vitro release studies, all entrapped Parvifloron D was released from albumin
nanoparticles in 72 h in PBS at pH 7.4. As illustrated in Figure 4, after 24 h, approximately 40%
of Parvifloron D was released from the nanoparticles and no burst release was observed. Besides,
Parvifloron D degradation was evaluated as the in vitro release studies went by. The release profile
was continually sustained over the assay and all of the drug was been released in less than 72 h.

Figure 4. In vitro drug release of Parvifloron D-loaded nanoparticles at 0.05 mg/mL, for 72 h,
in phosphate buffered saline (PBS) pH 7.4 solution. Results are expressed as mean of measurements of
three independent nanoparticles lots ± Standard Deviation (SD) (n = 3).

3.6. Physical and Morphological Characterization of the Nanoparticles: DLS, AFM, SEM

In terms of mean size value, Parvifloron D-loaded nanoparticles were smaller than empty
nanoparticles (165 nm (PI 0.11) and 250 nm (PI 0.37), respectively). This fact is probably due to
electrostatic interactions, which may reduce and compact the particle structure. It should also be
noted that there was a color change of nanoparticles from white to orange, when Parvifloron D was
entrapped inside the particles. The pH value was around 8.5 in both formulations. Zeta potential
was negative in both cases (−19.65 and −7.88 mV to empty nanoparticles and Parvifloron D-loaded
nanoparticles, respectively) and the difference might be attributed to the presence of Parvifloron D,
suggesting some interaction between the albumin and the drug, which can be related to the intrinsic
charge of Parvifloron D (pKa values of 8.9, 9.9, calculated values by ChemDraw Professional).

AFM analysis has confirmed particles size. Figure 5 shows that the particle size of the
prepared nanoparticles was approximately 210 nm and 190 nm for empty and Parvifloron D-loaded
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nanoparticles, respectively, as measured by DLS. AFM can offer a significant contribution to understand
surface and interface properties, thus allowing for the optimization of biomaterials performance,
processes, and physical and chemical properties even at the nanoscale [38]. In addition, we can notice
that particles, especially the empty nanoparticles, were monodispersed. Figure 6 shows the 3D images
highlighting the shape and morphology of the prepared nanoparticles.

 

 

Figure 5. Atomic Force Microscopy (AFM) sectorial analysis of: (A) Albumin empty nanoparticles and
(B) Parvifloron D-loaded nanoparticles. Particle sizes of 210 nm and 190 nm are also represented, for A
and B, respectively.

 

Figure 6. Atomic Force Microscopy (AFM) analysis 3D images of: (A) Albumin empty nanoparticles
and (B) Parvifloron D-loaded nanoparticles.

In the current study, SEM observations showed that nanoparticles in both formulations had a
uniform distribution and exhibited a spherical shape with a smooth surface. It is also clearly seen
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that the particles size is different, the empty nanoparticles being slightly larger than the Parvifloron
D-loaded nanoparticles (Figure 7). Here, SEM provides information on surface topography, size,
and size distribution of nanoparticles [39].

Figure 7. Scanning Electron Microscopy (SEM) micrographs of: (A) Albumin empty nanoparticles
(scale bar: 1 μm) and (B) Parvifloron D-loaded nanoparticles (scale bar: 1 μm).

3.7. Physicochemical Characterization of Nanoparticles Interaction Analysis by FT-IR

FT-IR spectra main peaks and the corresponding functional groups were identified for all tested
samples. For physical mixtures and nanoparticles, the peaks were identified based on the functional
groups of the raw components (wavenumbers: 4000–400 cm−1), as it is shown in Table 2. This analysis
has demonstrated to be a useful method to interpret intra- and inter-material interactions in raw
materials and their combination to obtain nanoparticles.

After the analysis of the spectra, it was confirmed the bovine serum albumin structure by the
presence of specific bands for amides (I and II). Also, Parvifloron D analysis showed its specific bands,
confirming its structure previously done by NMR (supplementary material). When albumin empty
nanoparticles were analyzed, the same specific bands were identified in the raw bovine serum albumin
spectra, although the N–H amide II band has shifted, suggesting some structure modification of bovine
serum albumin chains when aggregated to provide nanoparticles. In addition, a new band at 3000 cm−1

appears in empty nanoparticles, probably due to the cross-linking with glucose. As for the interactions
between drug and nanoparticles, it was possible to differentiate the spectra of albumin nanoparticles
loaded with Parvifloron D and the physical mixture of bovine serum albumin and free Parvifloron D
(at 1:1, w/w). This fact can indicate that the drug was successfully entrapped inside the nanoparticles,
and observing the distinct peaks in the nanostructures analysis, some kind of drug–albumin interaction
during nanoparticles formation might have occurred.

3.8. Differential Scanning Calorimetry

Differential scanning calorimetry was used to characterize the different properties of the
developed nanosystems, such as Parvifloron D polymorphism, interactions between drug and
nanoparticles and the effect on their thermal events, compared to raw materials. Figure 8 shows
an exothermic peak near to 170 ◦C, indicating a crystallization and an endothermic peak close to
300 ◦C, which can represent a crystal melting, suggesting that Parvifloron D is a polymorphic drug.
Anyway, to better understand the thermal behavior of Parvifloron D, more crystallographic studies
have to be conducted in the future. Bovine serum albumin endothermic peaks were observed around
215 ◦C while exothermic peaks appeared around 310 ◦C. Analyzing albumin at nanoparticles form,
its spectra changed, showing a lower melting point, once the endothermic peak appeared near to 190 ◦C,
suggesting some structure modification of albumin chains to organize nanoparticles arrangement.
For albumin nanoparticles loaded with Parvifloron D, the spectra show two endothermic peaks which
probably represents both bovine serum albumin and Parvifloron D melting points, but due to some
rearrangement between these raw materials into nanoparticles, these endothermic events had occurred
at lower temperatures (136 ◦C and 219 ◦C).
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4. Conclusions

Parvifloron D has been efficiently extracted and isolated from P. ecklonii. Cell cultures have shown
that Parvifloron D may have more selectivity to human pancreatic tumor cells than healthy cells or
breast cancer cells. Parvifloron D-loaded small and spherical nanoparticles (water soluble particles)
have been formulated with high encapsulation efficiency. Those nanoparticles led to a controlled
release of the drug encapsulation over 72 h. Parvifloron D nanoparticles were stable, and therefore,
they can be considered a suitable and promising carrier to deliver the drug to the tumor site, improving
the treatment of pancreatic cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/10/4/216/s1,
Table S1: NMR data of PvD, (CDCl3, 1H 400 MHz, 13C 100 MHz; δ in ppm, J in Hz); Table S2: Significant
assignments observed on HMBC experiment for PvD and Table S3: IC50 (μM) values in different time points, 24 h
and 48 h, of different cell lines—cytotoxicity assays.
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Abstract: The natural sesquiterpene β-caryophyllene (CRY) has been highlighted to possess
interesting pharmacological potentials, particularly due to its chemopreventive and analgesic
properties. However, the poor solubility of this sesquiterpene in aqueous fluids can hinder its
uptake into cells, resulting in inconstant responses of biological systems, thus limiting its application.
Therefore, identifying a suitable pharmaceutical form for increasing CRY bioavailability represents
an important requirement for exploiting its pharmacological potential. In the present study, the
ability of soybean phosphatidylcholine (SPC) liposomes to improve bioavailability and absorption
of CRY in cancer cells has been evaluated. Liposomal formulations of CRY, differing for lamellarity
(i.e., unilamellar and multilamellar vesicles or ULV and MLV) and for the drug loading (i.e., 1:0.1, 1:0.3
and 1:0.5 mol/mol between SPC and CRY) were designed with the aim of maximizing CRY amount
in the liposome bilayer, while avoiding its leakage during storage. The low-loaded formulations
significantly potentiated the antiproliferative activity of CRY in both HepG2 and MDA-MB-468 cells,
reaching a maximum IC50 lowering (from two to five folds) with 1:0.3 and 1:0.1 SPC/CRY MLV.
Conversely, increasing liposome drug-loading reduced the ability for CRY release, likely due to a
possible interaction between SPC and CRY that affects the membrane properties, as confirmed by
physical measures.

Keywords: lipophilic compound; caryophyllene sesquiterpene; antiproliferative activity; liposomes;
lamellarity; drug loading

1. Introduction

β-caryophyllene or trans-caryophyllene (CRY), a bicyclic sesquiterpene with a rare cyclobutane
ring (Figure 1), is a volatile compound found in large amounts in the essential oil of many
different spice and food plants, particularly Eugenia caryophyllata L., Copaifera multijuga (copaiba)
and Cannabis sativa L [1].

Pharmaceutics 2018, 10, 274 www.mdpi.com/journal/pharmaceutics54
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Figure 1. Chemical structure of β-caryophyllene (CRY).

In nature, β-caryophyllene is usually found together with small amount of its isomers
α-caryophyllene and γ-caryophyllene or in a mixture with its oxidation product, β-caryophyllene
oxide. Several biological activities have been reported for β-caryophyllene, including antimicrobial,
antileishmanial, antimalarial, local anesthetic, spasmolytic and anticonvulsivant activities [2]. It has
been reported to partly act as an agonist of the CB2 receptor, which represents a therapeutic target
for the treatment of inflammation, pain, atherosclerosis, and inflammatory-based diseases, including
colitis, cerebral ischemia and brain inflammation [3–7]. Also, it has been recently shown to possess
chemopreventive properties [1,8–11] and displayed a chemosensitizing power when administered in
combination with anticancer drugs, thus resensitizing chemoresistant cancer cells [12]. It was found to
be able to interfere with targeted signalling pathways involved in inflammation and cancer, including
HMGB1/TLR4 signalling and STAT3 [10,13,14].

Despite these promising biological activities, β-caryophyllene is characterized by high
lipophilicity and poor stability in hydrophilic media (such as biological fluids), which limit its
bioavailability and absorption into cells. Bioavailability depends on the nature and chemical-physical
properties of a molecule and is mainly due to water solubility (or dissolution rate) and membrane
permeability [15]. Low bioavailability is a common feature of different natural substances, defined
as “poorly water-soluble drugs”, and can hinder their administration, clinical application and
market entry. In this context, improving bioavailability represents an important requirement for
exploiting the pharmacological potential of such natural substances and meeting the need for suitable
pharmaceutical formulations.

To this end, various strategies, including formulation in complex forms as micelles, liposomes,
polymeric nanoparticles and lipid nanoparticles, have been approached. Among them, liposomes
have been extensively applied in the years as biomembrane models and as drug carriers in the
pharmaceutical and medical fields, owing to their excellent biocompatibility and biodegradability,
low toxicity and lack of immunogenicity [16,17]. They have also been adopted as efficient systems for
incorporating natural compounds, such as essential oil components, and improving their solubility
and chemical stability [18].

Liposome structure allows the incorporation of different types of drugs: hydrophilic substances
are encapsulated in the inner aqueous compartments, while lipophilic drugs are mainly entrapped
within the lipid bilayer [19]. According to lamellarity and size, they are usually classified as
multilamellar vesicles (MLV; greater than 0.5 μm), small unilamellar vesicles (SUV; between 20 and
100 nm) and large unilamellar vesicles (LUV; greater than 100 nm) [20].

Taking into account the strong lipophilicity of CRY and its low dissolution rate in biological
fluids, in the present study we propose a rational design of soy phosphatidylcholine (SPC) liposomal
formulations for improving cellular uptake of CRY and then its antiproliferative activity in cancer
cells, focusing on lamellarity and drug-loading as major key features to develop optimized delivery
systems. SPC is commonly used in different types of drug delivery formulations, due to its structural
similarity with biomembrane phospholipids, and seems to represent an interesting molecule to be
used for designing liposomal chemotherapy formulations, since it could enhance the antiproliferative
activity of anticancer drugs by affecting the cholesterol-induced stiffening of cancer cell biomembrane,
thus favoring drug permeability. It is well accepted that cancer cells, respect to normal cells, are
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characterized by changes in biomembrane phospholipid composition and a constitutive activation of
the fatty acid biosynthesis seems to support the increased cell proliferation [21]. Particularly, higher
accumulation of cholesterol leads to a more rigid and low-permeable membrane, with increased
resistance to cancer chemotherapy.

In order to characterize the best features of SPC liposomes in improving the dissolution of CRY in
biological fluids and its cellular uptake, both unilamellar (ULV) and multilamellar (MLV) formulations
were studied. In fact, due to the physico-chemical properties of CRY, it is expected that the drug is
incorporated within the phospholipid bilayer of liposomes. Therefore, liposomal formulations of CRY
have been rationally designed taking into account that the loading of CRY in the bilayer of liposomes,
while avoiding its leakage during storage, requires special consideration in product development
and represents a key feature for optimizing the formulation. The lipid composition, lamellarity,
the manufacturing process and drug incorporation can all influence the physicochemical properties
of a liposomal formulation, including the drug release performance. Therefore, when liposomes are
investigated as drug delivery vehicles of hydrophobic drugs, the influence of the drug–lipid ratio on
the arrangement of the nonpolar region of the vesicles membrane should be considered to design
a delivery vehicle that is at the same time able to catch and release the encapsulated payload in order
to achieve the therapeutic purpose [22].

In line with this evidence, in the present study different formulations at three loading
degrees, characterized by SPC phospholipid and CRY molar ratio of 1:0.1, 1:0.3 and 1:0.5 as well
as different lamellarity were prepared. A physicochemical characterization by dynamic light
scattering, fluorescence anisotropy and entrapment efficiency of CRY were performed. The increased
bioavailability was evaluated on the basis of the cytotoxicity potency of the formulations encapsulating
CRY with respect to the substance alone. In specific, the antiproliferative activity of CRY-loaded SPC
ULV and MLV with respect to that of CRY alone was studied in liver cancer HepG2cells. Also, triple
negative MDA-MB-468 breast cancer cells were used being high-responsive to CRY cytotoxicity respect
to HepG2 cells.

2. Materials and Methods

2.1. Chemicals

β-Caryophyllene (CRY; >98.5% purity), soybean phosphatidylcholine (Phospholipon90;
SPC), HEPES [4-(2-hydroxyethyl) piperazine-1-ethane-sulfonic acid], thiocyanatoiron (III),
1,6-diphenyl-1,3,5-hexatriene (DPH) and (4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT; ≥97.5% purity) and cholesterol (Chol) were purchased from Sigma-Aldrich Co
(St. Louis, MO, USA). Dulbecco’s Modified Eagle’s medium (DMEM) was from Aurogene (Rome,
Italy). Chloroform, dimethyl sulfoxide, ethanol, 1,2-dicloroethane and hydrochloric acid were supplied
by Carlo Erba Reagents (Arese, Italy) and were of analytical grade. All solutions were prepared in
the better solvent, sterilized by filtration and stored for a just conservation time at recommended
temperature, i.e., room temperature (RT) or refrigerated conditions (from 4 ◦C to −20 ◦C).

For the cytotoxicity assay, the sesquiterpene was dissolved in absolute EtOH (100% v/v): at the
tested concentrations, and the percentage of ethanol was less than 1% v/v in the final mixture, in order
to exclude a potential toxicity due to the solvent. Conversely, both the CRY-loaded and plain SPC
liposomes were directly dispersed in the culture medium at different concentrations.

2.2. Liposome Preparation

Liposomes were prepared by the thin-film hydration method followed by extrusion [23]. Specifically,
250 mg of SPC and different amount of CRY (7, 20 or 33 mg) were dissolved in a 50 mL round-bottom
flask in the minimum volume of chloroform to give lipid-to-drug molar ratio of 1:0.1, 1:0.3 and 1:0.5.

The solvent was removed by rotary evaporation under reduced pressure to form a thin layer on
the flask wall. The resultant thin film was further dried with a high vacuum oil pump for at least 2 h.
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Dried film was hydrated in 5 mL of a 10 mM HEPES buffer solution (pH 7.4) at 25 ◦C and the
dispersion was shaken vigorously with a vortex mixer to form multi-lamellar vesicles (MLV).

The generated multilamellar vesicles were repeatedly extruded at 25 ◦C through polycarbonate
membranes of decreasing pore size using a thermobarrel Extruder, (Lipex Biomembrane, Vancouver,
BC, Canada) until a defined size distribution was achieved (2 times through 400 nm membranes and
finally 6 times through 200 nm membranes). All liposome formulations were flushed with nitrogen
gas, stored at 4 ◦C and used within two weeks.

2.3. Gas Chromatographic/Mass Spectrometric (GC/MS)

Purity of CRY and its concentration obtained in the liposomal dispersion was determined by the
gas chromatographic/mass spectrometric (GC/MS) technique. The GC/MS analyses were performed
on a Clarus 500 series from Perkin Elmer instruments (Waltham, MA, USA) operating in the electron
impact mode (70 eV) and equipped with NIST (National Institute of Standards and Technology)
libraries. A Stabilwax fused-silica capillary column (Restek, Bellefonte, PA, USA) (60 m × 0.25 mm,
0.25 mm film thickness) was used with helium as carrier gas (1.0 mL/min). 1 μL of sample was
injected into the GC injector at the temperature of 280 ◦C and in splitless mode. The oven of GC was
programmed to rise from 90 ◦C to 200 ◦C at 3 ◦C/min and then held at 200 ◦C for 2 min. All analyses
were performed at constant flow. A calibration curve was generated by running various solutions
containing graded amounts of the CRY and injecting a constant volume of each standard solution
exactly measured. The calibration curve was obtained by plotting the peaks area (automatically
calculated by the computer) on the ordinate and the amounts on the abscissa.

2.4. Physicochemical Characterization of Liposomes

2.4.1. Dynamic Light Scattering (DLS) and Zeta-Potential Measurements

Particle size distribution and zeta-potential were measured with a Zetasizer Nano ZS90 (Malvern
Panalytical, Malvern, UK). Hydrodynamic diameter and polydispersity index were evaluated by
dynamic light scattering (DLS) experiments, whereas zeta-potential was measured by electrophoretic
light scattering (ELS) experiments. The DLS and ELS techniques used a photon correlator spectrometer
equipped with a 4 mW He/Ne laser source operating at 633 nm. All measurements were performed
at a scattering angle of 90◦ and were thermostatically controlled at 25 ◦C. The samples were
opportunely diluted with 10 mM HEPES (pH 7.4) before analysis. Size, polydispersity index and
zeta-potential values of the liposome formulations are the mean of three different preparation batches
± standard deviation.

2.4.2. Assay of Phospholipids

Phospholipid content in liposomes was quantified as reported in literature [24]. Briefly,
0.4 mL of sample (20–200 nmol) was mixed with 0.2 mL of ethanol, 1 mL of thiocyanatoiron (III)
and 0.6 mL of 0.17 N hydrochloric acid. 3 mL of 1,2-dichloroethane were added to extract the
thiocyanatoiron–phospholipid complex formed after shaking for 2 min. The sample was then
centrifuged for 5 min at 12,000 rpm. The absorbance of the organic phase was read at a wavelength of
470 nm in a Lambda 25 spectrophotometer (Perkin Elmer, Waltham, USA). The calibration curve was
obtained with several solutions of known SPC concentration.

2.4.3. Evaluation of Total Amount of β-Caryophyllene (CRY) in Liposomal Suspensions

Phospholipids and drug molecules dissolved in the organic phase may be get lost during solvent
removal under vacuum and high-pressure extrusion steps. Considering that CRY is a liquid with
an initial boiling point of 129 ◦C, to evaluate the amount of the sequiterpene actually present in the
different liposomal formulations, it was first extracted from vesicles and then its concentration was
determined by the GC/MS technique reported in Section 2.3. In particular, 5 mL of CRY-loaded SPC
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ULV were diluted with 10 mL of 10 mM HEPES (pH 7.4) and extracted with CHCl3 (5 mL). To promote
the separation of the two phases, CaCl2 (460 mg) was added to the biphasic system and the organic
phase then collected. The extraction procedure was repeated three times, all the organic phases were
mixed and made up to known volume before GC/MS analysis.

2.4.4. Steady-State and Time-Resolved Fluorescence Measurements

Steady state anisotropy of DPH in liposomes was measured to assess the effect of CRY and its
concentration on the fluidity of SPC liposome membranes. To this end, DPH-loaded SPC liposomes
were prepared by the thin-film hydration method reported in Section 2.2, dissolving SPC (250 mg)
and DPH (0.15 mg; 6.46 × 10−4 mmol) in a 50 mL round-bottom flask in the minimum volume of
chloroform to give a lipid-to-DPH molar ratio of 1:0.002.

The solvent was removed as previously described and the resultant thin film was hydrated in
5 mL of a 10 mM HEPES buffer solution (pH 7.4) at 25 ◦C. The generated multilamellar vesicles were
repeatedly extruded at 25 ◦C through polycarbonate membranes of decreasing pore size.

DPH normally is located within the hydrophobic region of the bilayer membrane. DPH responds
to changes in physical properties of the acyl chain region of the membrane that affect its ability to
rotate. Probe movement is quantified by measuring the degree to which DPH fluorescence emission
is depolarized following excitation by polarized light. These fluorescence anisotropy measurements
respond to changes in the order degree of the DPH surrounding environment: changes in the
liquid–crystalline state organization of the liposome membrane alter the rate of probe movement;
in particular, the more disordered the membrane environment, the greater is the motional freedom of
the fluorophore and hence the lower the observed anisotropy. An increase in steady state anisotropy
of DPH in membranes may imply a reduction in mobility of lipids.

Steady-state fluorescence anisotropy measurements, for DPH-loaded liposomes, were carried
out at room temperature with a Perkin-Elmer LS50B spectrofluorometer. The excitation and emission
wavelengths were 350 and 450 nm, respectively, and all slits were set to a width of 2.5/2.5 nm.

Samples, opportunely diluted with 10 mM HEPES buffer pH 7.4, were illuminated by vertically
(V) or horizontally (H) polarized monochromatic light at λ = 350 nm and the emitted fluorescence
intensities (I) parallel or perpendicular to the direction of the excitation beam were recorded at
λ = 450 nm. Total fluorescence intensity [I f = (I//)V + 2G(I⊥)H

]
is obtained by addition of the

respectively horizontally [I⊥] and vertically [I//] intensities polarised light emission. The stationary
fluorescence anisotropy (r) was determined using the typical calculation:

r =
(I//)V − G(I⊥)H

If

Total fluorescence intensity and anisotropy measurements required correction for the gain of
photomultipler detector [G = (I//)H/(I⊥)H].

The effect of CRY incorporation on the phospholipid bilayer of SPC liposomes was evaluated by
comparison with the well-known effect produced by cholesterol (Chol) on the membrane behavior.

Anisotropy data are represented as the mean ± standard deviation (SD).

2.5. Cytotoxicity Studies

2.5.1. Human Cancer Cell Lines

Liver cancer HepG2 cells were a kind gift of Prof. Eufemi (Sapienza University of Rome,
Italy), while triple negative MDA-MB-468 breast cancer cells were purchased from IRCCS AOU
San Martino -IST (Genoa, Italy). The cells were grown under standard conditions (37 ◦C and 5% CO2)
in DMEM-F12 medium containing L-glutamine (1% v/v) and HEPES (15 mM) and supplemented
with 10% heat-inactivated FBS, 100 U/mL penicillin and 100 μg/mL streptomycin in 75 cm2 flasks.
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Subcultures were prepared every 4 days, renewing growth medium every 2–3 days. All experiments
were performed when cells reached the logarithmic growth phase.

2.5.2. Cytotoxicity Assay

The cultured cells were seeded into 96-well microplates (20,000 cells/well), allowed to grow
for 24 h, then treated with CRY (1–75 μg/mL in EtOH 1% v/v) or CRY loaded SPC liposomes.
The concentrations of pure CRY were prepared by progressive dilution in EtOH 100% v/v, then added
to cells at 1% v/v in the final mixture, at which ethanol was nontoxic. A vehicle control (EtOH 1% v/v
in the final mixture for CRY and 10 mM HEPES for SPC ULV and MLV), corresponding to 100% cell
viability and a standard cytotoxic agent (i.e., doxorubicin, 10 μg/mL in the final mixture) were also
included in the experiments.

After 24 h incubation, the cytotoxicity of the treatment was measured by the
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay according to previous
published methods [25]. The assay was carried out at least in three biological replicates, and in each
experiment each concentration was tested in six technical triplicates. The treatment was considered
cytotoxic when the cell viability was lower than 70% with respect to vehicle treated cells [26].

The results were expressed as percentage of cell viability (about three experiments including 8-10
replicates for each treatment) with respect to the vehicle.

Results of cytotoxicity studies are expressed as mean ± standard error (SE).
The concentration–response curves were constructed using the Hill equation:

E =
Emax

[1 + (10logIC50 − A)Hill Slope]

where E is the effect at a given concentration of the substance, Emax is the maximum activity, IC50 is the
concentration that produces a 50% of the inhibitory response, A is the substance molar concentration,
HillSlope is the curve slope.

2.6. Statistical Analysis

Statistical analysis was performed by GraphPad Prism™ (Version 4.00) software (GraphPad
Software, Inc., San Diego, CA, USA). The one-way analysis of variance (one-way ANOVA), followed
by Dunnett’s multiple comparison post-test, was used to analyze the difference among different
treatments, while the Student’s t-test was applied to determine the statistical significance between two
different experimental conditions. The values of p < 0.05 were considered significant.

3. Results

3.1. Physicochemical Characterization of Soybean Phosphatidylcholine (SPC) Unilamellar and Multilamellar
Vesicles (ULV and MLV)

Results obtained by DLS measurements highlighted that high pure CRY did not alter the vesicles
formation, since no significant changes in physicochemical features (i.e., mean diameter, zeta-potential
and size distribution) of CRY-loaded SPC ULV and MLV, compared to conventional liposomes, were
found even at the highest molar ratio tested (1:0.5 mol/mol) (Tables 1 and 2). Moreover, no loss of CRY
was observed during the preparation process. In fact, GC/MS analysis performed after the extraction
of CRY from liposomes evidenced a perfect overlap of the actual recovered amount with the theoretical
one, thus indicating that no losses of sesquiterpene occurred. When the physicochemical features of
liposomes were evaluated in the presence of cell medium, no interference with the dimensional analysis
was highlighted, thus suggesting a suitable stability of the formulation in cell culture environment
(data not shown). The amount of structured phospholipids in the liposomal suspensions, with and
without CRY, resulted in not being affected by the presence of the sesquiterpene, thus suggesting
their compatibility.

59



Pharmaceutics 2018, 10, 274

Table 1. Physicochemical features of soybean phosphatidylcholine (SPC) unilamellar vesicles
(ULV) liposomes.

Sample Hydrodynamic Diameter (nm) PdI ζ-Potential (mV) SPC Recovery (%)

Unloaded SPC vesicles 180.6 ± 4.7 0.079 ± 0.015 −15.3 ± 0.4 92.2 ± 1.7
SPC/CRY vesicles (mol/mol)

1:0.1 185.5 ± 4.2 0.076 ± 0.006 −14.1 ± 0.2 89.5 ± 1.2
1:0.3 176.7 ± 7.5 0.075 ± 0.005 −14.3 ± 0.5 88.5 ± 0.5
1:0.5 181.4 ± 2.1 0.085 ± 0.012 −13.5 ± 0.6 85.2 ± 2.2

Hydrodynamic diameter (Z-Average, nm); polydispersity index (PdI); ζ-potential (mV) and % of SPC recovery.

Table 2. Physicochemical features of SPC multilamellar vesicles (MLV) liposomes.

Sample Hydrodynamic Diameter (nm) PdI

Unloaded SPC vesicles 699.7 ± 6.6 0.359 ± 0.069
SPC/CRY vesicles (mol/mol)

1:0.1 643.9 ± 13.6 0.339 ± 0.045
1:0.3 631.5 ± 21.1 0.371 ± 0.005
1:0.5 497.1 ± 7.9 0.387 ± 0.025

Hydrodynamic diameter (Z-Average, nm); polydispersity index (PdI).

3.2. Cytotoxicity of CRY and Plain SPC-Based Liposomes

Under our experimental conditions, CRY did not affect the cell viability of HepG2 cells up to
10 μg/mL, although a slight cell viability reduction (about 10%) was found starting from 5 μg/mL.
A significant decrease of cell viability (about 45% reduction respect to control) was found at 25 μg/mL,
reaching a greatest inhibition of about 90% at 75 μg/mL (Figure 2). In MDA-MB-468 cells, CRY
produced early toxicity signs (inhibition of 10%) at 2.5 μg/mL, with a biologically significant effect at
15, 25 and 50 μg/mL (inhibition of 38%, 84% and 98% respectively) (Figure 2). The IC50 values were
44.7 (C.L. 19.5–96.8) and 19.2 (C. L. 15.4–23.8) μg/mL in HepG2 and MDA-MB-468 cells, respectively.

Figure 2. Effect of CRY on the viability of HepG2 and MDA-MB-468 cells. ** p < 0.01 and *** p < 0.001
(analysis of variance (ANOVA) + multiple Dunnett’s comparison post-test); denotes a statistically
significant reduction of cell viability compared to control (i.e., vehicle-treated cells). A cell viability
lower than 70% respect to control was considered as cytotoxic [26].

The cytotoxicity of plain SPC ULV and MLV (1–1000 μg/mL) in HepG2 and MDA-MB-468
cells was preliminarily evaluated, in order to define the maximum concentration at which liposomal
formulations did not affect cell viability. Plain SPC ULV were nontoxic up to the concentration of
100 μg/mL in both HepG2 and MDA-MB-468 cells, with biologically significant cytotoxic effects (from
40% to 56% inhibition of cell viability) starting from 200 μg/mL (Figure 3). Conversely, plain SPC
MLV produced biologically significant cytotoxic effects (from 40% to 50% inhibition of cell viability) at
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1000 μg/mL in both HepG2 and MDA-MB-468 cells, with early toxicity signs (about 25% inhibition of
cell viability) at 500 μg/mL (Figure 3).

Figure 3. Effect of SPC ULV and MLV on the viability of HepG2 (A) and MDA-MB-468 (B) cells.
** p < 0.01 and *** p < 0.001 vs. control (i.e., vehicle-treated cells), denotes a statistically significant
reduction of cell viability compared to control (ANOVA + multiple Dunnett’s comparison post-test).
A cell viability lower than 70% respect to control was considered as cytotoxic [26].

3.3. Cytotoxicity of CRY-Loaded SPC ULV at Different Molar Ratio

When assessed in HepG2 cells, different behaviour was found for CRY-loaded SPC ULV respect to
pure CRY, as a function of their molar ratio (Figure 4). In particular, the 1:0.1 molar ratio between SPC and
CRY produced about a 40% cytotoxicity increase of CRY at low concentrations of 0.1, 1, 5 and 10 μg/mL,
which were non-effective when CRY was administered as pure compound. Conversely, a progressive
loss of the cytotoxic effect of CRY was found at highest concentrations of 25, 50 and 75 μg/mL of 1:0.1
SPC/CRY ULV, reaching a maximum 40% inhibition (Figure 4). In spite of a biologically significant
cytotoxicity of low-dose 1:0.1 SPC/CRY ULV, the 1:0.3 and 1:0.5 unilamellar formulations produced
non-biologically relevant cytotoxic effects and progressively reduced the antiproliferative activity of pure
CRY at all the tested concentrations, reaching a maximum of 63% inhibition (Figure 4).

Figure 4. Cytotoxicity of SPC ULV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5 mol/mol) in
HepG2 cells after 24 h incubation. *** p < 0.001 vs CRY; denotes a statistically significant increase of
cytotoxicity respect to pure CRY (ANOVA + multiple Dunnett’s comparison post-test). § p < 0.001
vs. CRY, denotes a statistically significant reduction respect to CRY cytotoxicity (ANOVA + multiple
Dunnett’s comparison post-test). A cell viability lower than 70% respect to control (i.e., vehicle-treated
cells) was considered as cytotoxic [26].
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Furthermore, the highest doses of loaded liposomes (starting from 25 μg/mL of 1:0.1 and
1:0.3 SPC/CRY ULV) significantly reduced the cytotoxicity of plain SPC ULV, at the corresponding
concentrations (Figure 4). This evidence suggested that increasing molar ratio between SPC and
CRY in ULV formulations can hinder CRY release and retain the molecule into liposomes; also, some
interactions between SPC and CRY could be expected, so explaining the reduced toxicity of plain SPC
ULV. A similar behaviour was observed in MDA-MB-468 cells for 1:0.5 SPC/CRY ULV, which did not
potentiate CRY cytotoxicity in all the experimental conditions, while inhibiting the antiproliferative
activity of pure CRY by about 20%, at concentrations of 25 and 50 μg/mL (Figure 5). Conversely,
the 1:0.1 loaded formulation induced a significant potentiation of CRY cytotoxicity (from about 20 to
30%) at concentrations of 2.5 and 5 μg/mL, which disappeared at the highest tested concentrations.

Figure 5. Cytotoxicity of SPC ULV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5 mol/mol) in
MDA-MB-468 cells after 24 h incubation. *** p < 0.001 vs. CRY, denotes a statistically significant increase
of cytotoxicity respect to pure CRY (ANOVA + multiple Dunnett’s comparison post-test). § p < 0.001
vs. CRY, denotes a statistically significant reduction respect to CRY cytotoxicity (ANOVA + multiple
Dunnett’s comparison post-test). A cell viability lower than 70% respect to control (i.e., vehicle-treated
cells) was considered as cytotoxic [26].

Similarly, the 1:0.3 SPC/CRY ULV produced a slight (about 10%) but significant increase of
CRY toxicity at concentrations of 2.5 and 5 μg/mL. It is noteworthy that potentiation occurred at
non-effective concentrations of CRY administered as a pure compound. For all loaded formulations,
the highest concentrations of 25 and 50 μg/mL induced a significant inhibition (from about 10 to 28%)
of CRY antiproliferative activity, thus suggesting a possible loss of activity of the drug or the loss of the
carrier’s ability to deliver the incorporated substance (Figure 5). When CRY was administered as 1:0.1
SPC ULV, the IC50 values were not evaluable in HepG2 cells, while a slight reduction (about 1.5 folds)
was obtained in MDA-MB-468 cells (Table 3).
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Table 3. IC50 values of CRY administered as pure compound or as ULV and MLV formulations in
HepG2 and MDA-MB-468 cells.

HepG2 MDA-MB-468

IC50 (CL) μg/mL
RR

CRY 44.7 (19.5–96.8) 19.2 (15.4–23.8)
SPC/CRY ULV (mol/mol)

1:0.1 ne 12.4 (6.4–109.9)
1.5

1:0.3 ne ne
1:0.5 ne ne

SPC/CRY MLV (mol/mol)

1:0.1 ne 4.9 (2.4–9.9)
3.9

1:0.3 9.1 (2.6–32.0)
4.9

8.3 (6.1–11.2)
2.3

1:0.5 ne ne

CL, confidential limits; RR, reversal ratio (ratio between the IC50 values of CRY alone and CRY-loaded SPC
liposomes); ne, not evaluable as a lower than 80% inhibition of cell viability was reached.

3.4. Cytotoxicity of CRY-Loaded SPC MLV at Different Molar Ratio

Under our experimental conditions, multilamellar liposomes produced different cytotoxic effects
as a function of drug loading. In HepG2 cells, 1:0.1 SPC/CRY MLV did not affect the cell viability
up to 1 μg/mL, while it produced a marked potentiation of CRY cytotoxicity, at concentrations from
5 to 25 μg/mL, reaching the greatest effect of about 45% at 5 μg/mL (Figure 6). A significant and
progressive increase of CRY antiproliferative activity, with a maximum potentiation of about 40%,
was also produced by 1:0.3 loaded multilamellar formulation (Figure 6) within the concentrations of
1 and 50 μg/mL: the IC50 value of CRY was reduced about five-fold (Table 3). Conversely, the 1:0.5
molar ratio between SPC and CRY increased the biological activity of CRY at concentrations of 5 and
10 μg/mL, with a maximum potentiation of 30% at 5 μg/mL (Figure 6). At the highest concentration
of 75 μg/mL, all the CRY-loaded multilamellar formulations markedly reduced the antiproliferative
activity of pure CRY, reaching a maximum 26% inhibition (Figure 6).

Figure 6. Cytotoxicity of SPC MLV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5 mol/mol)
in HepG2 cells after 24 h incubation. ** p < 0.01 and *** p < 0.001 vs CRY; denotes a statistically
significant increase of cytotoxicity respect to pure CRY (ANOVA + multiple Dunnett’s comparison
post-test). § p < 0.001 vs. CRY, denotes a statistically significant reduction respect to CRY cytotoxicity
(ANOVA + multiple Dunnett’s comparison post-test). A cell viability lower than 70% respect to control
(i.e., vehicle-treated cells) was considered as cytotoxic [26].
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Analogously, in MDA-MB-468 cells, the 1:0.1 SPC/CRY MLV induced a significant potentiation of
CRY cytotoxicity from 0.1 to 10 μg/mL, with a maximum increase of about 30% at 5 and 10 μg/mL
(Figure 7). The 1:0.3 and 1:0.5 loaded formulations produced lower potentiation of CRY activity (about
10–25%) from 0.1 to 10 μg/mL. Conversely, the highest concentrations of 25 and 50 μg/mL reduced
the antiproliferative activity of pure CRY, reaching a maximum 30% inhibition (Figure 7).

Figure 7. Cytotoxicity of SPC MLV differently loaded with CRY (1:0.1, 1:0.3 and 1:0.5 mol/mol) in
MDA-MB-468 cells after 24 h incubation. ** p < 0.01 and *** p < 0.001 vs. CRY, denotes a statistically
significant increase of cytotoxicity respect to pure CRY (ANOVA + multiple Dunnett’s comparison
post-test). § p < 0.001 vs. CRY, denotes a statistically significant reduction respect to CRY cytotoxicity
(ANOVA + multiple Dunnett’s comparison post-test). A cell viability lower than 70% respect to control
(i.e., vehicle-treated cells) was considered as cytotoxic [26].

Within the concentrations from 0.1 to 25 μg/mL, the IC50 value of CRY was reduced about
four-fold when CRY was administered as 1:0.1 MLV, while about two-fold when CRY was administered
as 1:0.3 MLV (Table 3).

Furthermore, the highest dose (75 μg/mL) of 1:0.5 SPC/CRY MLV significantly reduced the
cytotoxicity of plain SPC MLV at the corresponding concentration, thus displaying a behaviour similar
to that found for CRY-loaded ULV (Figure 7). Accordingly, a possible segregation of CRY into liposome
due to its interaction with SPC could be expected.

3.5. Evaluation of the Potential Interaction between CRY and SPC ULV

In order to better characterize the possible interaction between CRY and SPC ULV, additional
experiments in which the two separate components were co-administered to cells, at the same
concentrations found in liposome formulations, were performed in HepG2 cells.

When administered in the presence of SPC ULV, CRY exhibited a lower cytotoxic behaviour with
respect to the pure compound. Despite a biologically relevant toxicity of the pure compound alone,
the presence of SPC ULV induced a significant loss of CRY bioactivity. About a 30% reduction of its
antiproliferative effect is observed (Figure 8) probably due to the high hydrophobic nature of CRY,
which is therefore carried off by liposomes.
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Figure 8. Cytotoxicity of CRY and the combination of SPC/CRY ULV (1:0.5 mol/mol) in HepG2 cells
after 24 h incubation. § p < 0.001 vs. CRY, denotes a statistically significant reduction respect to CRY
cytotoxicity (ANOVA + multiple Dunnett’s comparison post-test). A cell viability lower than 70%
respect to control (i.e., vehicle-treated cells) was considered as cytotoxic [26].

Similar results were reported by Botré et al. [27], who observed that the addition of empty
liposomes to urine samples containing free steroids interfere with the recovery of the drugs,
with consequent important implication on doping analysis. These results support our hypothesis
that the reduced bioactivity of CRY, when administered as SPC ULV with low molar ratio or at high
concentration of the drug, could be due to a close interaction of the substance with phospholipid
components as a consequence of its high-grade lipophilicity.

To test this hypothesis, fluorescence anisotropy studies were carried out in order to evaluate
the effect of CRY and its concentration on the fluidity of the SPC bilayer membrane of liposomes.
The results obtained were compared with that produced by cholesterol (Chol) on the membrane
behavior (Figure 9). Fluorescence anisotropy studies have found that lipophilic molecules, such as
cholesterol and caryophyllene sesquiterpene, can affect the typical fluidity of SPC-based vesicles and
reduce the mobility of the hydrocarbon chains of membrane fatty acids. In order to determine how
CRY affects membrane structure, we analyze the extent to which this molecule mimics the behavior
of cholesterol in Ld liposomes. Liposomes made of SPC, SPC/Chol and SPC/CRY respectively
were tested.

Figure 9. Anisotropy measures obtained by DPH-probe fluorescence for 1:0.1, 1:0.3 and 1:0.5 SPC/CRY
ULV and 1:0.4 SPC/cholesterol (Chol) ULV.

As shown in Figure 9, conventional SPC ULV liposomes produced an average anisotropy value of
0.062. SPC bilayer was expected to be in a homogenous liquid disordered (Ld) state; the low anisotropy
value obtained reflects the freedom of movement of the DPH fluorophore in the fluid disordered state
of plain SPC liposome.

The thickening effect obtained as a result of cholesterol addition to a fluid bilayer is well
documented [27] and the results reported in Figure 9 are in good agreement with previous published
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data. When cholesterol 40% mol/mol was incorporated in Ld SPC/Chol bilayer, in fact, the DPH
fluorescence anisotropy increases, thus indicating that at this cholesterol amount, a greater order level
exists for the phospholipid acyl chain packing. According to Marsh [28], cholesterol in the liposomal
fluid bilayer promotes the formation of a phase that coexists with the Ld phase. In SPC/Chol liposomes
the close contact between the sterol and adjacent phospholipids results in the formation of the so
called liquid-ordered (Lo) phase. This new intermediate fluid phase exhibits translational degrees of
freedom of the lipid molecules that are similar to those in a conventional fluid bilayer state, while the
conformational degrees of freedom of the lipid hydrocarbon chains resemble those of the gel state.
In contrast, a progressive increase of the anisotropy value appeared for CRY-loaded liposomes that is
proportional to the amount of drug incorporated into the vesicles bilayer.

Increasing the mixing ratios between SPC and CRY, the fluorescence anisotropies of DPH were
increased almost linearly, suggesting that rotational motion of DPH in SPC liposomes was restricted
by CRY entrapment. Comparing the behaviour of SPC/CRY ULV with a 1:0.5 molar ratio and that of
SPC/Chol ULV, very similar anisotropy values were found (Figure 9).

In line with these results, our hypothesis is that liposome formulations with a higher than 1:0.1
molar ratio between SPC and CRY can modify the phospholipid bilayer organization, thus hindering
drug release.

4. Discussion

Low solubility of the natural sesquiterpene β-caryophyllene (CRY) in aqueous fluids and the
subsequent poor bioavailability represent key aspects limiting its use in therapy. CRY also exhibited
sensitivity to light, oxygen, humidity, and high temperatures [29]: these conditions decrease its stability
and limit its biological effectiveness. A possible strategy to overcome these problems is the use of
drug delivery systems, which may provide much higher bioavailability of this compound and ensure
obtaining desired biological effects. Previous studies proposed cyclodextrin complexation to improve
the bioavailability of CRY [30–32]. Recently, oil/water microemulsions have been also reported to
possess suitable properties for effective topical delivery of β-caryophyllene [33].

Many synthetic and herbal drugs possess the problem of poor oral bioavailability, due to their
very low water solubility or poor permeation through the biological membranes, thus leading to
a limited dissolution profile in biological fluids and inefficacy in therapy. Increased reports highlighted
the promising role of phospholipid-based formulations as effective drug delivery systems for natural
bioactive constituents [34]. Being the main components of cellular membrane, phospholipids
are characterized by an excellent biocompatibility; also, they possess amphiphilic structures and
surface-active wetting characteristics, which allow enhancing the hydrophilicity of hydrophobic
compounds. In water, phospholipids self-assemble into supramolecular aggregates, among which
liposomes displayed high cell affinity and tissue compatibility, improving drug stability and ability to
deliver both hydrophilic and lipophilic substances [34].

In line with this evidence, in the present study the internalization of CRY into the cells was
increased using soybean phosphatidylcholine (SPC) liposomes Our hypothesis was that CRY, when
administered as liposomal formulations, rationally designed in term of drug to lipid ratio, can be
easily uptaken from cells, thus leading to an improved antiproliferative activity. SPC has been
used as phospholipid molecule forming the lipid bilayer not only for its structural similarity with
cell biomembrane constituents, but also for its ability to affect the cholesterol-induced stiffening
of cancer cell biomembrane, which has been found responsible for reduced drug permeability and
chemoresistance development in cancer cells [21].

In our cancer cell models, high concentrations of SPC exhibited early cytotoxicity signs, likely due
to its ability to increase the permeability of cancer cell biomembrane, through the interference with
cholesterol accumulation. In line with this evidence and considering that previous studies highlighted
the ability of phosphatidylcholine to induce cholesterol depletion and to be inversely related to
cholesterol amount [35,36], we hypothesize that the cytotoxicity found at higher concentrations of
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plain SPC liposomes can be, at least in part, due to a cholesterol transfer between liposomes and
cells. Liposomes could reduce the cholesterol/phospholipid ratio and increase lipid disorder in cell
membrane. Depletion of cholesterol in cell thus, could make cell more vulnerable, also to physical
stress [37]; similarly, methyl-beta-cyclodextrin has been used for cholesterol removal, although the
effect was incomplete [38].

Under our experimental conditions, the encapsulation of CRY within SPC liposomes highlighted
that the cellular uptake of CRY can be improved or reduced as a function of the molar ratio between
SPC and CRY.

Characterizing the optimal concentration of CRY in liposomal formulations represents a key point
for the increase of its antiproliferative effectiveness. Both ULV and MLV liposomes loaded with the
highest molar ratio between SPC and CRY (i.e., 1:0.5) induced a progressive loss of the antiproliferative
potential of the sesquiterpene. The results obtained highlighted that, despite a possible improvement
of low-dose CRY cytotoxicity, increased molar ratio between SPC and CRY markedly interfere with
the biological activity of pure compound. This phenomenon suggests that the substance can be
greatly retained and become stuck into liposomes, likely due to a stable interaction between CRY and
phosphatidylcholine and a stiffening of the membrane structure, which hinders the sesquiterpene
release by vesicles and its uptake into cells. Accordingly, Sarpietro et al. [39] showed that CRY
possessed a great capacity to interact with membrane phospholipids and to spread through the
lipophilic matrix, determining an alteration of the cooperativity. This hypothesis is also in agreement
with the more accepted ordering effect induced by cholesterol in biomembrane bilayer and SPC
ULV [28]. Therefore, we hypothesize that incorporating high concentrations of CRY in the ULV bilayer
can alter membrane packing of SPC liposomes by inducing conformational phospholipid ordering,
thus leading to a decreased fluidity and permeability of the bilayer of the phospholipid carrier.

The enhanced rigidity of the membrane, that could be generated by the inclusion of hydrophobic
CRY, might seal the system and reduce the drug release. Moreover, the release of high CRY
concentrations embedded within the lipid bilayers could be compromised due to strong hydrophobic
interactions that might develop between the drug and the phospholipid acyl chains.

The trend displayed by SPC multilamellar vesicles support the hypothesis of the reduced
bioactivity of CRY due to a condensing effect of this molecule on the bilayer. In fact, the results
observed with the MLV system were partly similar to SPC ULV only at the highest CRY concentrations.
We reasonable speculate that CRY reduces the fluidity of the SPC MLV bilayer to a lesser extent with
respect to SPC ULV. In fact, for a fixed SPC/CRY ratio, the number of CRY molecules included in each
of the lamella of the multilamellar carrier was smaller with respect to ULV, thus leading to a reduced
extent of the stiffness effect.

5. Conclusions

In the present study, SPC liposomes have been developed as potential effective delivery systems to
increase the in vitro bioavailability and stability of the natural sesquiterpene CRY. According to widely
accepted evidence that release is governed by molecule lipophilicity and liposome features, our results
allow us to hypothesize that CRY release by SPC liposomes is strictly dependent on lamellarity and
drug-to-lipid ratio. Lipid-to-drug ratio is a critical parameter as it may influence the therapeutic efficacy
of the drug, in particular with lipophilic drugs. The increase of drug encapsulation could be not a valid
strategy in liposomal formulation, as the drug release properties of the liposomal product could be
negatively affected by the molar concentration of drug in liposomes. In fact, as SPC liposome loading
increases, a condensing effect of the loaded molecule on the fluid bilayer occurs. As a consequence,
the substance can be greatly retained, and its release restrained. In the case of CRY, this feature can
negatively affect and hinder its anticancer effectiveness. Therefore, the SPC to CRY ratio seems to
represent a key tool for the development of optimized liposomal formulation to control membrane
fluidity and permeability of SPC liposomes, and thus predict the release abilities. In fact, low-loaded
MLV appears to induce the maximum increase of CRY antiproliferative activity in both HepG2 and
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MDA-MB-468 cells, thus suggesting the ability of these formulations to better carry the lipophilic
cargo inside cells. However, further in vitro studies are necessary to measure the CRY release by SPC
vesicles and the achieved intracellular levels effectively.

In conclusion, our results highlight the importance of rationally designing formulations to develop
the optimal liposomal composition, taking into account not only the chemical nature of the payload
but also that the high drug loading in liposomes could be critical for the maximum usefulness of its
therapeutic potential.
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Abstract: Interdental papilla are an interesting source of mesenchymal stromal cells (GinPaMSCs),
which are easy to isolate and expand in vitro. In our laboratory, GinPaMSCs were isolated, expanded,
and characterized by studying their secretome before and after priming with paclitaxel (PTX). The
secretome of GinPaMSCs did not affect the growth of cancer cell lines tested in vitro, whereas the
secretome of GinPaMSCs primed with paclitaxel (GinPaMSCs/PTX) exerted a significant anticancer
effect. GinPaMSCs were able to uptake and then release paclitaxel in amounts pharmacologically
effective against cancer cells, as demonstrated in vitro by the direct activity of GinPaMSCs/PTX
and their secretome against both human pancreatic carcinoma and squamous carcinoma cells. PTX
was associated with extracellular vesicles (EVs) secreted by cells (EVs/PTX), suggesting that PTX
is incorporated into exosomes during their biogenesis. The isolation of mesenchymal stromal cells
(MSCs) from gingiva is less invasive than that from other tissues (such as bone marrow and fat), and
GinPaMSCs provide an optimal substrate for drug-priming to obtain EVs/PTX having anticancer
activity. This research may contribute to develop new strategies of cell-mediated drug delivery by
EVs that are easy to store without losing function, and could have a superior safety profile in therapy.

Keywords: gingiva mesenchymal stromal cells; paclitaxel; squamous cell carcinoma; drug
delivery; exosomes
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1. Introduction

A large number of sources have been considered to isolate and expand mesenchymal stromal
cells (MSCs), by taking into account the accessibility and availability of stem cells as well as their
biological characteristics [1,2]. Most of these studies were conducted on MSCs derived from bone
marrow, adipose tissue, umbilical cord blood, and, more recently, also from oral material [3–5]. Among
MSCs from the oral compartment, gingival MSCs can be easily isolated, since this tissue can be
removed during dental crown lengthening and periodontal surgical procedures [4,6]. As reported,
MSCs from gingival papilla (GinPaMSCs) have an interesting phenotype previously described in
detail [7], a relatively low osteogenic differentiation ability [8], and have significant wound healing
properties that allow tissue repair without producing significant scarring [9]. Of course, most studies
on MSCs have been addressed to clinical applications for regenerative medicine. The ability of MSCs to
incorporate molecules and use them as a tool for drug delivery has also been proposed and intensively
studied in the last years. In fact, the drug delivery mediated by MSCs can have significant advantages
in comparison to the systemic administration of free chemotherapy drugs, because MSCs may migrate
towards inflammatory microenvironments and accumulate in the tumor sites [10], opening up the
possibility of new therapeutic anticancer strategies based on MSCs, including engineered MSCs [11,12].
Furthermore, when used in loco-regional treatments, these systems can improve the effective drug
concentration in the cancer tissue and, therefore, reduce the adverse toxic effects. Moreover, vesicles
might be involved in the clearance of drugs. In fact, harmful substances such as cytotoxic drugs
may be associated to the vesicles, and vesicle shedding acts as a mechanism of drug expulsion.
In particular, lipophilic drugs are shuttled to the plasma membrane via vesicle-mediated traffic for the
final elimination [13,14]. MSCs from different sources can uptake and release drugs without any genetic
manipulation, and can incorporate a significant amount of a chemotherapeutic drug (e.g., paclitaxel)
that is subsequently released in quantities sufficient to affect cancer cell proliferation both in vitro and
in vivo [15,16]. This capacity has also been demonstrated for mesodermal cells isolated from gingival
interdental papilla [17] and dental pulp [18], suggesting that GinPaMSCs could be an interesting
potential tool for cytotherapy based on cell-mediated drug delivery. Furthermore, MSC secretomes
(including extracellular vesicles (EVs)) have been recently reported to be a possible alternative to MSCs
for therapeutic purposes [19], being able to release accumulated drugs not only as free molecules, but
also associated to exosomes and/or microvesicles [20]. Based on these observations, the present study
aimed to assess the anticancer activity of secretomes from both untreated and paclitaxel (PTX)-primed
GinPaMSCs, by demonstrating that both PTX-loaded GinPaMSCs and the corresponding extracellular
vesicles (EVs/PTX) were active against cancer cells. This study, performed on tongue squamous cell
carcinoma cell line SCC154, provides a strong proof of concept, suggesting a possible application of the
procedure to collect PTX-associated EVs from drug-primed GinPaMSC working as “natural anticancer
liposomes”. Among the possible different MSC sources, gingiva could be the source of choice, since
MSCs obtained with minimal invasive procedures are easy to expand, with high anatomical homology
to treat oral neoplasia.

2. Materials and Methods

2.1. Mesenchymal Stromal Cells

Human MSCs were isolated from gingival papilla, and after expansion were characterized as
previously described [7,17]. Briefly, samples of gingival tissue obtained from reductive gingivoplasty
were minced with surgical scissors, treated for 3 h with type I Collagenase (50 U/mL, Life Technologies,
Monza, Italy) at 37 ◦C under stirring conditions, and the cells were centrifuged at 300× g for 10 min.
The cells present in the pellets were cultured in a 25 cm2 flask in Dulbecco’s modified Eagle’s medium
with high glucose (DMEM HG) + 10% foetal bovine serum (FBS) and 1% L-glutamine (Euroclone,
UK), at 37 ◦C in atmosphere of air + 5% CO2. Primary cultures were then studied to evaluate the
population doubling time (PDT), clonogenicity (CFU-F), and expression of the mesenchymal stem cell
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markers (CD73, CD90, and CD105). GinPaMSCs showed a mild expression of CD14, but they were
CD45-negative and able to differentiate into osteogenic, adipogenic, and chondrogenic lineages.

2.2. PTX Loading in GinPaMSCs

To load GinPaMSCs with PTX, the cells were primed with a high amount of drug according to
a standardized procedure previously described [7,15,17]. Briefly, cultures were obtained by seeding
2 × 104 cells/cm2, and after 72 h, cells were exposed to 2 μg/mL PTX for 24 h. Then, after washing twice
with phosphate buffered saline (PBS), the cell monolayer was trypsinized, washed in Hank’s solution
(HBSS)( Euroclone, Pero, Italy), and the PTX-primed cells (GinPaMSCs/PTX) were seeded in a 25 cm2

flask in DMEM HG with 10% FBS and 2 mM L-glutamine (Euroclone, Pero, Italy) to release the drug.
After 48 h of incubation into conditioned media (CM), PTX-loaded GinPaMSCs (GinPaMSCs/PTX/CM)
were collected and tested in vitro for their anti-proliferative activity on different tumor cell lines (see
Section 2.7). In particular, human pancreatic adenocarcinoma cell line CFPAC-1 was used as a standard
laboratory assay according to the method reported below. CM from untreated MSCs were used
as control.

2.3. Cell Cycle Analysis

A cell cycle study was performed by starting from GinPaMSCs after synchronization, obtained
by serum starvation (48 h of culture in medium containing 0.5% FBS). Then, the cells were treated
with PTX in 25 cm2 flasks according to the above described standard conditions. DNA content for cell
cycle phase detection was estimated by comparing untreated cells, 24 h PTX-primed cells, and cells
trypsinized (i.e., drug uptake-phase), washed, and subcultured in the absence of PTX for 24 h (i.e., drug
releasing phase). Briefly, cells were suspended in phosphate buffered saline (PBS) and fixed with 96%
(v/v) ethanol for 1 h at 4 ◦C. After a PBS wash, cells were suspended in propidium iodide (50 μg/mL)
in PBS. Cells were incubated overnight at 4 ◦C and analyzed by FC (FacsVantageSE, Becton-Dikinson,
Franklin Lakes, NJ, USA).

2.4. Secretome Analysis and Extracellular Vesicles (EVs) Collection

To collect EVs, the medium of 72 h cultures of GinPaMSCs (6 × 104 cells/cm2; both not primed
and primed with PTX, as above described) was replaced with basal medium, namely DMEM HG + 1%
L-glutamine without foetal bovine serum. Then, CM of cell cultures, the secretome, were collected at
24 and 48 h of incubation at 37 ◦C, 5% CO2. To separate the PTX-loaded EVs from free PTX, aliquots of
secretome were centrifuged on a 100 kDa filter device (Microsep Advance Centrifugal Devices, Life
Sciences, Port Washington, NY, USA) at 5000× g for 15 min. The two fractions (i.e., EV: F > 100 kDa;
free PTX: F < 100 kDa) were collected and characterized by the physico-chemical and biological assays
reported below, using the whole secretome as control.

2.5. Extracellular Vesicles (EVs) Characterization

2.5.1. Phospholipids

The phospholipid concentrations present in the EVs were estimated as phosphate content, using
the Rouser method and sodium dihydrogen phosphate as standard [21]. Test and standard samples
were inserted in separate Pyrex glass tubes and heated at 100 ◦C until complete evaporation. An empty
tube was used as control. To liberate phosphates, samples and standards were cleaved by addition
of 300 μL of 70% perchloric acid and heated at 200 ◦C for 20 min. Then, 1 mL of purified water and
400 μL 1.25% w/v ammonium molybdate were added to each tube and mixed vigorously. Finally,
400 μL of 5% w/v ascorbic acid (Sigma-Aldrich, Darmstadt, Germany) was added and mixed before
heating at 100 ◦C for 5 min. In the presence of phosphate, samples turned blue and the absorbance at
820 nm was measured. The phospholipid concentration in EVs were estimated to be proportional to
the absorbance of a 40 nmol/μL standard. All analyses were performed at least in triplicate.
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2.5.2. Particle Size and ζ-Potential

Particle size distribution and ζ-potentials of samples were determined using a Zetasizer (Nano-ZS,
Malvern Instrument, Malvern, Worcestershire, UK). To perform dynamic light scattering (DLS)
analyses, samples were opportunely diluted with ultrapure MilliQ® water to avoid the interference
due to the culture medium coloration. Particle size measurements were carried out using a disposable
cuvette and a detection angle of 173◦. ζ-potentials were measured in the same sample. The results are
expressed as the mean and standard deviation of three measurements.

2.5.3. EVs Concentration

The concentration of EVs was determined by a nanoparticle tracking assay (NTA, Nanosight
NS300, Malvern Instrument, Malvern, Worcestershire, UK). A 25 μL sample was diluted with PBS
to 1 mL and analyzed at 25 ◦C. The capture of the images was performed according to the following
setting: Camera shutter 31.48 ms; 24.98 fps; detection threshold 7 multi. The results are expressed as
the mean of five determinations.

2.5.4. Transmission Electron Microscopy (TEM)

The CM were analysed by a previously described TEM procedure [22]. Briefly, 20 μL of EV
suspension was placed on Parafilm. A formvar-coated copper grid (Electron Microscopy Sciences,
Hatfield, PA, USA) was gently placed on the top of the drop for about 60 min in a humidified chamber.
Grids were then washed in 0.1 M cacodylate buffer (CB) at pH 7.3 and finally fixed for 10 min with 2.5%
glutaraldehyde (Fluka, St. Louis, MO, USA) in CB. After washing in CB, EVs were contrasted with
2% uranyl acetate. The grids were then air dried and observed under a Philips EM208 transmission
electron microscope (TEM) equipped with a digital camera (University Centre for Electron Microscopy
(CUME), Perugia, Italy).

2.6. Mass Spectrometry Analysis

PTX extraction and purification from secretomes was performed by liquid–liquid extraction (LLE).
Aliquots of 500 μL of secretome, or fractions, were added with 100 μL of internal standard (0.1 μg/mL
PTX-d5, Cayman Chemicals, Ann Arbor, MI, USA) and with toluene in a ratio of 1:2 (v/v). After
sonication for 30 min at 40 ◦C, samples were vigorously shaken at 50 oscillations/s for 15 min, then
centrifuged at 10,000 rpm for 2 min. The organic phase was evaporated and re-dissolved with 100 μL
methanol, and 10 μL was injected for LC–MS/MS analysis. The multiple reaction monitoring (MRM)
analysis was run on a HPLC Dionex 3000 UltiMate (Thermo Fisher Scientific, Waltham, MA, USA)
coupled to a tandem mass spectrometer AB Sciex 3200 QTRAP (AB Sciex S.r.l., Milan, Italy). Separation
was attained on a reversed-phase analytical column (Luna®, 3 μm, C18(2) 50 × 2 mm, Phenomenex,
CA, USA), with a linear gradient between eluent A (water + 5 mM ammonium formate + 0.1% formic
acid) and eluent B (acetonitrile + 0.1% formic acid). After 2 min at 20%, eluent B was increased to 95%
in 4 min, held for 0.5 min, taken back to the initial conditions in 0.5 min, and kept for 2 min at 20%.
The flow rate was 0.4 mL/min, and the autosampler and the column oven were kept at 15 ◦C and
30 ◦C, respectively. The representative MRM transitions were 854.5 > 286.1 (PTX) and 859.4 > 291.5
(IS, PTX-d5).

2.7. Tumor Cell Lines

Human pancreatic adenocarcinoma cell line CFPAC-1 [23,24], glioblastoma multiforme cell
line T98G [25], human meshotelioma cell line M20 [26], and human squamous cell carcinoma
line SCC154 [27] were provided by Centro Substrati Cellulari (ISZLER, Brescia, Italy). Cells were
maintained in the complete medium (Iscove modified Dulbecco’s medium (IMDM) for CFPAC-1,
T98G, and M20; DMEM HG for SCC154) supplemented with 10% FBS, by 1:5 weekly dilution. All
reagents were provided by Euroclone, Pero, Italy.
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2.8. In Vitro Anticancer Assays

The inhibitory effects of secretomes from drug-loaded GinPaMSCs, as well as the F > 100 kDa
and F < 100 kDa fractions, were evaluated on the proliferation of different cancer cell lines by the
MTT assay as previously described [15], taking the optical density (OD) of the cancer cell treated
with EVs-unloaded GinPaMSCs as a control. The inhibitory concentration (IC50) was determined
according to the Reed & Muench formula [28]. To study the interaction between CFPAC-1 and
GinPaMSCs, a rosette adherence assay was performed [29,30]. Briefly, 5 × 105 CFPAC-1 were mixed
with GinPaMSCs or GinPaMSCs/PTX in a conical tube with 0.5 ml of IMDM + 5% foetal bovine serum
(FBS; Lonza, I). The cell suspension was incubated at 37 ◦C in air + 5% CO2 without stirring. After
24 h, 20 μL suspensions were collected by a micropipette from the pellet lying on the tube bottom, and
then transferred on a slide in order to evaluate the rosette formation under inverted microscope (Leitz,
Germany) at 100× and 200× magnifications.

2.9. Statistical Analysis

Data are expressed as average ± standard deviation (SD). Differences between mean values were
evaluated according to Student’s t-test performed by the GRAPHPADINSTAT program (GraphPad
Software Inc., San Diego, CA, USA) or ANOVA, followed by the Tukey post-hoc analysis (OriginPro
2017, Origin US, Nothampton, MA, USA). p values ≤ 0.05 were considered statistically significant. The
linearity of response and the correlation were studied using regression analysis, by Excel 2013 software.

3. Results

3.1. Sensitivity of GinPaMSCs to the Cytotoxic Activity of PTX

The sensitivity of GinPaMSCs to PTX, tested by a 24 h cytotoxic MTT assay at three logarithmic
dosages of 0.1–1 and 10 μg/mL (Figure 1A), confirmed the significant resistance of MSCs to the toxic
effect of PTX that did not affect significantly the cell viability. The cell cycle analysis, studied on
GinPaMSCs treated with a standard dosage of 2 μg/mL for 24 h (Figure 1B), indicated a decreased
number of cells in phase G0, accompanied by a significant (p < 0.05) increase of cells in the G2/M phase.
This is compatible with the known mechanism of action of PTX, which inhibits the cell proliferation
in G2/M.

Figure 1. (A) Sensitivity of gingival papilla mesenchymal stem cells (GinPaMSCs) to cytotoxic activity
of paclitaxel (PTX) was evaluated as cell viability at 24 h of treatment in the presence of three increasing
logarithmic concentrations of the drug. The effect is expressed as percentage of the optical density
measured in cultures that did not receive PTX (considered as 100%). The histogram shows the mean
± standard deviation (SD) of three independent experiments. (B) The histograms show the cell
cycle-phase distributions of GinPaMSCs before and after treatment with 2000 ng/ml of PTX for 24 h
(GinPaMSCs/PTX). Each value represents the mean ± standard deviation (n = 3).

3.2. Effects Exerted on Tumor Cell Growth by Cytokines Detected in the GinPaMSCs Secretome

The treatment of GinPaMSCs with PTX did not significantly modify the pattern of cytokine
production, except for an increase of IL8 and MIF and a decrease of SCGFb. The secretome of

75



Pharmaceutics 2019, 11, 61

GinPaMSCs did not modulate the in vitro cancer cell proliferation independently of the cell line
(Figure 2A). On the contrary, the secretome of cells primed with PTX (GinPaMSCs/PTX) exerted
a dramatic dose–response inhibition of CFPAC-1 (pancreatic carcinoma) and SCC-154 (squamous
carcinoma). Indeed, for both the cell lines, the regression analysis showed high coefficients of
correlation (R2), comparable to that of PTX (Figure 2B,C).

Figure 2. The activity of the GinPaMSc secretome was tested on the proliferation of four cancer cell
lines (A). The GinPaMSCs/PTX secretome anticancer activity (blue line) and PTX solution (black line)
against (B) pancreatic cancer cells CFPAC-1 and (C) squamous cell carcinoma SCC-154. The data
represents the mean ± standard deviation of three independent experiments.

3.3. Direct Anticancer Activity by GinPaMSCs/PTX

The anticancer activity against CFPAC-1 and SCC-154 was confirmed by a 24 h co-culture of MSCs
and cancer cells (Figure 3). Cancer cells co-cultured with GinPaMSCs did not show any sign of toxicity
(Figure 3A,C), whereas many dead cancer cells were detected in the presence of GinPaMSCs/PTX,
as confirmed by intracellular trypan blue uptake (Figure 3B,D).

Figure 3. Direct anticancer activities of GinPaMSCs and GinPaMSCs/PTX secretomes against
pancreatic cancer cells CFPAC-1 and squamous cell carcinoma SCC-154, evaluated by trypan blue
in a MSCs–tumor cells co-culture system. (Panels A and C = 100× magnification, panels B and
D = 200× magnification).
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3.4. Characterization of EVs from GinPaMSCs and GinPaMSCs/PTX Secretome

TEM analysis of the GinPaMSCs secretome suggested the presence of EVs and exosomes with
different sizes ranging from 50 to 500 nm. The treatment of GinPaMSCs with PTX did not modify the
morphology of the EVs/exosome presence in either of the conditioned media (Figure 4).

 

Figure 4. TEM analysis of extracellular vesicles (EVs) isolated from the secretome of cell cultures.
No differences are evidenced in round-shaped morphologies of EVs from GinPaMSCs (A,B) and
GinPaMSCs/PTX (C,D) with regard to size, shape, or electron density. Scale bar 100 nm.

The size distribution analysis of the isolated secretomes of GinPaMSCs was deepened both by
DLS and NTA. The results of DLS analysis showed the presence of a population of microvesicles,
with a particle size ranging between 200 and 300 nm, in the samples obtained from both the control
and PTX-treated MSCs (Table 1). Purification by ultrafiltration led to the formation of large particles,
but this increment of particle size was significant only in the case of GinPaMSCs samples (Tukey test
p = 0.0003). This variation was not considered as a sign of particle aggregation, since the ζ-potentials
showed only slight changes after purification values, maintaining the same trend (Table 1). The
ζ-potential of the isolated EVs was quite negative (Table 1), and this is in line with the abundance of
phosphatidylserine [31].

Table 1. Main physico-chemical features of the secretome.

Samples DH (nm) ζ-potential (mV) Phospholipids (mM)

GinPaMSCs
unfractionated 242 ± 34 −16.6 ± 0.2 0.32 ± 0.06

Ultra-filtrated (F > 100 kDa) 430 ± 33 −20.9 ± 0.3 0.49 ± 0.07

GinPaMSCs/PTX
unfractionated 303 ± 23 −18.1 ± 2.3 0.33 ± 0.09

Ultra-filtrated (F > 100 kDa) 385 ± 19 −22.7 ± 0.3 0.62 ± 0.15

The presence of phospholipids, which do not represent the totality of the lipid composition of
extracellular vesicles, was confirmed by the Rouser assay (Table 1). No trace of vesicles was instead
found in the filtrate, confirming that the purification process did not lead to the loss of some secretomes,
but only allowed the removal of free PTX.

NTA analysis of the secretome evidenced the presence of different populations of vesicles and
allowed us to clarify their number distribution in the samples. In particular, the whole secretome
showed three different populations at about 135 nm, 200–300 nm, and 435 nm (Figure 5). The latter
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was not detected in the samples obtained by GinPaMSCs/PTX, which in general showed a narrowed
particle size distribution, as exemplified in Figure 5. GinPaMSCs/PTX released a higher number
of extracellular vesicles than untreated GinPaMSCs (3.01 × 109 ± 1.19 × 108 versus 2.37 × 109 ±
6.80 × 107 particles/mL, respectively) but the difference was not statistically relevant.

 

Figure 5. Size distribution analysis of the secretomes of GinPaMSCs and GinPaMSCs/PTX, analyzed
by nanoparticle tracking assay (NTA). In both samples, several populations of vesicles were present at
200−300 nm.

3.5. Paclitaxel Dosage in EV Fractions of GinPaMSCs and GinPaMSCs/PTX Secretomes

The validated LC–MS/MS method was successfully applied to quantify PTX in the different
samples of conditioned media from GinPaMSCs and GinPaMSCs/PTX: Unfractionated secretomes
and ultra-filtered fractions (F > 100 kDa and F < 100kDa). PTX was present in both the whole secretome
and the F > 100kDa fraction of PTX-treated GinPaMSCs, suggesting the incorporation or the unspecific
bind of PTX to EVs (Figure 6A). No signal related to PTX was detected in the secretome of untreated
GinPaMSCs used as negative controls (data not shown) or in ultra-filtered <100 GinPaMSCs/PTX
samples (Figure 6C).

Figure 6. PTX dosage by mass spectrometry in EV fractions. The chromatogram identification of PTX
peaks by LC–MS/MS retention time: (A) F > 100 kDa fraction and (B) F < 100 kDa fraction, in which no
PTX peaks were appreciable. PTX was quantified successfully in both the unfractioned secretome and
the F > 100 kDa fraction of PTX-treated GinPaMSCs (C).

3.6. Anticancer Activity of EVs from GinPaMSCs and GinPaMSCs/PTX Secretomes

The anticancer activity of EVs secreted by GinPaMSCs/PTX was tested against squamous cancer
cells (SCC154) (Figure 7). The activity is expressed as percentage of cell growth, normalized on the
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effect of EVs secreted by untreated GinPaMSCs used as controls. The fraction F < 100 kDa did not
exert any activity against the cancer cell proliferation, with a non-significant coefficient of correlation
(R2 = 0.13). The fraction F > 100 KDa produced a significant dose-dependent inhibition of cancer cell
growth, also confirmed by regression analysis (R2 = 0.99), that is similar to the inhibition produced by
the unfractioned secretome (CM) (R2 = 0.95). These results agree with the mass spectrometry analysis
that demonstrated the presence of PTX in both CM and in the F > 100 kDa (Figure 6).

Figure 7. The anticancer activity of EVs from GinPaMSCs and GinPaMSCs/PTX tested against
squamous cancer cells (SCC154). The activity is expressed as percentage of cell growth, normalized
on the effect of EVs secreted by untreated GinPaMSCs used as controls (OD: 1.28 ± 0.09 was
considered 100% proliferation). Data is reported as the mean ± standard deviation of three
independent experiments.

4. Discussion

Our data confirm that MSCs from gingival papilla (GinPaMSCs) have a significant resistance
to PTX that tested until 10,000 ng/mL, reducing the cell viability by about 20% and blocking cells
in the G2/M cycle phase (Figure 1). This evidence agrees with literature data which demonstrated
that the treatment of MSCs with PTX reduces their proliferation activity, migration ability, and some
differentiation potentials, without significantly affecting their viability [32,33]. Of course, the analyses
of secretomes of GinPaMSCs identified the presence of cytokines that did not modulate, stimulate, or
inhibit the growth of four different tumor cell lines (Figure 2A). On the contrary, the secretome from
the cells primed with PTX exerted a dramatic dose–response inhibition on both CFPAC-1 (pancreatic
carcinoma cells) and SCC-154 (squamous carcinoma cells) (Figure 2B,C). After priming of GinPaMSCs
by PTX, a little modulation of cytokine production was observed that may be considered ineffective
on cancer cell growth, suggesting that the dramatic anticancer activity exerted by GinPaMSC/PTX
secretomes can be mainly due to the presence of the drug secreted by PTX-primed GinPaMSCs.
This result is also confirmed by the significant toxicity of GinPaMSCs/PTX only against CFPAC-1
and SCC-154, whereas cancer cells co-cultured in the presence of unprimed GinPaMSCs showed no
sign of toxicity (Figure 3). Based on our previous experience with an established murine MSC line
(SR4987) [20], we here investigated if primary human MSCs, particularly the gingival-derived MSCs,
were able to process and then deliver PTX associated to exosomes or microvesicles. TEM analysis of
GinPaMSCs secretomes demonstrated the presence of microvesicles at different sizes (Figure 4). This
result was further confirmed both by dynamic light scattering (DLS) and nanoparticle tracking assay
(NTA). In particular, DLS indicated the presence of a population of microvesicles ranging between 200
and 300 nm both in the secretome of GinPaMSCs and that of GinPaMSCs/PTX. Moreover, it can be
assumed that isolated microvesicles shared the same origin, since the same amount of phospholipids
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was detected in both types of cells (Table 1). The study on size distribution by NTA evidenced three
different populations in the GinPaMSCs secretome, whereas the population at about 435 nm was
not detected in the Gin-PaMSCs/PTX secretome (Figure 5). This small discrepancy between NTA
and DLS data depends only on the scattering intensity, because the larger the particle, the higher
the contribution to the total signal. Instead, NTA allows us to provide a more reliable distribution
in number. In any case, besides the slight differences in particle size distributions, it is important to
highlight that the GinPaMSCs treated with PTX released a slightly higher number of EVs with respect
to untreated GinPaMSCs. This difference in not statistically relevant, but this trend confirmed that
PTX treatment did not affect the microvesicle biogenesis of GinPaMSCs.

The anti-proliferation activity of EVs was studied in both the unfractioned secretome (i.e., CM) and
its fractions. The results confirmed that the anticancer activity was due only to the fraction containing
MVs (F > 100KDa). As expected, no activity was found in the unfractioned secretomes of untreated
MSCs (Figure 7), while it was a little surprising that the F < 100KDa fraction from GinPaMSCs/PTX did
not contain PTX and did not present activity. This apparent discrepancy can be explained considering
that a lipophilic drug, such as PTX, can be easily adsorbed and retained by filters. However, the
present research was designed as a qualitative study with the main purpose to demonstrate the ability
of GinPaMSCs to secrete PTX associated with EVs. A deep investigation is currently in progress to
optimize the incorporation and/or release of PTX in the attempt to produce large batches of EVs by
using bioreactors.

The microvesicles secreted by GinPaMSCs/PTX were active against two tumor cell lines, namely
pancreatic carcinoma (CFPAC1) and tongue squamous cell carcinoma (SCC154) cell lines. As found
in the preliminary screening (Figure 1), CM from GinPaMSCs/PTX was active on different tumor
cell lines, and we focused the study on a human SCC model that could express an important
anatomical/histological homology with the origin of MSCs generated by gingival tissue. In general,
MSCs are considered as an important source of EVs and/or exosomes, and are under investigation
for their role both in tumor progression and in drug delivery for tumor therapy and regenerative
medicine [34–37]. As reported [20,38], upon in vitro exposure to high concentrations of PTX, MSCs
can “load” the drug and deliver it by means of EVs so that the PTX-loaded EVs acquire strong
anti-tumor effects on human cancers both in vitro and in vivo. Even if cancer cell-derived exosomes
were proposed as effective carriers of PTX to their parental cells [39], our results demonstrated for the
first time that human gingival MSCs produce a significant amount of EVs and can be considered an
ideal candidate for the large production of EVs and/or exosomes. If primed with PTX, these cells can
also release the drug associated to EVs and/or exosomes acting as “natural anticancer liposomes”.
Among the different MSC sources, our study suggests that gingival MSCs, which present an important
homology with tumors originated from oral tissues (such as SCC), could be obtained with a minimally
invasive procedure and easily expanded.

Currently, of paramount importance are preclinical studies, which can further corroborate the
advantages of EVs. As a matter of fact, EVs could be easily manufactured in large batches by reducing
the cost due to the need to personalize the cellular products, and have a superior safety profile in
therapy (e.g., reduced risk related to ectopic tissue formation, microvasculature infusion toxicity,
rejection) with respect to MSCs. Furthermore, the use of EVs in therapy gives the possibility to manage
high drug concentrations in a minimal volume, improving the storage, the transport, and the infusion
procedures [40,41].
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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is the fourth cause of cancer-related mortality in
the Western world and is envisaged to become the second cause by 2030. Although our knowledge
about the molecular biology of PDAC is continuously increasing, this progress has not been translated
into better patients’ outcome. Liposomes have been used to circumvent concerns associated with
the low efficiency of anticancer drugs such as severe side effects and damage of healthy tissues,
but they have not resulted in improved efficacy as yet. Recently, the concept is emerging that
the limited success of liposomal drugs in clinical practice is due to our poor knowledge of the
nano–bio interactions experienced by liposomes in vivo. After systemic administration, lipid vesicles
are covered by plasma proteins forming a biomolecular coating, referred to as the protein corona
(PC). Recent studies have clarified that just a minor fraction of the hundreds of bound plasma
proteins, referred to as “PC fingerprints” (PCFs), enhance liposome association with cancer cells,
triggering efficient particle internalization. In this study, we synthesized a library of 10 liposomal
formulations with systematic changes in lipid composition and exposed them to human plasma
(HP). Size, zeta-potential, and corona composition of the resulting liposome–protein complexes were
thoroughly characterized by dynamic light scattering (DLS), micro-electrophoresis, and nano-liquid
chromatography tandem mass spectrometry (nano-LC MS/MS). According to the recent literature,
enrichment in PCFs was used to predict the targeting ability of synthesized liposomal formulations.
Here we show that the predicted targeting capability of liposome–protein complexes clearly correlate
with cellular uptake in pancreatic adenocarcinoma (PANC-1) and insulinoma (INS-1) cells as
quantified by flow-assisted cell sorting (FACS). Of note, cellular uptake of the liposomal formulation
with the highest abundance of PCFs was much larger than that of Onivyde®, an Irinotecan liposomal
drug approved by the Food and Drug Administration in 2015 for the treatment of metastatic PDAC.
Given the urgent need of efficient nanocarriers for the treatment of PDAC, we envision that our
results will pave the way for the development of more efficient PC-based targeted nanomaterials.
Here we also show that some BCs are enriched with plasma proteins that are associated with the
onset and progression of PDAC (e.g., sex hormone-binding globulin, Ficolin-3, plasma protease C1
inhibitor, etc.). This could open the intriguing possibility to identify novel biomarkers.

Keywords: pancreatic ductal adenocarcinoma; liposomes; protein corona
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1. Introduction

With a one-year survival rate of 12% that declines to 1% at five years, pancreatic ductal
adenocarcinoma (PDAC) is one of the most lethal tumors worldwide [1]. It is currently the fourth
leading cause of cancer-associated mortality and it is predicted to become the second leading cause
in the next decade in Western countries [2]. When PDAC is diagnosed, surgery remains the only
treatment chance, while chemotherapeutic agents are often inefficacious. To tackle this issue, numerous
drugs have been tested. Gemcitabine (GEM) was the first drug to be approved for pancreatic cancer,
but it is currently used only as a palliative agent [3]. Cisplatin and 5-Fluorouracile can extend life for a
few months but both have collateral toxic properties [4]. Irinotecan is an antitumor drug belonging
to the camptothecin family that targets DNA topoisomerase-1, a nuclear enzyme able to prevent
torsional stress during DNA replication and transcription [5]. Nanotechnology has recently gained
attention for its ability to treat numerous tumors, with nanocarriers being used to circumvent the
problems associated with anticancer drugs, including high toxicity and irreversible damage of normal
cells [6]. Recently, Onivyde®, an Irinotecan liposomal formulation, has been approved by the Food and
Drug Administration (FDA) for the treatment of metastatic pancreatic cancer resistant to gemcitabine
chemotherapy [7]. As a matter of fact, encapsulated liposomal drugs exhibit better pharmacokinetics
and therapeutic index, as well as reduce the collateral toxic effects of free drugs. However, the
adsorption of plasma opsonins (e.g., complement proteins, immunoglobulins, etc.) to the liposomal
surface results in the clearance of liposomes from the blood circulation [8]. For a couple of decades,
researchers have tried to prevent protein binding by grafting polymers to the liposome surface and,
in this regard, polyethylene glycol (PEG) has been the gold standard for stealth polymers in drug
delivery [9]. Conjugating PEG terminals to tissue-recognition ligands (e.g., peptides, antibodies,
etc.) has long been supposed to provide such “long-circulating” liposomes with selective targeting
ability [10]. However, recent findings have demonstrated that grafting polymers to a liposome surface
can only reduce protein binding, but cannot fully prevent it [11]. Moreover, Schöttler et al. showed
that PEG promotes the recruitment of specific plasma proteins [12], thus contributing to explain
the accelerated blood clearance (“ABC phenomenon”) of PEGylated nanosystems [13]. The main
implication is that active targeting usually fails in vivo with the result that no targeted liposomal
drug has been approved so far. While protein binding to a liposome surface is a well-established
paradigm in drug delivery [14–16], the emerging field of nano–bio interactions between nanosized
objects and biological systems is putting earlier findings in context, providing the liposome field with
new perspectives [17–20].

When liposomes are introduced into a biological fluid, they are covered by a dynamic layer of
biomolecules, in particular proteins, forming the so-called “protein corona” (PC) [21,22]. This complex
interface is formed in seconds and, over time, it changes prevalently in the amount of bound protein
and slightly in protein composition [23]. With respect to other kinds of nanoparticles, the liposome–PC
evolves significantly during the first hour of exposure to biological fluids [24] and is the reason why
exposure time is typically fixed at 1 h [24–26]. As a consequence of PC formation, liposomes lose their
synthetic identity and attain a new one that is usually referred to as their “biological identity”. It is this
newly acquired biological identity that controls undesirable side effects of liposomal drug delivery,
such as off-target interactions, toxicity, size-dependent particle recognition by immune cells [27],
and clearance from the bloodstream [28,29]. On the other side, it is increasingly accepted that even
particle accumulation at the target site is controlled by the biological identity acquired in biological
environments [17]. For instance, non-specific interactions between liposomes and target cells are
controlled by physical-chemical properties (i.e., size and zeta-potential) of liposome–protein complexes
and not by those of pristine liposomes. Moreover, the PC may act as an endogenous trigger, promoting
association with receptors of target cells and leading to efficient internalization. In a couple of recent
investigations [26,30], we demonstrated that liposomes possessing specific size and zeta-potential are
efficiently internalized within cancer cells [26,30]. Moreover, a minor fraction of identified “corona
proteins” (typically 1–2%), referred to as “protein corona fingerprints” (PCFs), promote favorable
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cellular association. Globally, liposome physical-chemical properties, PC composition, and cellular
uptake can be combined in a general strategy to predict the interaction of liposomes with cancer cells
(Figure 1).
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Figure 1. Schematic illustrating the protein corona fingerprinting strategy. (A) A library of
liposomes is mixed with plasma proteins; (B) plasma proteins adsorb to the particle surface, forming
liposome–protein complexes that are ranked for enrichment in protein corona ‘fingerprints’, i.e., plasma
proteins that promote association with cancer cells; (C) selected formulations are incubated with cells
in culture and cell association is measured by flow-assisted flow cytometry.

This work was therefore aimed at exploiting the liposome–PC to target human pancreatic
carcinoma (PANC-1) cells. To this end, a library of 10 liposomal formulations was synthesized
and liposome–protein complexes were thoroughly characterized by dynamic light scattering (DLS),
micro-electrophoresis (ME), and nano-liquid chromatography tandem mass spectrometry (nano-LC
MS/MS). Next, liposomes were screened for their particle properties and corona composition.
Of note, cellular uptake by PANC-1 cells was found to correlate with physical-chemical properties of
liposome–protein complexes and enrichment in PCFs. A second aim of the study was the complete
identification of the protein patterns adsorbed to synthesized liposomes. Indeed, the recently
introduced concept of the “disease-specific PC” [31] states that the PC composition is affected by
changes in human proteome as those induced by numerous diseases such as cancer. Thus, identifying
proteins that are related to pancreatic tumor onset and progression could pave the way to identify
cancer in the early stages by differential analysis of the PC.

2. Materials and Methods

2.1. Liposomes Preparation

Cationic lipids 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) and (3β-[N-(N′,N′-
dimethylaminoethane)carbamoyl])cholesterol; neutral lipids dioleoylphosphatidylethanolamine
(DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-diarachidoyl-sn-glycero-3-
phosphocholine (20:0 PC); the zwitterionic lipid dioleoylphosphocholine (DOPC); and the anionic
lipid 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA), while sphingosine and cholesterol were from Sigma-Aldrich (St. Louis,
MO, USA). All lipids were used without further refinement and were prepared at desired molar ratios.
Each lipid was dissolved in chloroform and the solvent was evaporated under a vacuum for at least
2 h. Lipid films were hydrated in ultrapure water to obtain a final lipid concentration of 1 mg/mL.
The obtained liposome solutions were extruded 20 times through a 0.1-μm polycarbonate carbonate
filter with the Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, AL, USA). Liposomes were
incubated with human plasma (HP) (1:1 v/v) for 1 h at 37 ◦C. Incubation time was chosen according to
previous findings as it represents a typical plateau of the temporal evolution of the liposome–PC [24].
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2.2. Size and Zeta-Potential Experiments

For size and zeta-potential experiments, bare liposomes and liposome–HP complexes were diluted
1:100 with ddH2O. All the measurements were performed using a Zetasizer Nano ZS90 (Malvern,
UK) at room temperature. Experiments were made in triplicate and the results are given as means ±
standard deviation.

2.3. Proteomics Experiments

Lipid films were hydrated with a dissolving buffer (Tris-HCl, pH 7.4, 10 mmol L−1; NaCl,
150 mmol L−1; EDTA, 1 mmol L−1). The obtained solutions were extruded 20 times through a 0.1-μm
polycarbonate carbonate filter with the Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, AL,
USA) and stored at 4 ◦C until use. Liposomes were incubated with HP (1:1 v/v) and then incubated at
37 ◦C for 1 h. After incubation, samples were centrifuged for 15 min at 14,000 rpm. Pellet was robustly
washed with phosphate-buffered saline (PBS) and resuspended. This procedure was repeated three
times to wash the sample and remove loosely bound proteins. Protein denaturation, digestion, and
desalting were carried out by a robust methodology that is commonly used to separate liposome−PC
complexes from unbound and loosely bound proteins [11]. In brief, samples were lyophilized by a
Speed-Vac apparatus (mod. SC 250 Express; Thermo Savant, Holbrook, NY, USA). Samples were
reconstituted with 0.1% HCOOH solution (final concentration 0.32 mg/mL) and stored at −80 ◦C until
LC MS/MS was carried out. Tryptic peptides were investigated by a nano-LC system (Dionex Ultimate
3000, Sunnyvale, CA, USA) connected to a hybrid mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany), equipped with a nanoelectrospray ion source. Xcalibur (v.2.07, Thermo Fisher Scientific)
raw data files were submitted to Proteome Discover (1.2 version, Thermo Scientific) for a database
search using Mascot (version 2.3.2 Matrix Science). Data was searched against the SwissProt database
(v 57.15, 20,266 sequences) using the decoy search option of Mascot and protein quantification was
made by Scaffold software. For each identified protein, the mean value of the normalized spectral
countings (NSCs) was normalized to the protein molecular weight (MWNSC) to obtain the relative
protein abundance (RPA) [32]. For each identified protein, the reported RPA is the mean of three
independent replicates ± standard deviation.

2.4. Cell Culture

Human pancreatic carcinoma cell line (PANC-1) was purchased from Sigma-Aldrich (St. Louis,
MO, USA) and maintained in DMEM medium. Rat insulinoma cell line (INS-1) was purchased from
Thermo Fisher (Waltham, MA, USA) and was maintained in RPMI. Both mediums were supplemented
with 2 mM L-glutamine, 100 IU/mL penicillin-streptomycin, 1 mM sodium pyruvate, 10 mM Hepes,
1.5 mg/L sodium bicarbonate, and 10% fetal bovine serum. Cell lines were cultured at 37 ◦C in a
humidified atmosphere with 5% CO2.

2.5. Flow-Assisted Cell Sorting Experiments

For cellular uptake experiments, Lip-1 and Lip-5 liposomes were synthesized using Texas
Red® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (TX-DHPE)
(Thermo Fisher, Waltham, MA, USA). Onyvide-like liposomes were prepared using DSPC, Chol,
MPEG-2000-DSPE, and TX-DHPE at the molar ratios 215:143:1:1. Cells were seeded on 12-well
plates (150,000 cells/well) in complete medium and, after 2 h, cells were treated with liposomes
incubated with human plasma for 1 h using Optimem medium. After 3 h, cells were detached with
trypsine/EDTA, washed two times with cold PBS, and run on a BD LSR FortessaTM (BD Bioscience,
San Jose, CA, USA).
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3. Results and Discussion

First, we synthesized a combinatorial library of 10 liposomal formulations. According to previous
findings [33,34], liposomes were prepared by mixing cholesterol, DC-Chol, DOPC, DOPE, DOTAP,
DPPC, PC (20:0), and sphingosine in specific molar ratios (Table 1).

Table 1. The molar ratios of lipids used for synthesized a library of 10 liposomal formulations.

Samples CHOLESTEROL DC-CHOL DOPC DOPE DOTAP DPPC PC (20:0) SPHINGOSINE

Lip-1 0 0 0 0.5 0.5 0 0 0
Lip-2 0 0.5 0 0.5 0 0 0 0
Lip-3 0 0.25 0.25 0.25 0.25 0 0 0
Lip-4 0 1 0 0 0 0 0 0
Lip-5 0.2 0 0 0 0 0 0.8 0
Lip-6 0.25 0 0 0 0.5 0 0.25 0
Lip-7 0.25 0 0 0 0.5 0.25 0 0
Lip-8 0.33 0 0 0 0 0 0.33 0.33
Lip-9 0.5 0 0 0 0.5 0 0 0
Lip-10 0.5 0.5 0 0 0 0 0 0

Next, the synthetic identity of liposomes (i.e., size, zeta-potential, and aggregation state
post-synthesis) was characterized by DLS and ME (Figure 2). Pristine vesicles were small in size
with a hydrodynamic diameter (DH) ranging from ~100 nm to 150 nm (Figure 2A, blue points).
Moreover, the polydispersity index (PDI) indicated that all liposomal formulations were monodisperse
(Table 2).

Zeta-potential of liposomes varied between ~0 mV (Lip-5) and ~65 mV (Lip-10) depending on
liposomal lipid composition (Figure 2B, blue points). One-hour exposure to HP lead to the formation of
liposome–protein complexes that were characterized in terms of size, zeta-potential, and homogeneity
of dispersion. The size of liposome–protein complexes (Figure 2A, red points) was larger than that of
pristine vesicles and varied appreciably among formulations. This is in full agreement with previous
findings showing that lipid composition plays a key role in protein binding to a lipid surface [35].
According to the literature [22], a size increase of a few nanometers is likely due to the formation of a
PC on the liposome surface, while an enlargement of a few tenths of a nanometer reflects the clustering
of single liposomes coated by plasma proteins [25,32].

 

Figure 2. (A) Hydrodynamic diameter of liposomes before (blue points, “− human plasma (HP)”)
and after (red points, “+ HP”) 1-h incubation with human plasma (HP) of pancreatic cancer patients.
Values are means ± standard deviation from three independent experiments. The dashed line indicates
a typical size threshold for particle removal from bloodstream by macrophages. (B) Zeta-potential
of liposomes before (blue points, “− HP”) and after (red points, “+ HP”) 1-h incubation with human
plasma (HP) of pancreatic cancer patients.
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Table 2. Polydispersity index (PDI) of bare liposomal formulations and after 1-h incubation with HP.

Samples
PDI

−HP +HP

Lip-1 0.14 ± 0.04 0.12 ± 0.04
Lip-2 0.11 ± 0.01 0.17 ± 0.05
Lip-3 0.08 ± 0.01 0.13 ± 0.01
Lip-4 0.12 ± 0.02 0.14 ± 0.01
Lip-5 0.10 ± 0.02 0.16 ± 0.05
Lip-6 0.10 ± 0.02 0.17 ± 0.01
Lip-7 0.12 ± 0.02 0.20 ± 0.04
Lip-8 0.11 ± 0.02 0.18 ± 0.03
Lip-9 0.15 ± 0.01 0.22 ± 0.02
Lip-10 0.14 ± 0.01 0.20 ± 0.01

Liposome aggregation is confirmed by an increase in PDI values (Table 2). On the other side,
“normalization” in zeta-potential around −20 mV (Figure 2B, red points), regardless of pristine surface
charge, has been reported for many classes of nanomaterials and is caused by the fact that most
plasma proteins have a negative charge at physiological pH. Besides the size and zeta-potential of
liposome–protein complexes, the biological identity of liposomes is also controlled by the composition
of the PC. When in the blood, the liposome–PC could hamper the ability of the pristine vesicle to
bind to target receptors [36] and may induce activation of the immune system, leading to particle
clearance [21,37].

On the other hand, molecular recognition between endogenous plasma proteins (i.e., recruited
from the blood) and cancer cell receptors [38] could promote selective accumulation at the tumor
site. A crucial step towards the exploitation of the PC for targeted drug delivery is therefore the
identification and quantification of corona proteins. Bradford assay results showed that the amount of
bound protein is dependent on both the zeta-potential and lipid composition (Table 3).

Table 3. Micrograms of proteins bound to liposomal formulations after 1-h incubation with HP.

Samples
Protein (μg/μL)

+HP

Lip-1 4.9 ± 0.4
Lip-2 5.3 ± 0.6
Lip-3 4.8 ± 0.5
Lip-4 9.0 ± 0.9
Lip-5 3.1 ± 0.4
Lip-6 4.6 ± 0.3
Lip-7 4.1 ± 0.4
Lip-8 3.7 ± 0.4
Lip-9 9.5 ± 0.9

Lip-10 6.6 ± 0.5

Generally, it was observed that cationic liposomes adsorb more proteins than neutrally charged
vesicles. Likewise, nano-LC MS/MS showed that the liposome–PCs were highly complex entities
containing between 140 and 222 proteins (Table 4).

The identified number of proteins in Table 4 is larger than that accommodated on the liposome
surface. This apparent discrepancy was clarified by recent models that describe the corona as a coating
made of several layers held together by protein–protein interactions [39,40]. To facilitate their rational
identification, corona proteins were grouped according to physiological functions of the blood system.
The relative protein abundance (RPA) of biologically relevant proteins such as complement proteins,
coagulation proteins, immunoglobulins, acute phase proteins, tissue leakage, and lipoproteins are
displayed in Figure 3.
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Table 4. Number of proteins adsorbed on liposomal formulations after 1-h incubation with HP.

Samples #Identified Proteins

Lip-1 220
Lip-2 140
Lip-3 205
Lip-4 170
Lip-5 174
Lip-6 202
Lip-7 206
Lip-8 180
Lip-9 222

Lip-10 190

 

Figure 3. Bioinformatic classification of proteins identified in the corona of Lip-1–Lip-10 after 1-h
exposure to HP. The relative protein abundances (RPAs) of total proteins are shown.

Our findings confirmed that each liposome exhibits a specific protein pattern dictated by
its specific lipid composition. Over the last decade, numerous studies have tried to relate the
cellular uptake of nanoparticle–protein complexes to PC composition by an oversimplified picture
of particle–cell interaction; the more abundant a corona protein, the more probable the molecular
recognition by cell receptors and, in turn, the more significant its role in promoting nanoparticle–cell
association. However, to understand the link between a nanoparticle–corona complex and specific
uptake pathways, mapping the exact location of protein binding sites is a necessary step [41,42].
To date, mapping protein epitopes at the liposome surface is challenging. To overcome this issue,
computational methods such as quantitative structure–activity relation (QSAR) allow the identification
of the most appropriate set of descriptors to predict the interactions between liposomes and cells
at the nano–bio interface [43,44]. Correlations between the RPA of individual proteins and cellular
uptake allowed us to identify eight “protein fingerprints” (Vitronectin, APOA1, APOA2, APOB,
APOC2, Ig heavy chain V-III region BRO, vitamin K-dependent protein, and Integrin beta3) that
promote the association of liposomes with cancer cells [26,30]. Among PCFs, a key role is played by
Vitronectin, a glycoprotein of the hemopexin family containing an RGD motif (Arg-Gly-Asp) in the
Somatomedin B domain (20−63 region) that is specifically recognized by ανβ3 integrins [38]. This class
of integrins is overexpressed on many solid tumors and in tumor neovasculature [45,46]. This could
be extremely relevant in pancreatic cancer, where roughly half of patients show elevated expression
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of αvβ3, and this is positively correlated with lymph node metastasis [47]. Most chemotherapeutics
given in the clinic today damage healthy tissues, leading to unwanted side effects. According to our
present understanding, this could likely be related to off-target interactions between corona proteins
and cell receptors of healthy cells. This means that receptors targeted by corona proteins should
be overexpressed in cancer but not in normal cells. In this regard, it is known that αvβ3 integrin is
expressed by normal (i.e., not-cancer) cells in a latent state characterized by its inability to stimulate
cell adhesion to extra-cellular matrix ligands [48]. We also observed that, of eight PCFs, four are
Apolipoproteins. It is well known that Apolipoproteins bind certain receptors such as scavenger
receptor class B, type I (SR-BI), and low-density lipoprotein receptors (LDLR) that are overexpressed in
several diseases. Recent studies showed that SR-BI and LDLR are overexpressed in pancreatic cancer,
thus representing good targets of Apolipoprotein-enriched coronas [49,50]. Liposomal formulations
were ranked for their PC-based targeting ability by calculating the total abundance of PCFs [51].

According to Figure 4, Lip-1 was identified as the most promising formulation to promote
cellular association within PANC-1 and INS-1 cells. On the other side, Lip-5, being highly defective in
PCFs, was expected to promote low cellular internalization. To support our conclusions, we treated
PANC-1 cells with fluorescently labeled Lip-1- and Lip-5-protein complexes. Onivyde®, the liposomal
formulation approved by the FDA for the treatment of metastatic pancreatic cancer [7,52], was used
as a control. In order to obtain a quantitative view on this process, we performed FACS analysis.
Figure 5A shows that about 95% of PANC-1 and INS-1 cells treated with Lip-1-protein complexes
were fluorescence-positive. On the other hand, Lip-5-protein complexes were poorly internalized
by PANC-1 cells, as demonstrated by the fact that less than 20% were positive for the fluorescence
signal. This percentage was slightly higher in INS-1 cells (<30%). FACS results also show that the
internalization of Onivyde® in both PANC-1 and INS-1 cells is extremely low, with only 10% and
20% of fluorescence-positive cells, respectively. The mean fluorescence intensity reported in Figure 5B
shows the same trends as those observed for cellular uptake.

Lastly, our MS/MS results indicate that the composition of the PC (in terms of types and amounts
of the constituent proteins) depends strongly on the physical-chemical properties of the liposomes.
In particular, we observed that the coronas of Lip-1 and Lip-5 were particularly enriched with
plasma proteins and were associated with the onset and progression of pancreatic cancer (e.g., sex
hormone-binding globulin, Ficolin-3, plasma protease C1 inhibitor, etc.). Recently, some authors
introduced the concept of the disease-specific PC [31], wherein alterations in human proteome of
patients with various diseases produce appreciable changes in the PC protein pattern. Consequently,
we envision that the manipulation of liposome surface chemistry can dictate the selective binding of
plasma proteins with the possibility of identifying cancer at the early stages.

 

Figure 4. Relative protein abundance of biomolecular corona fingerprints. Lip-1 and Lip-5 were the
liposomal formulations with the highest and lowest enrichment in PCFs (Vitronectin, APOA1, APOA2,
APOB, APOC2, Ig heavy chain V-III region BRO, vitamin K-dependent protein, and Integrin beta3).
Significance was statistically evaluated by Student’s t-test (** p < 0.05).
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Figure 5. (A) Cellular uptake of Lip-1 (grey diagonal hatched lines), Lip-5 (grey vertical hatched lines),
and Onivyde® (grey bar) in PANC-1 and INS-1 cells after 1-h incubation with human plasma (HP).
(B) Mean fluorescence intensity of Lip-1 (grey diagonal hatched lines), Lip-5 (grey vertical hatched
lines), and Onivyde® (grey bar) in PANC-1 and INS-1 cells after 1-h incubation with human plasma
(HP). Statistical significance was evaluated using Student’s t-test: * p < 0.01; ** p < 0.005 (no asterisk
means lack of significance).

4. Conclusions

In conclusion, we have synthesized a library of 10 liposomal formulations that exhibit peculiar
biological identities when exposed to HP. We found that the formulation exhibiting the highest levels
of targeting fingerprints also had major cellular uptake in PANC-1 and INS-1 cells. Our results indicate
that the exploitation of PCs could be a valuable means to develop targeted nanomedicine for PDAC
treatment. Moreover, we found that the PCs of some liposome formulations were enriched with plasma
proteins that are related to PDAC onset and progression. This possibility could pave the way for the
identification of novel biomarkers and will be explored in future investigations.
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Abstract: Ibuprofen is one of the non-steroidal anti-inflammatory drugs (NSAIDs) widely used to
treat pain conditions. NSAIDs encounter several obstacles to passing across biological membranes.
To overcome these constraints, we decided to study the effects of a new pH-sensitive formulation
of niosomes containing Polysorbate 20 derivatized by Glycine and loaded with ibuprofen (NioIbu)
in several animal models of pain in mice. We performed two tests commonly used to study acute
antinociceptive activity, namely the writhing test and the capsaicin test. Our results demonstrated
that NioIbu, administered 2 h before testing, reduced nociception, whereas the free form of ibuprofen
was ineffective. In a model of inflammatory pain, hyperalgesia induced by zymosan, NioIbu
induced a long-lasting reduction in hyperalgesia in treated mice. In a model of neuropathic pain
induced by sciatic nerve chronic constriction, NioIbu reduced both neuropathy-induced allodynia and
hyperalgesia. The results obtained in our experiments suggest that pH-sensitive niosomes containing
Polysorbate 20 derivatized by Glycine is an effective model for NSAIDs delivery, providing durable
antinociceptive effects and reducing the incidence of side effects.

Keywords: Ibuprofen; pH-sensitive niosomes; Pain; Analgesia; NSAIDs

1. Introduction

The non-steroidal anti-inflammatory drug (NSAID) Ibuprofen (α-methyl-4-(2-methylpropyl)
benzeneacetic acid, IBU) is commonly used in the treatment of pain, fever, and inflammatory diseases.
Ibuprofen was discovered in 1960 for the treatment of some pain conditions and inflammatory
autoimmune diseases, such as rheumatoid arthritis [1]. In 1961, Ibuprofen became available in
tablet form, and in 1983 was launched as a topical formulation. Ibuprofen is an analgesic drug that
inhibits the production of cyclooxygenase (Cox-2) pathway-derived prostaglandins, which increase in
inflamed tissues and control inflammatory disorder [2,3]. As is well-known, prostanoids mediate the
sensation of peripheral and central pain, increasing membrane excitability and reducing the threshold
of nociceptor stimulation [4].
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While ibuprofen is completely absorbed after oral administration [5], the plasma level is still
low several hours after topical application [6]. Various studies have reported different techniques to
increase the permeability of cell membranes and the transdermal transport of ibuprofen and other
drugs: preparing colloidal microstructures with lysinate and lecithin [7,8], nanoscaled emulsion with
palm olein esters [9], iontophoresis [10], and using surfactants and various vehicles, such as the
niosomes [11,12]. Niosomes are unilamellar or multilamellar non-ionic surfactant vesicles similar to
liposomes that can be used as therapeutic nanocarriers. The main characteristic of these vesicles is their
capability to encapsulate both hydrophilic and lipophilic drugs. Hydrophilic drugs are encapsulated
in the inner core where the aqueous compartment is located, while lipophilic drugs are encapsulated
into the lipophilic domain of the bilayer [13–15].

The basic components of niosomes are non-ionic surfactants in addition to cholesterol (Chol).
The surfactants are mainly composed of two distinct regions and are classified as anionic, cationic,
amphoteric, and non-ionic according to the feature of the hydrophilic head, which contains sulfonate
or ammonium salts of fatty and zwitterionic acids. Non-ionic surfactants have no charge groups in
their hydrophilic heads and are able to form niosomal vesicles that represent an innovative system
with better performance compared to conventional drug delivery systems. Indeed, niosomes are
more stable than liposomes. They show greater bioavailability compared with conventional dosage
forms because they are able to increase the permeation of drugs through the skin [16]. Furthermore,
they can be employed for oral and parenteral administration, protecting drugs from biological enzymes
and the environment. Moreover, the surfactants employed in the preparation of niosomes are less
expensive and more versatile than the phospholipids used for liposomal formulations [17]. To obtain a
site-specific drug release, pH-sensitive molecules can be added to the formulation or used to derivatize
the surfactants employed. It is well known that some pathological states are associated with pH
profiles different from that of normal tissues. Examples include ischemia, infection, inflammation,
and cancer, which are often associated with acidosis. Extracellular pH values ranging from 5.5 to
7.0 have been detected in inflamed tissues associated with bacterial infections [18], atherosclerotic
plaque, [19], and cancers [20]. This pH gradient is of particular importance since several drugs and
drug carriers are taken up by endocytosis and found and/or trapped within endosomes and lysosomes.
In this context, niosomes with increased affinity for an acidic pH microenvironment can take advantage
of pathological conditions of inflammation for selective targeting. Recently, Rinaldi et al. [21,22] have
described the formulation of pH-sensitive niosomes containing Polysorbate 20/Chems (Tween 20,
Tw20) or Polysorbate 20 derivatized by Glycine (Tw20-Gly) as an effective strategy for the delivery
of anaesthetics and anti-inflammatory drugs. In particular, the preparation steps (panel A) and
mechanism of bilayer destabilization (panel B) are shown in Figure 1.

Figure 1. Cartoon describing: (a) niosomal preparation by a derivatized surfactant; and (b) bilayer
destabilization at an acidic pH and consequent drug release. IBU is for Ibuprofen.
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In this paper, the well-characterized and selected samples of the previous research study [16,17]
were newly prepared to compare the analgesic activity of pH-Tw20Gly niosomes loaded with ibuprofen
(NioIbu) to that of free ibuprofen in animal models of acute and chronic pain. We showed that NioIbu
strongly increases Ibuprofen’s analgesic activity, promoting a longer duration of action of this drug.
We suggest that NioIbu is a new and more effective strategy to treat pain arising from chronic
inflammatory conditions.

2. Materials and Methods

2.1. Materials

Tween 20 (Tw20), Cholesterol >99% (Chol), N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic
acid) (HEPES) >99.5%, Sephadex G75, Glycine (Gly), and all other chemicals and solvents of the highest
purity and of spectroscopic grade were purchased from Sigma-Aldrich (Sigma-Aldrich S.r.l., Milan,
Italy). Water was purified through a Millipore Milli-Q system (Merck S.p.a., Milan, Italy).

2.2. Nanovesicle Formulation and Characterization

Niosomes based on a polysorbate-20 glycine derivative (Tw20Gly) were prepared by the thin
film evaporation method at different Ibuprofen loading concentrations (Table 1) and purified by
glass chromatography, as previously described [21,22]. A Nano ZS90 Dynamic light scattering LS
(Malvern Instruments Ltd., Malvern, UK) at a scattering angle of 90.0◦ and a LS50B spectrofluorometer
(PerkinElmer, MA, USA), were both employed for the physico-chemical characterization of vesicles
(hydrodimanic diameter, size distribution, zeta potential, bilayer properties, stability, and in vitro
release studies) [21]. Drug entrapment within non-ionic surfactant vesicles was determined
using high-performance liquid chromatography (HPLC). HPLC analyses were carried out with
a Perkin-Elmer 250 liquid chromatography apparatus (PerkinElmer, MA, USA), equipped with
a Perkin-Elmer 235 photo-diode array detector, a 20-μl-loop Rheodyne injector and a computer
hardware, as previously described, on purified niosomes after disruption with isopropanol (vesicle
dispersion/isopropanol 1:1 v/v final ratio) [23].

Table 1. Sample composition (NioIbu 5% has been the analyzed formulation). Nio, pH-Tw20Gly
niosomes; NioIbu, pH-Tw20Gly niosomes loaded with different percentages of Ibuprofen Hepes
solutions. Tw 20, is for Tween 20; Chol, is for Cholesterol; IBU, is for Ibuprofen.

Sample Tw20 (mM) Tw20-Gly (mM) Chol (mM) IBU (% p/v)

Nio 3.75 11.25 7.5 =
NioIbu 1% 3.75 11.25 7.5 1
NioIbu 3% 3.75 11.25 7.5 3
NioIbu 5% 3.75 11.25 7.5 5
NioIbu 7% 3.75 11.25 7.5 7

Atomic force microscopy (AFM) topographical characterization has been carried out using a
standard AFM setup (Dimension Icon, Bruker Inc. in ‘soft tapping’ mode, Billerica, MA, USA)
equipped with standard silicon cantilevers (OTESPA, Bruker Inc., Billerica, MA, USA). Analysis of
niosomal dimensions was carried out by means of atomic force microscopy (AFM) by imaging the
samples in tapping mode after deposition on a Si substrate. A diameter and height of nine isolated
niosomes were measured. These allowed us to determine the surface of the niosomes deposited on
the substrate (which obviously lost their original spherical shape) given by the sum of areas of the
surface of the spherical cap and of the base circle. Assuming that the flattening of niosomes resulted in
the modification of shape and volume without significantly affecting the surface area, the diameter of
niosomes in solution was evaluated as that of a sphere having the same surface area.
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2.3. Animals and Treatments

We used male CD-1 mice (Harlan, Italy) weighing 25 g in all of the experiments. Mice were
housed in colony cages under standard conditions of light, temperature, and relative humidity for at
least 1 week before the start of experimental sessions. All experiments were performed according to
Legislative Decree 26/14, which implements the European Directive 2010/63/UE on laboratory animal
protection in Italy, and were approved by the local ethics committee. Animal studies are reported in
accordance with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines [24].

In all experiments, NioIbu 5%, diluted to obtain the same drug concentration, was compared
to: (i) Hepes buffer (HB), (ii) an “unstructured” surfactant formulation (TG), composed of surfactant
and cholesterol, and (iii) an “unstructured” surfactant formulation (TG-Ibu), composed of surfactant,
cholesterol, and ibuprofen at the same concentrations as the ones present in NioIbu, but not organized
in vesicular systems.

2.4. Writhing Test

The procedure was similar to the one previously described [25]. After 1 h of adaptation to
transparent cages, mice received a subcutaneous (s.c.) injection of 1500 L of HB, TG, TG-Ibu, and NioIbu
into the loose skin over the interscapular area. One hundred and twenty minutes after sample injection,
mice received an intraperitoneal (i.p.) injection (10 mL/kg) of 0.6% acetic acid solution. A writhe is
characterized by a wave of abdominal muscle contractions accompanied by body elongation and the
extension of one or both hind limbs. The number of writhes in a 20-min period was counted, starting
5 min after acetic acid injection.

2.5. Capsaicin-Induced Paw Licking

The method used was similar to the one previously described [26]. Mice were allowed to adapt
to transparent cages individually for 1 h before testing. Then, s.c. injections of samples (HB, TG,
TG-Ibu, and NioIbu, 40 μL) were performed in the dorsal surface of mice hind paw for 120 min before
1.6 μg of capsaicin (20 μL). A micro syringe with a 26-gauge needle was used to inject capsaicin and
samples. The time (in seconds) the animals spent licking the injected paw, for a total period of 5 min,
was registered and considered as indicative of pain. Capsaicin was dissolved in DMSO as a stock
solution and stored at −20 ◦C. On the test day, this solution was diluted in order to obtain the final
concentration of 1.6 μg/20 μl in DMSO:saline (1:3 v:v).

2.6. Zymosan-Induced Hyperalgesia

In these experiments, 20 μL of zymosan A (2.5% w/v in saline) were administered s.c. into the
dorsal surface of one hind paw. Then, thermal thresholds were determined, as previously reported [27].
Briefly, mice were placed in clear plastic boxes with a glass floor and allowed to acclimatize to
their surroundings for at least 1 h in a temperature-controlled (21 ◦C) experimental room for three
consecutive days prior to testing. On the test day, the animals were acclimatized to the experimental
room 1 h before paw withdrawal latency (PWL) was measured. Attention was taken to start the test
when the animal was not walking, with its hind paw in contact with the glass floor of the apparatus.
A radiant heat source was directed at the mouse footpad until an aversive action was observed, such as
paw withdrawal, foot drumming, or licking. A timer automatically measured in seconds the paw
withdrawal latency. The heat source was set to an intensity of 30 and a cutoff time of 15 s was used
to prevent tissue damage. Animals were first tested to determine their baseline PWL; after zymosan
injection, the PWL (s) of each animal in response to the plantar test was determined again at 1, 2, 3, 4,
5, 24, and 48 h. In these experiments, HB, TG, TG-Ibu, and NioIbu were injected s.c. in a volume of
40 L in the dorsal surface of mice hind paw, 15 min before zymosan injection.
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2.7. Neuropathy-Induced Allodynia and Hyperalgesia

The chronic constriction injury (CCI) model was carried out as previously described [28],
with slight modifications [23]. Briefly, mice were anesthetized with chloralium hydrate-xylazine
(400 + 10 mg/kg, i.p.). The right sciatic nerve was exposed at the mid-thigh level and, in the vicinity
of the sciatic nerve trifurcation, was loosely tied with two ligatures of nylon black monofilament
(9–0 non-absorbable, S&T, Neuhausen, Switzerland). Ligatures spaced 1.5–2 mm apart. Then, the
muscles and the skin were closed with sutures. These animals were used in two nociceptive tests in the
following order: mechanical allodynia followed by thermal hyperalgesia. The threshold for mechanical
allodynia was assessed with the dynamic plantar aesthesiometer (Ugo Basile, Italy). Animals were
trained on the apparatus, consisting of clear cages with a wire mesh floor, for 3 days before experimental
sessions to allow for acclimatization. When the animal was at rest, a straight metal filament exerting
an increasing upward force at a constant rate (5 g/s) with a maximum cutoff force of 50 g was placed
under the plantar surface of the hind paw. Measurement was stopped when the paw was withdrawn
and the results were expressed in grams. The measurement was repeated three times for each paw
and averaged.

The development of thermal hyperalgesia was measured by subjecting the injured animals to the
plantar test, as described in the “Zymosan-induced hyperalgesia” section.

Behavioural assessments of CCI-induced allodynia and thermal hyperalgesia were carried out
10 days after nerve injury, and behavioural responses compared with the ones measured before surgery.
In these experiments, s.c. injection volumes of 40 L of HB, TG, TG-Ibu, and NioIbu were performed in
the dorsal surface of mice hind paw.

2.8. Data Analysis and Statistics

Experimental data are presented as mean ± standard error of the mean (s.e.m.). Statistically
significant differences between groups were calculated with an analysis of variance (ANOVA) followed
by Tukey’s post-hoc comparisons. Data were analyzed using the GraphPad Prism 6.03 software.
The criterion for significance was set at P < 0.05. The data and statistical analysis conformed to the
recommendations on experimental design and analysis in pharmacology [29].

3. Results

3.1. Nanovesicle Formulation and Characterization

All in vivo tests were performed by administration of well-characterized (Table 2) and stable (at
least 3 months when stored at 4 ◦C) pH-sensitive vesicles (Nio, NioIbu). AFM characterization indicates
that niosomes have a spherical shape (Figure 2). In agreement with DLS, AFM images indicate that
NioIbu nanovesicles are smaller and have a less-uniform size than the Nio ones. Sizes deduced from
AFM images seem underestimated with respect to the DLS results. In particular, for both the samples,
the diameter evaluated by AFM is 70% of that evaluated by DLS, probably due to the approximations
assumed in the model. In particular, Ibuprofen-loaded vesicles show the appropriate dimensions and
zeta potential to be tested in animal studies. Drug entrapment efficiency is useful to perform in vivo
studies, and the bilayer fluidity is quite high to ensure drug release, as reported in Rinaldi et al. [21].
This selection was carried out based on the best in-vitro performance of the sample, in particular in
terms of the percentage of released drug [21]; in this previous study, sample characterization in the
presence of different pH conditions was carried out, and the pH sensitivity of the selected formulation
was confirmed.
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Figure 2. AFM images of Nio (a) and NioIbu (b) samples.

Table 2. Vesicle characterization. Nio, pH-Tw20Gly niosomes; NioIbu, pH-Tw20Gly niosomes loaded
with a 5% Ibuprofen Hepes solution.

Niosomes
Diameter

(nm)
AFM Diameter

(nm)
ζ Potential

(mV)
Polydispersity

Index
Fluorescence

Anisotropy (AU)
Loaded Drug Conc.

(mg/mL)

Nio 215.0 ± 3.0 152 ± 18 −41.0 ± 1.2 0.160 ± 0.08 0.17 ± 0.01 –
NioIbu 5% 122.1 ± 19.6 89 ± 24 −40.2 ± 0.1 0.404 ± 0.05 0.20 ± 0.04 0.37 ± 0.05

3.2. Writhing Test

The in vivo antinociceptive activity of NioIbu was first assessed through a writhing test (Figure 2).
As detailed in the experimental procedure section, acetic acid was used to induce peripheral pain.
Analgesic activity was determined by recording the decrease in the number of writhes after acetic
acid injection. The acetic-acid-induced writhing test in mice is the most commonly used method
for measuring preliminary antinociceptive activity, since, in this test, both central and peripheral
analgesics are detected. In these experiments, tested mice were injected with acetic acid 120 min after
drug treatment. Statistical analysis revealed significant differences between treatments [F(3, 28) = 5.545,
P = 0.0041]. In this test, the administration of TG or TG-Ibu did not change the response to acetic acid
in mice (Figure 3). Strong inhibition of the number of writhes was instead observed when NioIbu
was administered 120 min before the acetic acid (Figure 3). In comparison with the TG group, NioIbu
significantly reduced the number of writhes (P < 0.05), and the inhibition ratio was 52.5.

Figure 3. Effects of Hepes buffer (HB), the unstructured surfactant formulation (TG), the unstructured
surfactant formulation with the same Ibuprofen (IBU) concentration (TG-Ibu), and TW20-Gly loaded
with IBU (NioIbu) on the number of writhes induced by acetic acid. Samples were subcutaneously
injected 120 min before acid acetic injection. * is for P < 0.05 versus TG. N = 8.

3.3. Capsaicin Test

In order to better evaluate the antinociceptive activity of ibuprofen-loaded vesicles, we also
performed the capsaicin test (Figure 4). This test reflects acute pain responses related to neurogenic
inflammation. In sensory neurons, capsaicin is an activator of the TRPV1 channels present in C-fibers
and, to a lesser extent, Aδ. After injection, capsaicin shows a biphasic effect, i.e., it stimulates TRPV1
located in sensory neurons, producing a rapid phase of burning sensation, and local vascular and
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extravascular responses, followed by a persistent desensitization with concomitant long-lasting
analgesia. Statistical analysis revealed significant differences between treatments, as revealed by
ANOVA (F(3, 36) = 10.22, P < 0.0001). In this test, neither TG nor TG-Ibu reduced the duration of
the licking response as compared with the HB-treated mice (Figure 4). A statistically significant
antinociceptive effect was shown for NioIbu (inhibition ratio, 55.4%, P < 0.001) versus TG-treated mice.

Figure 4. Effects of Hepes buffer (HB), the unstructured surfactant formulation (TG), the unstructured
surfactant formulation with the same Ibuprofen (IBU) concentration (TG-Ibu), and TW20-Gly loaded
with IBU (NioIbu) on the time spent licking the capsaicin-injected paw. Samples were injected
subcutaneously in the dorsal surface of the hind paw 120 min before capsaicin injection. *** is for
P < 0.001 versus TG. N = 10.

3.4. Zymosan-Induced Hyperalgesia

A s.c. injection of zymosan into mice footpad induces persistent dose- and time-dependent thermal
and mechanical hyperalgesia associated with inflammation up to 24 h after treatment (Figure 5). Primary
hyperalgesia in the hind paw inflammation model is thought to result from a release of pro-inflammatory
mediators that include bradykinin, cytokines, and prostaglandins [30,31]. The reduction in latency
response to a thermal stimulus applied to a paw and induced by zymosan was measured as a percentage.
In these experiments, samples were injected into the dorsal surface of the right hind paw 15 min before
zymonsan injection. As observed in the writhing and capsaicin test, TG and TG-Ibu did not affect the
decrease in nociceptive threshold induced by zymosan. On the contrary, the highest increase in pain
threshold was observed in NioIbu-treated mice. (Figure 5). Furthermore, the increase in the nociceptive
threshold induced by NioIbu was long-lasting, since two-way ANOVA revealed significant differences
from 3 to 24 h after NioIbu treatment (F(10, 135) = 3.44, P = 0.0005).

Figure 5. Effects of Hepes buffer (HB), the unstructured surfactant formulation (TG), the unstructured
surfactant formulation with the same Ibuprofen (IBU) concentration (TG-Ibu), and TW20-Gly loaded
with IBU (NioIbu) on zymosan-induced hyperalgesia. * is for P < 0.05 and ** is for P < 0.01 versus TG.
N = 10.
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3.5. Neuropathy-Induced Allodynia and Hyperalgesia

Neuropathic pain is a chronic condition caused by injury to the nervous system. This condition
is characterized by spontaneous pain, as well as by exaggerated pain responses to painful stimuli
(hyperalgesia) and to normally non-painful stimuli (allodynia). In our experiments, allodynia and
hyperalgesia were measured 10 days after nerve injury, because this is when the pain threshold
reaches the minimum value. The results obtained in these experiments are shown in Figures 6 and 7.
When allodynia was measured (Figure 6), two-way ANOVA showed a significant difference between
treatments (F(12, 126) = 4.453; P < 0.0001). A Tukey’s multiple comparison test demonstrated that NioIbu
significantly increased paw withdrawal latency from 1 to 3 h after treatment, whereas TG-Ibu induced
a transient, not significant increase in the nociceptive threshold (Figure 6).

Figure 6. Effects of Hepes buffer (HB), the unstructured surfactant formulation (TG), the unstructured
surfactant formulation with the same Ibuprofen (IBU) concentration (TG-Ibu), and TW20-Gly loaded
with IBU (NioIbu) on allodynia induced by a chronic constriction injury of the right sciatic nerve.
* is for P < 0.05 and ** is for P < 0.01 versus TG. N = 8.

In the same way, two-way ANOVA revealed significant differences in pain threshold when
hyperalgesia was measured (F(12, 126) = 6.811; P < 0.0001) (Figure 7). NioIbu increased the pain
threshold from 2 h up to 4 h after treatment, whereas the increase in the pain threshold observed 1 h
after TG-Ibu administration was not statistically significant.

Figure 7. Effects of Hepes buffer (HB), the unstructured surfactant formulation (TG), the unstructured
surfactant formulation with the same Ibuprofen (IBU) concentration (TG-Ibu), and TW20-Gly loaded
with IBU (NioIbu) on hyperalgesia induced by a chronic constriction injury of the right sciatic nerve.
* is for P < 0.05 and ** is for P < 0.01 versus TG. N = 8.
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4. Discussion

Several researchers have focused on alternative drug delivery systems to overcome the difficulties
associated with the distribution and effectiveness of analgesic drugs. This is mainly due to the low
capability of analgesic drugs to pass across biological membranes [32]. One of the strategies adopted
to overcome these limitations was loading the drugs into liposomes, which are spherical vesicles
composed of phospholipids, such as phosphatidylcholine and phosphatidyl-serine, and possibly
other lipids as well [33]. However, liposomes have high production costs due to the phospholipids
employed and tend to fuse or aggregate, resulting in an early release of the vesicle payload. Moreover,
phospholipids are prone to oxidative degradation. Finally, liposomes have low solubility and stability,
and their applicability is limited because they have short half–lives in blood circulation [13,34,35].
To overcome these constraints, we decided to use a new non-toxic drug delivery system, the niosomes.
These carriers offer several advantages compared to liposomes: a higher capability to entrap lipophilic,
hydrophilic, and amphiphilic drugs; an ability to reach the site of action via oral, parenteral, and topical
routes of administration; and a lower cost. [36]. Recently, Di Marzio et al. [13] described specific
pH-sensitive, non-ionic surfactant vesicles with polysorbate-20 (Tween-20)/Chems as a good delivery
system for analgesic drugs, which increase the stability and affinity in the tissue pH alterations that
occur during inflammatory pathologic conditions [37]. These vesicles showed the ability to control and
sustain release as well as to protect drugs from catalytic enzymes, thereby increasing drug stability.

Niosomes containing pH-sensitive components, such as TW20Gly, that protonate at lower pH [35]
showed bilayer destabilization, leading to localized drug release. This approach could be useful in
targeting inflamed tissues. In this study, we evaluated the antinociceptive effects of s.c. injections of
Ibuprofen-loaded, pH-sensitive niosomes in comparison with the free form of the drug. To address
this issue, we utilized mice under different pain stimuli. This work demonstrates that the use of these
nanocarriers enhances the therapeutic efficacy of Ibuprofen, since Ibuprofen-loaded niosomes were
effective in reducing pain in laboratory mice. The use of nanovesicles as delivery systems has already
been successfully exploited to supply compounds topically and orally. In fact, some studies showed
that NSAID-loaded vesicles have better performance in terms of prolonged drug release [38] and
improved therapeutic effects [39] compared with the free form of the same compound. Considering
that niosomes are a very promising system to administer compounds of different features topically or
orally [40–42], we evaluated the capability of niosomes to increase antinociceptive effects of Ibuprofen
also in terms of lasting effects after s.c injection. Writhing and capsaicin tests are screening assays
commonly used to study peripheral and central antinociceptive activity. Our results showed that,
when Ibuprofen-loaded niosomes were administered, there was an increase in the positive response
time. In fact, when Ibuprofen was given 120 min earlier, the antinociceptive activity was maintained
only in the niosomal form and not in the free form. The capsaicin test confirmed the long-lasting
effects of Ibuprofen-loaded niosomes. Similar results were obtained with diclofenac-loaded liposomes
administered orally, as reported by Goh et al. [43]. Consistently, in a formalin test, Ibuprofen-loaded
niosomes displayed a peripheral antinociceptive activity and were more effective than free Ibuprofen
in suppressing inflammatory pain. The niosomal form also had a long-lasting action, while the free
form was probably rapidly catabolized [16]. Therefore, the encapsulation of the drug into niosomes
significantly enhances drug efficacy and increases the durability of antinociceptive effects. This allows
for a reduction in doses and, consequently, might also reduce the drug’s side effects.

Some studies reported that nano-formulations reduce hyperalgesic responses to thermal stimuli
more efficiently than free drugs [44,45]. Our results on zymosan-induced hyperalgesia are in
line with these studies and demonstrate that Ibuprofen-loaded, pH-sensitive niosomes were able
to reduce nociception up to 24 h after administration. These results confirm that niosomes
release the encapsulated drug efficiently when behavioural experiments were performed. Similarly,
Ibuprofen-loaded niosomes decrease neuropathic pain, since the treatment reduced both hyperalgesia
and allodynia induced by chronic sciatic nerve constriction.
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The increase in drug activity when released by niosomes could be explained by the capability of
niosomes to transport lipophilic drugs, in this case Ibuprofen, across tissue membranes. This facilitates
drug diffusion around the site of application and consequently improves efficacy [13,22].

In conclusion, the present study reveals that Ibuprofen-loaded, pH-sensitive niosomes are
able to produce consistent and long-lasting antinociceptive effects. The antinociceptive effects of
Ibuprofen-loaded niosomes were observed both in acute and chronic animal models of pain and
these results, together with those reported in our previous study [21], suggest that an Ibuprofen
pH-sensitive nanocarrier formulation could be further developed and used to treat different pain
conditions in humans.
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Abstract: Multifunctional liposomes containing manganese ferrite/gold core/shell nanoparticles
were developed. These magnetic/plasmonic nanoparticles were covered by a lipid bilayer or
entrapped in liposomes, which form solid or aqueous magnetoliposomes as nanocarriers for
simultaneous chemotherapy and phototherapy. The core/shell nanoparticles were characterized
by UV/Visible absorption, X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM),
and Superconducting Quantum Interference Device (SQUID). The magnetoliposomes were
characterized by Dynamic Light Scattering (DLS) and TEM. Fluorescence-based techniques (FRET,
steady-state emission, and anisotropy) investigated the incorporation of a potential anti-tumor drug
(a thienopyridine derivative) in these nanosystems. The core/shell nanoparticles exhibit sizes of
25 ± 2 nm (from TEM), a plasmonic absorption band (λmax = 550 nm), and keep magnetic character.
XRD measurements allowed for the estimation of 13.3 nm diameter for manganese ferrite core
and 11.7 nm due to the gold shell. Aqueous magnetoliposomes, with hydrodynamic diameters of
152 ± 18 nm, interact with model membranes by fusion and are able to transport the anti-tumor
compound in the lipid membrane, with a high encapsulation efficiency (EE (%) = 98.4 ± 0.8).
Solid magnetoliposomes exhibit hydrodynamic diameters around 140 nm and also carry successfully
the anticancer drug (with EE (%) = 91.2 ± 5.2), while also being promising as agents for phototherapy.
The developed multifunctional liposomes can be promising as therapeutic agents for combined
chemo/phototherapy.

Keywords: magnetic/plasmonic nanoparticles; multifunctional liposomes; manganese ferrite;
gold shell; anti-tumor drugs; cancer therapy

1. Introduction

In recent years, a revolution in cancer therapy has taken place due to the development of
multi-tasked nanostructures or materials for applications in oncology [1,2]. In chemotherapy,
the ideal nano-encapsulation system should have biophysical properties that favor the passive
accumulation in tumors upon intravenous administration, as well as controlled triggered release
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of the encapsulated active molecules. In this context, magnetic nano-encapsulation systems are
promising since they can enable the magnetic drug targeting by static gradient magnetic fields and
magnetic hyperthermia, which produce local heat as a trigger for drug release and a synergistic
cytotoxic effect in cancer cells [3–7]. Additionally, systems based on superparamagnetic nanoparticles
can generate high-resolution images by T2-weighted magnetic resonance imaging (MRI) for tumor
diagnosis [7–9].

Noble metal (Ag, Au) nanoparticles strongly absorb light in the visible region due to coherent
oscillations of the metal conduction band electrons in strong resonance with visible frequencies of
light. This phenomenon is known as surface plasmon resonance (SPR) [10–13] and is highly dependent
on nanoparticles size, shape, surface, and dielectric properties of the surrounding medium [14–16].
Light absorbed by nanoparticles is readily dissipated as heat. Due to their large absorption cross
sections, plasmonic nanoparticles can generate a significant amount of heat and increase temperatures
in their vicinities [17]. If a sufficient number of nanoparticles are present, the temperature fields overlap
and create a substantial global temperature rise [18]. From the point of view of cancer therapeutics,
noble metal nanoparticles become very useful as agents for plasmonic photothermal therapy (PTT)
on account of their enhanced absorption cross sections, which are four to five orders of magnitude
larger than those offered by conventional photo-absorbing dyes [16]. This strong absorption ensures
effective laser therapy at relatively lower energies, which render the therapy method minimally
invasive. Additionally, metal nanostructures have a higher photo-stability and do not suffer from
photo-bleaching [16,19]. Recently, plasmonic nanoparticles have also been used as photoacoustic
imaging (PAI) agents to increase tissue penetration, as well as sensitivity and spatial resolution [20].

In nanomedicine, systems with combined magnetic and plasmonic properties are of particular
interest for theranostics since they combine simultaneously multiple imaging modalities for diagnosis
with complementary synergistic strategies for therapy [21–23]. Gold nanoparticles have been largely
used in biomedical applications for their low toxicity, great biocompatibility, easy conjugation with
active biomolecules, and their remarkable optical properties, which enable their use as diagnostic
and therapeutic agents [19,24]. However, recent works have shown that the conjugation of gold
nanoparticles with magnetic ones may decrease the overall magnetization of the nanostructure [25].
Thus, coating magnetic nanoparticles with gold should be carefully considered in order to ensure
proper magnetic capabilities for their application. Among all magnetic nanoparticles, those of
manganese ferrite have recently received great attention for their high magnetic susceptibility,
which suggests that they may be promising as hyperthermia and magnetic drug targeting
agents [26,27].

In this study, magnetic/plasmonic nanoparticles possessing a manganese ferrite core and a gold
shell were prepared. In order to develop applications in cancer therapy, the prepared nanoparticles
were entrapped in liposomes (aqueous magnetoliposomes, AMLs) or covered with a lipid bilayer
(solid magnetoliposomes, SMLs). These new nanosystems were tested in this scenario as nanocarriers
for a potential anticancer drug, especially active against melanoma, breast adenocarcinoma,
and non-small cell lung cancer [28]. In addition, the local heating capability of the developed systems
was monitored through the fluorescence quenching of rhodamine B incorporated in the lipid layer
when excited with a light source. Considering their potentialities, the new nanosystems developed in
this study can be promising for future applications in cancer therapy.

2. Materials and Methods

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

2.1. Preparation of Manganese Ferrite/Gold Core/Shell Nanoparticles

Manganese ferrite nanoparticles (NPs) were synthesized in 5 mL aqueous solution, by the
co-precipitation method, as previously described [26]. First, an aqueous solution containing 612 μL of
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50% NaOH solution was heated to 90 ◦C. Then, a mixture containing 500 μL of 0.5 M MnSO4·H2O
solution and 500 μL of 1 M FeCl3·6H2O solution was added, drop by drop, to the previously warmed
basic solution under magnetic stirring. After two hours at 90 ◦C, manganese ferrite nanoparticles were
formed. For purification, the obtained sample was washed several times with ethanol, by centrifugation
(14,000 g) and magnetic decantation.

For growth of the gold shell, a method adapted from a previously described procedure was
used [19]. In addition, 5 mL of an aqueous dispersion of the synthesized MnFe2O4 nanoparticles
(with concentration of 4 mg/mL) were added to 25 mL of glycerol and heated up to 200 ◦C,
under vigorous stirring. Then, 2 mL of 0.02 M solution of gold(III) chloride hydrate (HAuCl4),
from Sigma-Aldrich (St. Louis, MO, USA), were added dropwise. After 15 minutes under continuous
stirring at 200 ◦C, the gold shell was formed around the MnFe2O4 core NPs. To remove glycerol
residues, the synthesized NPs were washed by centrifugation (14,000 g) with ethanol.

2.2. Preparation of Magnetoliposomes

For magnetoliposomes preparation, the lipids L-α-phosphatidylcholine from egg yolk (Egg-PC),
and 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG), from Sigma-Aldrich
(St. Louis, MO, USA), were used in a final concentration of 1 mM. The ethanol injection method
was employed to obtain aqueous magnetoliposomes (AMLs) [29]. Accordingly, a 20 mM lipid solution
in ethanol was injected, under vigorous vortexing, to an aqueous dispersion of manganese ferrite/gold
nanoparticles (with 4 mg/mL concentration). After encapsulation, the ferrofluid was washed with
water and purified by magnetic decantation to remove all the non-encapsulated NPs.

For the preparation of solid magnetoliposomes (SMLs), a method previously described was
used [30]. First, 10 μL of a solution of the synthesized MnFe2O4/Au core/shell nanoparticles
(0.02 mg/mL) were ultra-sonicated for one minute at 189 W, and 3 mL of chloroform were added to
the solution. Then, immediately after vigorous agitation, 150 μL of a 20 mM methanolic solution of
the lipid DOPG (1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt) were injected under
vortexing to form the first lipid layer of the SMLs. To remove the lipid that was not attached to the
nanoparticles surface, the particles were washed twice by magnetic decantation with ultrapure water.
The lipid bilayer was completed by a new injection of 150 μL of 20 mM lipid methanolic solution,
under vortexing, in 3 mL of aqueous dispersion of the particles with the first lipid layer. The SMLs
obtained were then washed and purified with ultrapure water by magnetic decantation.

The anti-tumor compound methyl 3-amino-6-(benzo[d]thiazol-2-ylamino)thieno[3,2-b]pyridine-2-
carboxylate was incorporated into aqueous magnetoliposomes by the co-injection method
(simultaneous injection of compound and lipid) in a final compound concentration of 2 μM. In solid
magnetoliposomes, the compound was incorporated by injection of an ethanolic solution (0.2 mM)
immediately before the formation of the second lipid layer.

2.3. Preparation of Giant Unilamellar Vesicles (GUVs)

GUVs of soybean lecithin (L-α-phosphatidylcholine from soybean), from Sigma-Aldrich (St. Louis,
MO, USA), were obtained by the thin film hydration method [31,32]. For that, a lipid film of 100 μL
of soybean lecithin solution (1 mM) was obtained by solvent evaporation under an argon stream,
and 40 μL of water were added, followed by incubation at 45 ◦C for 30 min. Then, 3 mL of glucose
aqueous solution (0.1 M) were added and the resulting solution was again incubated at 37 ◦C for 2 h.
After incubation, the GUVs suspension was centrifuged at 14,000 g for 30 minutes at 20 ◦C, to remove
multi-lamellar vesicles and lipid aggregates.
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2.4. Spectroscopic Measurements

2.4.1. General Methods

Absorption spectra were performed in a Shimadzu UV-3600 Plus UV-vis-NIR
(Shimadzu Corporation, Kyoto, Japan) spectrophotometer. Fluorescence measurements were
recorded using a Horiba Fluorolog 3 spectrofluorimeter (HORIBA Jobin Yvon IBH Ltd., Glasgow, UK),
equipped with double mono-chromators in both excitation and emission, Glan-Thompson polarizers,
and a temperature controlled cuvette holder. Fluorescence spectra were corrected for the instrumental
response of the system.

2.4.2. FRET Measurements

Förster Resonance Energy Transfer (FRET) assays were employed to confirm the formation of
the lipid bilayer in the solid magnetoliposomes (SMLs). For that purpose, the nitrobenzoxazole
labeled lipid NBD-C6-HPC (1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl}
-sn-glycero-3-phosphocholine) (from Avanti Polar Lipids, Alabaster, AL, USA) was
included in the first lipid layer, while the rhodamine B labeled lipid Rhodamine B-DHPE
(1,2-dipalmitoyl-sn-glycero-3-phospho-ethanolamine-N-lissamine rhodamine B sulfonyl
(ammonium salt)) (from Avanti Polar Lipids, Alabaster, AL, USA) was included in the second
lipid layer.

FRET efficiency, ΦRET, defined as the proportion of donor molecules that have transferred their
excess energy to the acceptor molecules, was calculated through donor emission quenching, by taking
the ratio of the donor integrated fluorescence intensities in the presence of acceptor (FDA) and in the
absence of acceptor (FD) (Equation (1)) [33].

ΦRET = 1 − FDA

FD
(1)

The distance between the donor and acceptor molecules was determined through the FRET
efficiency (Equation (2)).

r = R0

[
1 − ΦRET

ΦRET

]1/6

(2)

where R0 is the Förster radius (critical distance), that can be obtained by the spectral overlap, J(λ),
between the donor emission and the acceptor absorption, according to Equations (3) and (4) (with R0

in Å, λ in nm, εA(λ) in M−1 cm−1) [33].

R0 = 0.2108
[
k2Φ0

Dn−4 J(λ)
]1/6

(3)

J( λ) =
∫ ∞

0
ID(λ) εA(λ) λ4dλ (4)

where k2 = 2
3 is the orientational factor assuming random orientation of the dyes, n is the

refraction index of the medium, ID(λ) is the fluorescence spectrum of the donor normalized so that∫ ∞
0 ID(λ)dλ = 1, and εA(λ) is the molar absorption coefficient of the acceptor. Φ0

D, the fluorescence
quantum yield of the donor in the absence of energy transfer, was determined by the standard method
(Equation (5)) [34,35].

Φ0
D =

ArFDn2
D

ADFrn2
r

Φr (5)

where A is the absorbance at the excitation wavelength, F is the integrated emission area, and n is the
refraction index of the solvents used. Subscripts refer to the reference (r) or donor (D). The absorbance at
the excitation wavelength was always lower than 0.1 to avoid the inner filter effects. The NBD-C6-HPC
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molecule intercalated in lipid membranes was used as a reference, Φr = 0.32 at 25 ◦C, as reported by
Invitrogen [36].

The hydrophobic dye Nile Red (energy acceptor) was also incorporated in magnetoliposomes
labelled with NBD-C6-HPC (NBD as energy donor) for monitoring the interaction of magnetoliposomes
with GUVs by FRET.

2.4.3. Fluorescence Anisotropy Measurements

The steady-state fluorescence anisotropy, r, is calculated by the equation below.

r =
IVV − GIVH

IVV + 2GIVH
(6)

where IVV and IVH are the intensities of the emission spectra obtained with vertical and horizontal
polarization, respectively (for vertically polarized excitation light), and G = IHV/IHH is the instrument
correction factor, where IHV and IHH are the emission intensities obtained with vertical and horizontal
polarization (for horizontally polarized excitation light).

2.4.4. Drug Encapsulation Efficiency

The encapsulation efficiency, EE (%), of the potential anti-tumor drug in magnetoliposomes,
was determined through fluorescence emission measurements. Therefore, drug loaded
magnetoliposomes were subjected to centrifugation at 11,000 rpm for 60 min using Amicon®

Ultra centrifugal filter units 100 kDa (Merck Millipore, Darmstadt, Germany). Then, the filtrate
(containing the non-encapsulated drug) was pipetted out, the water was evaporated, and the
same amount of ethanol was added. After vigorous agitation, its fluorescence was measured,
which allowed it to determine the drug concentration using a calibration curve (fluorescence intensity
vs. concentration) previously obtained in the same solvent. Three independent measurements were
performed for each system and standard deviations (SD) were calculated. The encapsulation efficiency
was determined using Equation (7).

EE(%) =
(total amount − amount o f non encapsulated compound)

total amount
× 100 (7)

2.5. Structural Characterization

2.5.1. Transmission Electron Microscopy (TEM)

TEM images of nanoparticles and solid magnetoliposomes were acquired using a Transmission
Electron Microscope Leica LEO 906E (Leica Microsystems, Wetzlar, Germany) operating at 120 kV,
at UME (Electron Microscopy Unit), University of Trás-os-Montes and Alto Douro (Vila Real, Portugal).
For SMLs, a negative staining was employed, using a 2% aqueous solution of ammonium molybdate
tetrahydrate. In addition, 20 μL of the sample and 20 μL of the staining solution were mixed and a
drop of the mixture was placed onto a Formvar grid (Agar Scientific Ltd., Essex, UK), held by tweezers.
After 20 s, almost all the solution was removed with filter paper and left to dry. TEM images were
processed using ImageJ software (National Institutes of Health (NIH), Bethesda, MD, USA) with the
addition of a value to all pixels so that a white background resulted, which was followed by inversion
and enhanced local contrast. Subsequently, the ParticleSizer plugin [37] was used and was followed by
particle analysis. The area of each particle allowed an estimation of the particle diameter. The resulting
histogram was fitted to a bimodal Gaussian distribution.
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2.5.2. X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) analyses were performed using a conventional Philips PW 1710
(Royal Philips, Amsterdam, The Netherlands) diffractometer, operating with CuKα radiation, in a
Bragg-Brentano configuration.

2.5.3. Dynamic Light Scattering (DLS)

The mean diameter and size distribution (polydispersity index) of aqueous and solid
magnetoliposomes (1 mM lipid concentration) were measured using Dynamic Light Scattering (DLS)
equipment NANO ZS Malvern Zetasizer (Malvern Panalytical Ltd., Malvern, UK) at 25 ◦C, using an
He-Ne laser of λ = 632.8 nm and a detector angle of 173◦. The measurements were also carried out for
the magnetoliposomes in a solution of human serum albumin (35 mg/mL) in PBS buffer (pH = 7.4).
Five independent measurements were performed for each sample.

2.6. Magnetic Measurements

Magnetic measurements of the dry core/shell nanoparticles were performed at room temperature
in a Superconducting Quantum Interference Device (SQUID) magnetometer Quantum Design
MPMS5XL (Quantum Design Inc., San Diego, CA, USA) using applied magnetic fields up to 5.5 T.

2.7. Measurement of the Photothermal Effect

Solid magnetoliposomes incorporating the labelled lipid Rhodamine B-DHPE were irradiated
and Rhodamine B emission was monitored by a function of time, using the detection system of a SPEX
Fluorolog 2 spectrofluorimeter (HORIBA Jobin Yvon IBH Ltd., Glasgow, UK). The irradiation setup
consisted in a Xenon arc lamp (200 W) and an optical fiber, using a Thorlabs FEL0600 (Thorlabs Inc.,
Newton, NJ, USA) long pass filter with cut-on wavelength at 600 nm, to ensure the excitation of only
the gold nanoparticles (not exciting Rhodamine B dye).

3. Results and Discussion

3.1. Nanoparticles Characterization

3.1.1. Absorption Spectra

Figure 1 displays the UV-Visible absorption spectrum of the synthesized manganese ferrite/gold
core/shell nanoparticles. The absorption spectra of net gold nanoparticles and net manganese ferrite
nanoparticles are also shown for comparison.

The spectrum of manganese ferrite NPs is typical of an indirect semiconductor, as reported
earlier [26], while the spectrum of gold nanoparticles obtained by the standard Turkevish method [38]
reveals a characteristic local surface plasmon resonance (LSPR) band, with a maximum around 530 nm.
In comparison, the absorption spectrum of manganese ferrite/gold core/shell NPs exhibits a broader
and red shifted plasmon band (maximum at 550 nm). The absorption spectrum of gold nanoshells
depends on their thickness, as well as on the refraction index of both core and surrounding media [39].
Theoretical studies have shown that, for an air filled core of 10 nm size and a gold shell of 5 nm in
water medium, the resonance peak is expected to occur at 538 nm, while, for a 10-nm shell, it should
appear at 552 nm [40]. The increase of the core refraction index results in a red shift of the plasmon
resonance peak [39]. For a 3-nm gold shell thickness on a 10-nm magnetite core, a resonance peak at
560 nm was found [41].
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Figure 1. UV-Visible absorption spectra of aqueous dispersions of manganese ferrite nanoparticles,
gold nanoparticles, and MnFe2O4/Au core/shell nanoparticles.

3.1.2. X-Ray Diffraction (XRD) Measurements

XRD analysis confirmed the synthesis of a pure crystalline phase of manganese ferrite/gold
nanoparticles, since all their characteristic peaks (CIF 2300618 for manganese ferrite and CIF 9013035
for gold), marked by their indices, were observed (Figure 2b). The percentage amounts obtained
for MnFe2O4 and Au were 59.1% and 40.9%, respectively. Mean sizes of 13.3 nm for manganese
ferrite and 11.7 nm for gold, were estimated through a Rietveld analysis using Fullprof software [42].
Table 1 summarizes the main results of the Rietveld analysis. For the net manganese ferrite powdered
sample, it resulted in a poor RF factor of 9.0. It was possible to improve it by optimizing the overall
isothermal factor, Bover, but an unreasonable value of −2.79 was obtained. A similar improvement was
possible by accounting for the effect of sample microstructure (Figure 2a), according to Equation (8) [43],
which gives the micro-absorption correction term, P.

P = P0 + C
τ

sin θ

(
1 − τ

sin θ

)
(8)

where P0 is the bulk contribution to the micro-absorption effect and τ is the normalized surface
roughness parameter [43].

Table 1. Selected Rietveld analysis parameters.

Sample Ox,y,z (*) i (*)
Micro

Absorption
Correction

Overall
Temperature
Factor, Bover

Lattice
Constant

(nm)

Size
(nm)

Rf χ2

MnFe2O4 0.251 0.928 No 0 (+) 0.84693 13.8 9.03 1.33
MnFe2O4 0.251 0.898 No −2.79 0.84684 13.2 4.45 1.18
MnFe2O4 0.257 0.60 Yes (#) 0 (+) 0.84685 13.3 3.18 1.18

MnFe2O4/Au
0.257 (+) 0.60 (+)

Yes (##)
0 (+) 0.84685 (+) 13.3 4.70

1.56— — 0 (+) 0.406945 11.7 0.68

(#) P0 = 0.629, C = 1.31, τ = 0.055. (##) P0 = 0.607, C = 1.15, τ = 0.084. (+) fixed values. (*) Values in CIF file 2360018
are Ox,y,z = 0.25053 and i = 0.33.
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Figure 2. XRD diffractogram of manganese ferrite (a) and manganese ferrite/gold core/shell
nanoparticles (b). Gold diffraction peaks are marked by a filled triangle.

Considering μl = 0.01 (μ is the linear absorption coefficient and l is the mean chord length of the
powder particle) and the values in Table 1 for Equation (8) parameters, a degree of inversion of i = 0.60
is obtained for manganese ferrite. This value is close to the one reported by Chen et al. (i = 0.67) [44],
using a similar preparation method for MnFe2O4. The Rietveld analysis of gold phase was not optimal,
as the intensity of peak (111) is lower and that of peak (200) is higher than the experimental ones.
In addition, the analysis of MnFe2O4 phase decreased its quality, as the RF factor increased from
3.18 to 4.70 and the peak (311) got much lower than the experimental one. This could be due to the
expected shell morphology of gold in the prepared MnFe2O4/Au nanocomposites in which a layer
of gold grows on the MnFe2O4 surface. This morphology, through lattice mismatch induced stress,
is predictable to change the intensity of the diffraction peaks [45]. An atomistic modelling of the
core/shell nanoparticle is anticipated to yield a better description of the XRD diffractogram [46] and
this will be addressed in a future study. The obtained weight fraction of gold was 40.9%, but this is
calculated using proportionality factors between diffraction intensity and mass, ATZs [42], that do not
take into account the dependence of diffraction intensity on particle size. Since the lattice constant of
Au is less than half that of MnFe2O4, the reduction of diffraction intensity with particle size is much
more pronounced for Au than for MnFe2O4. This means that the value given by Fullprof software is
expected to be much lower than the real one. Considering the obtained size of manganese ferrite of
13.3 nm and using the phase densities that resulted from the XRD analysis (5.04 g cm−3 for MnFe2O4

and 19.4 g cm−3 for Au), the mass percentage of gold would be 98.7% if the obtained size of gold phase
(11.7 nm) corresponds to the shell thickness. This percentage would change to 95.6% if the obtained
size value of 11.7 nm corresponds to the double of the shell thickness. This would be true if the effect of
the two gold layers in given X-ray crosses contributes equally to the broadening of the diffraction peak.
Thus, from XRD data analysis, the thickness of the gold shell is expected to be 5.85 nm. This value
is compatible with the observed position of the surface plasmon resonance peak, as discussed in the
previous section. Additionally, in magnetite/gold core/shell nanoparticles, reported in Reference [41],
the diffraction peak widths were identical for the 10 nm magnetite core and for the 2 nm gold shell
(where its dimensions were obtained from HR-TEM measurements). Therefore, the actual value of the
gold shell thickness in MnFe2O4/Au NPs could be even lower.

A nanostructure consisting of a 5.85 nm gold shell surrounding a cluster of MnFe2O4 nanoparticles
cannot be ruled out. In that case, the calculated mass percentage of gold changes to 91% for a
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compact over-coating layer of 12 spheres. Nevertheless, in the case of gold shell growth, the magnetic
nanoparticles are dispersed in glycerol at a high temperature, before the addition of HAuCl4 solution.
This means the magnetic nanoparticles can effectively be dispersed with their surface well stabilized
and passivated by the abundant OH groups of glycerol. Furthermore, the formation of the gold shell
occurs through oxidation of glycerol. This process originates in other molecules, such as glyceric
acid or tartronic acid, which can act as gold surface stabilizers. This is the case in terms of the
citric acid in the Turkevish gold nanoparticles synthesis procedure [38]. Therefore, the prepared
MnFe2O4/Au core/shell nanoparticles are expected to be surface passivated by hydroxyacids and,
as such, well dispersible in aqueous media.

3.1.3. Transmission Electron Microscopy (TEM)

TEM images (Figure 3a) of the MnFe2O4/Au prepared nanoparticles and the corresponding
image after processing by ImageJ (Figure 3b) revealed a generally spherical shape with the presence
of some aggregation. These aggregates probably arise from the sample preparation on TEM grids
(slow evaporation of a drop of an aqueous dispersion of nanoparticles). The size histogram that results
from the area of the highlighted particles was fitted to a bimodal Gaussian distribution in order to
better separate the presence of aggregates from the individual nanoparticles (Figure 3c). A bimodal
size distribution of 25 ± 2 nm and 32 ± 6 nm was obtained. The former population is in accordance
with the size estimated from XRD measurements, which is 25 nm when the gold shell thickness is
5.85 nm.

(a) (b) (c) 

Figure 3. (a) TEM image of the synthesized MnFe2O4/Au core/shell nanoparticles. (b) TEM image
processed by ImageJ (same scale of image a). (c) Particles size histogram and fitting to a bimodal
Gaussian distribution (total number of 141 particles).

Below is a critical diameter of 42.9 nm. MnFe2O4 nanoparticles possess a superparamagnetic
behavior [47,48], losing at least 90% of the magnetization when an applied magnetic field is removed,
which is important for biomedical applications. The size of the nanoparticles obtained in this study is
within this limit, and, therefore, these NPs are suitable for applications in biomedicine.

3.2. Magnetic Properties

The magnetic properties of MnFe2O4/Au core/shell nanoparticles (Figure 4) were characterized
by measuring their magnetic hysteresis loop, which shows the relationship between the induced
magnetic moment and the applied magnetic field (H). The core/shell nanoparticles present a
superparamagnetic behavior since the ratio between remnant magnetization (Mr) and saturation
magnetization (Ms) is below 0.1 [49] (Table 2).
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Figure 4. Magnetization hysteresis loop of MnFe2O4/Au core/shell nanoparticles measured at room
temperature. Inset: Enlargement of the loop in the low field region.

Table 2. Coercive field (Hc), saturation magnetization (Ms), remnant magnetization (Mr), and ratio
Mr/Ms for MnFe2O4/Au core/shell nanoparticles at room temperature.

Hc (Oe) Ms (emu/g) Mr (emu/g) Mr/Ms

MnFe2O4/Au NPs 13.57 3.15 0.08 0.03

The low saturation magnetization values are due to the presence of a diamagnetic gold layer.
The gold shell thickness of MnFe2O4/Au core/shell nanoparticles was estimated using the magnetic
hysteresis cycle. The particles were considered to have a well ordered MnFe2O4 core covered by a
non-magnetic gold shell (with a thickness δ), acting as a “dead layer”. Thus, the obtained saturation
magnetization, Ms, is proportional to the core volume that possesses a spontaneous magnetization,
which is related to the thickness of the dead layer and to the particle diameter, through Equation (9) [49].

Ms = Ms0

(
1 − 6δ

D

)
(9)

where D is the particle diameter and Ms0 is the saturation magnetization of MnFe2O4.
Chen et al. [44] observed that the saturation magnetization of manganese ferrite depends on

particle size, which is estimated to be a value of 58 emu/g for MnFe2O4 nanoparticles of 13.3 nm
(also prepared by coprecipitation). Using this value, a gold layer thickness of δ = 4.0 nm is obtained for
particles with a diameter of 25 nm (from TEM) and Ms = 3.15 emu/g. This is roughly in accordance
with XRD results.

3.3. Magnetoliposomes as Drug Nanocarriers

The obtained magnetic/plasmonic nanoparticles were either entrapped in liposomes
(aqueous magnetoliposomes, AMLs) or covered by a lipid bilayer that forms the so-called solid
magnetoliposomes (SMLs). The potential of both types of magnetoliposomes as drug carriers was
investigated. A potential anti-tumor compound, which is a fluorescent thienopyridine derivative
(Figure 5), was incorporated into AMLs and SMLs and its fluorescence emission was studied.
This compound can be promising as an anticancer agent in oncological therapy, as it exhibited very low
growth inhibitory concentrations (GI50), between 3.5 μM (for A375-C5 melanoma cell line) and 6.4 μM
(for non-small cell lung cancer, NCI-H460 cell line), when tested in vitro in several human tumor cell
lines [28]. Moreover, the same compound has shown a very low affinity for the multi-drug resistance
protein (MDR1), which is a protein that promotes drug resistance in cells [50]. This compound exhibits
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fluorescence in several polar and non-polar media, but not in aqueous solution [50]. Therefore,
fluorescence-based methodologies (fluorescence emission, FRET, and fluorescence anisotropy) are
advantageous techniques to monitor behavior and location of this compound in magnetoliposomes.

Figure 5. Structure of the potential anti-tumor thienopyridine derivative.

3.3.1. Aqueous Magnetoliposomes

The emission of the thienopyridine derivative in AMLs and liposomes (the latter without
nanoparticles and with the same concentration of compound) is shown in Figure 6a. Since this
potential drug is not fluorescent in aqueous media [50], the emission observed is indicative of the
encapsulation of the compound in magnetoliposomes. A quenching of the compound fluorescence
is observed in AMLs relative to the liposomes, which confirms its incorporation in the magnetic
nanocarriers since this effect is attributed to the presence of the nanoparticles that absorb in a wide
wavelength range [26]. Figure 6b displays the absorption spectra of AMLs containing the core/shell
nanoparticles, with and without the anti-tumor drug, which confirms the successful loading of the
drug into the magnetoliposomes and shows the overlap of the absorption spectra of nanoparticles
with the compound fluorescence emission. This indicates that the nanoparticles can quench, by energy
transfer, the compound fluorescence, as already observed [26]. Additionally, the gold shell can also
introduce a quenching effect through electron transfer processes.

 
(a) (b) 

Figure 6. (a) Fluorescence spectra (λexc = 360 nm) of the anti-tumor compound (2 × 10−6 M) in
liposomes and AMLs of Egg-PC containing MnFe2O4/Au core/shell nanoparticles; (b) Absorption
spectra of AMLs containing the core/shell nanoparticles with and without the anti-tumor drug.

Moreover, the fluorescence anisotropy measurements (Table 3) confirmed that the anti-tumor
compound is located mainly in the lipid bilayer. The anisotropy values were analogous to those
previously determined in liposomes of the same lipids [50]. The behavior observed is similar to the one
previously reported for magnetoliposomes containing manganese ferrite nanoparticles (without the
gold shell) [26], which indicates that gold does not influence compound location in magnetoliposomes.
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Table 3. Steady-state fluorescence anisotropy (r) values, at 25 ◦C, for the anti-tumor compound in
magnetoliposomes in comparison with the values in neat liposomes.

Lipid r

Liposomes [50] Egg-PC 0.176

DOPG 0.181

AMLs
Egg-PC 0.173

DOPG 0.168

SMLs DOPG 0.175

The size of DOPG AMLs containing the magnetic/plasmonic nanoparticles were determined
by Dynamic Light Scattering (DLS), which exhibit hydrodynamic diameters of 152 ± 18 nm and
with a low polydispersity index (PDI = 0.19 ± 0.04). This size is larger than the one reported for
Egg-PC aqueous magnetoliposomes containing manganese ferrite nanoparticles [26], but very similar
to the one of DOPG solid magnetoliposomes based on MnFe2O4 [26]. In the presence of human
serum albumin (HSA), 35 mg/mL (typical concentration in serum) in PBS buffer, the size of AMLs
slightly increases and possesses hydrodynamic diameters of 157 ± 29 nm with a slightly higher
polydispersity (PDI = 0.23 ± 0.09). For enhanced permeability and a retention (EPR) effect of loaded
drugs, the diameter of (magneto)liposomes must be small. A successful extravasation into tumors
has been shown to occur for nanocarriers with sizes below 200 nm [51]. Moreover, an encapsulation
efficiency of EE (%) = 98.4 ± 0.8 was obtained for the anti-tumor thienopyridine derivative in these
aqueous magnetoliposomes, which anticipate that these systems contain MnFe2O4/Au NPs as very
promising nanocarriers for anti-cancer drugs.

The interaction of AMLs containing MnFe2O4/Au nanoparticles with Giant Unilamellar Vesicles
(GUVs), used as models of biological membranes, was also investigated. The aim of this study
was to evaluate the ability of magnetoliposomes to release drugs by fusing with cell membranes,
considering future applications in cancer therapy/theranostics. Taking into account the fluorescence
quenching caused by the presence of the core/shell nanoparticles, the emission of the anti-tumor
compound incorporated in aqueous magnetoliposomes was measured before and after interaction
with GUVs (Figure 7a). After interaction with GUVs, the observed unquenching effect indicates
the occurrence of membrane fusion between AMLs and the model membranes, with an increase
in the distance between the drug and the nanoparticles (decreasing the interaction that leads to
emission quenching).

 
(a) (b) 

Figure 7. (a) Fluorescence spectra (λexc = 360 nm) of the thienopyridine derivative (2 × 10−6 M) in
AMLs of Egg-PC containing MnFe2O4/Au nanoparticles, before and after interaction with GUVs.
(b) Fluorescence spectra (λexc = 400 nm) of AMLs containing both NBD-C6-HPC (2 × 10−6 M) and Nile
Red (2 × 10−6 M), before and after interaction with GUVs.
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To further confirm that this unquenching is, in fact, due to fusion between AMLs and GUVs,
the interaction between these two systems was also monitored by FRET (Förster Resonance Energy
Transfer). For that purpose, AMLs containing both the labeled lipid NBD-C6-HPC and the lipid probe
Nile Red [52–54] were prepared. In this case, the NBD moiety acted as the energy donor and the dye
Nile Red acted as the energy acceptor [55]. Exciting only the donor NBD, a strong band due to Nile
Red emission was observed (with maximum around 630 nm), which resulted from energy transfer to
Nile Red (Figure 7b). After interaction with GUVs, the donor fluorescence (λmax = 535 nm) increased
and the acceptor emission band decreased, which showed the diminution of FRET process efficiency
and, consequently, proved the membrane fusion between AMLs and GUVs.

3.3.2. Solid Magnetoliposomes

The preparation of solid magnetoliposomes, where a cluster of nanoparticles is successively
covered by two lipid layers, was performed using a methodology previously developed [30].
This method has proven to be successful for solid magnetoliposomes containing magnetic nanoparticles
of manganese ferrite [26], nickel ferrite [30], and magnetite [56]. To confirm that the same procedure can
be applied to nanoparticles with a gold shell, the formation of the lipid bilayer around MnFe2O4/Au
nanoparticles was confirmed by FRET.

The labeled lipid NBD-C6-HPC (NBD as energy donor) was included in the first lipid layer of the
SMLs and the lipid Rhodamine B-DHPE (rhodamine as the acceptor) was included in the second lipid
layer. The emission of SMLs containing only the NBD-labelled lipid and SMLs containing both donor
and acceptor labeled lipids were measured (Figure 8a), exciting only the donor NBD.

  
(a) (b) 

Figure 8. (a) Fluorescence spectra (λexc = 470 nm, no rhodamine excitation) of SMLs of DOPG
containing MnFe2O4/Au core/shell nanoparticles labeled with only NBD-C6-HPC and labeled with
both NBD-C6-HPC and rhodamine B-DHPE; (b) TEM image (dark field mode) of SMLs containing
core/shell nanoparticles (obtained with a negative staining).

The fluorescence spectrum of SMLs with only the donor shows, as expected, a characteristic NBD
emission band (λmax = 535 nm). On the other hand, the fluorescence spectrum of the SMLs containing
both donor and acceptor rates reveals a decrease in the NDB emission opposing the strong rise in the
rhodamine B emission band, which shows the energy transfer of the excited NBD moiety to rhodamine
B. A distance between donor and acceptor of rDA = 3.1 nm was determined, from the calculated FRET
efficiency of 0.65 (Equations (2)–(5)). Considering that donor and acceptor are each in one of the lipid
layers, the distance between them proves the bilayer formation in SMLs, considering the typical cell
membrane thickness (7–9 nm) [57]. TEM images of solid magnetoliposomes (Figure 8b) containing the
core/shell nanoparticles point to nanosystems with diameters around 100 nm. DLS measurements
revealed that these solid liposomes exhibit hydrodynamic diameters of 138 ± 19 nm and a low value
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for the polydispersity index (PDI = 0.20 ± 0.07). In the presence of HSA (PBS buffer, pH = 7.4), the size
determined by DLS rises to 160 ± 32 nm (PDI = 0.24 ± 0.08), but is still below 200 nm.

The incorporation of the anti-tumor thienopyridine derivative in SMLs and the fusion with
model membranes (GUVs) were confirmed in a similar way to the AMLs. As such, the emission of
compounds loaded in SMLs was measured, as well as the emission after interaction of the SMLs with
GUVs (Figure 9a). It was observed that a quenching effect of the compound fluorescence emission by
the presence of magnetic/plasmonic nanoparticles (relative to the observed in liposomes) indicates
incorporation of the thienopyridine derivative in the SMLs membrane. This quenching is more
pronounced than for AMLs due to the lower distance between the NPs cluster and the drug. Figure 9b
shows the absorption spectra of drug loaded and unloaded SMLs. Like in the case of AMLs, SMLs can
also absorb (through the core/shell nanoparticles) in the compound emission region.

 
(a) (b) 

Figure 9. (a) Fluorescence spectra (λexc = 360 nm) of the thienopyridine derivative (2 × 10−6 M),
in SMLs of DOPG containing MnFe2O4/Au core/shell nanoparticles, before and after interaction with
GUVs. (b) Absorption spectra of SMLs containing the core/shell nanoparticles, with and without the
anti-tumor drug.

The fluorescence anisotropy value of the anti-tumor drug in these SMLs is also similar to the
one in liposomes and AMLs of the same lipid (Table 3). This indicates that the main location of the
compound is in the lipid membrane, as reported for liposomes [50]. The drug encapsulation efficiency
in SMLs is slightly lower than the one for AMLs, EE (%) = 91.2 ± 5.2, but still quite high.

The unquenching effect detected upon interaction with GUVs proves membrane fusion of SMLs
with the model membranes. Again, these results are similar to the ones in magnetoliposomes containing
net MnFe2O4 nanoparticles [26] and, hence, the SMLs containing magnetic/plasmonic nanoparticles
are promising nanocarriers for this anti-tumor drug.

3.4. Magnetoliposomes as Agents for Phototherapy

For the study of photo thermal ability, solid magnetoliposomes containing MnFe2O4/Au
core/shell nanoparticles and including the labeled lipid Rhodamine B-DHPE were synthesized and
Rhodamine B emission was measured under irradiation (λ > 600 nm) along time (Figure 10). The local
heating produced by gold propagates by heat diffusion, resulting in quenching of the rhodamine
emission, due to the increase of efficiency of the non-radiative decay pathways. This effect is observed
in Figure 10, where a monotonic decrease in Rhodamine fluorescence intensity is detected along the
irradiation time, which leads to a local temperature increase. The solution temperature raised only
2 ◦C during irradiation time, but this increase also occurred in the absence of irradiation. This indicates
that the excitation light from the spectrofluorometer, which is always incident in the sample during
measurement, has higher intensity than the irradiation light (at λ > 600 nm), so that the effect of the
latter is negligible. When only the excitation light hits the sample, the rhodamine emission intensity
is approximately constant (Figure 10). On the contrary, upon irradiation at λ > 600 nm, an emission
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quenching occurs, that can only originate from a local temperature increase. The corresponding heat
must, therefore, originate from the photo-thermal effect of the gold nanoshell upon light irradiation
with λ > 600 nm. Huang et al. [58] studied local heating produced by laser irradiation of gold
nanoparticles in the interior of a cell, both experimentally and theoretically. It was found that, for a
50 mW laser power focused into a 0.1 mm spot, the temperature at the vicinity of gold nanoparticles
would increase from 25 ◦C to approximately 38 ◦C, after 4 min of irradiation and for an absorption
at the plasmon resonance wavelength of 0.1. Using a light power meter (Thorlabs PM100USB with
a S140C sensor), the light intensity through the λ > 600 nm filter was ~5 mW. Assuming 50% loss
upon the used coupling to an optical fiber with a 1-mm diameter, and considering the final irradiation
time of 120 min, the equivalent light power in the conditions of the calculations of Huang et al. [58]
would be ~18 mW. According to the reported linear relation between the calculated temperature
near gold nanoparticles and irradiation time [58], a local temperature increase of ~5 ◦C is expected.
This temperature increase is compatible with the observed rhodamine fluorescence quenching. A much
higher local temperature increase using laser irradiation of the developed magnetic/plasmonic lipid
covered systems is then expected.

Figure 10. Fluorescence intensity (normalized to initial intensity) of irradiated SMLs with MnFe2O4/Au
core/shell nanoparticles labelled with Rhodamine B-DHPE, as a function of time. For comparison,
the behavior without irradiation light is also shown.

Therefore, these results show that solid magnetoliposomes based on manganese ferrite/gold
core/shell nanoparticles are promising agents for plasmonic photothermal therapy. The local
temperature increase caused by irradiation of the core/shell nanoparticles will also promote an
increase in fluidity of the lipid membrane of liposomes, which enhances drug release.

4. Conclusions

In this work, liposomes containing magnetic/plasmonic nanoparticles with manganese ferrite
core and a gold shell were prepared. The multifunctional liposomes obtained, with sizes around or
below 150 nm, were revealed to be suitable nanocarriers for an anticancer drug (a thienopyridine
derivative), exhibiting high encapsulation efficiencies. Drug-loaded aqueous magnetoliposomes
(with the nanoparticles entrapped in liposomes) were able to interact with model membranes by fusion.
The solid magnetoliposomes (where the core/shell nanoparticles are covered by a lipid bilayer) have
shown the ability to be used in photothermia applications. Therefore, the multifunctional liposomes
containing MnFe2O4/Au core/shell nanoparticles were found to be promising agents for combined
chemo/phototherapy.
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Abstract: The aim of this work was to design and characterize a new nanovesicular nasal delivery
system (NDS) containing buspirone, and investigate its efficiency in an animal model for the treatment
of hot flushes. The presence of multilamellar vesicles with a mean size distribution of 370 nm was
evidenced by transition electron microscopy (TEM), cryo-scanning electron microscopy (Cryo-SEM),
and dynamic light scattering (DLS) tests. Pharmacodynamic evaluation of the nasal treatment
efficacy with the new system was carried out in ovariectomized (OVX) rat—an animal model for hot
flushes—and compared with other treatments. We found that the nasal administration of a buspirone
NDS resulted in a significant reduction in tail skin temperature (TST). This effect was not observed in
the control buspirone-treated groups. Buspirone levels in the plasma and brain of nasally-treated
normal rats were quantified and compared with those of rats that had received oral administration
by a LC-MS/MS assay. A significantly higher bioavailability was achieved with the new treatment
relative to an oral administration of the same drug dose. No pathological changes in the nasal cavity
were observed following sub-chronic nasal administration of buspirone NDS. In conclusion, the data
of our investigation show that buspirone in the new nanovesicular nasal carrier could be considered
for further studies for the development of a treatment for the hot flushes ailment.

Keywords: nanovesicular nasal carrier; nasal delivery system; buspirone; hot flushes; ovariectomized rat

1. Introduction

Currently, most of therapeutic products for hot flushes are based on hormone therapy (HT),
involving the administration of estrogen alone or in combination with progesterone. There is a growing
demand for a safer treatment alternative to HT for hot flushes [1].

Drugs affecting serotonin levels were investigated for non-hormonal therapies for hot flushes.
In a previous study, we reported that buspirone administrated in a transdermal system has efficiently
treated hot flushes in an animal model [2]. Buspirone—a 5-HT1A agonist—is currently administered
orally and indicated for the treatment of generalized anxiety disorder (GAD). Buspirone HCl belongs
to biopharmaceutics classification system (BCS) class I, being highly soluble and highly permeable.
However, oral administration of this drug is associated with low bioavailability: ~4% due to
an extensive first-pass metabolism [3]. In addition, this centrally acting drug lacks the ability to
penetrate the blood–brain barrier (BBB).

Nasal administration, being able to circumvent the first pass metabolism and bypass the BBB,
could be a promising alternative for the oral administration of buspirone. Despite this, the nasal
delivery of many molecules is poor, due to the low permeability of the nasal mucosa [4,5].

Touitou and Illum emphasized the role of the carrier in the design of an efficient nasal product [4].
To overcome the above drawbacks, we propose here the nasal administration of buspirone incorporated
in a new nanovesicular delivery system (NDS) to be tested in a hot flushes animal model. We have
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shown that the new vesicular nasal carrier enhanced the pharmacodynamic effect of a number of other
drugs [6–8].

Various aspects of nasal delivery of buspirone were previously studied [9–12]. Khan et al.
investigated the nasal clearance, bioavailability, and delivery to brain of buspirone in chitosan
mucoadhesive nasal formulation in vivo [9–11]. Mathure et al. studied the ex vivo permeation
of buspirone niosomes gel through sheep nasal mucosa [12].

In this work, we designed and characterized buspirone NDS, tested its pharmacodynamic effect
in an ovariectomized (OVX) animal model for hot flushes, and measured the drug levels in brain and
plasma. The safety of the local application of the nanovesicular system on the animal nasal cavity was
also examined.

To our knowledge, this pharmacodynamic effect of nasally administrated buspirone in a nanovesicular
carrier has not been previously investigated.

2. Materials and Methods

2.1. Materials

Buspirone HCl was a gift from Unipharm, Israel. Ethinylestradiol (EE) was purchased from
Sigma (Jerusalem, Israel). Phosphatidylcholine phospholipid, Phospholipon 90 G, was bought from
Lipoid GmbH (Berlin, Germany). Propylene glycol and Vitamin E (Tocopheryl acetate) were acquired
from Tamar (Rishon Lezion, Israel). Ethanol absolute (Gadot, Netanya, Israel) was acquired from
the Hebrew University warehouse. All of the other materials used in this work were of analytical or
pharmaceutical grade.

2.2. Animals

All of the procedures performed on animals were conducted according to The National Institutes
of Health regulations and approved by the Committee for Animal Care and Experimental Use of
the Hebrew University of Jerusalem, Ethics No. MD-11-12833-3 (2011–2015).

Sprague–Dawley female rats (weighing 250–360 g) were purchased from Harlan (Rehovot, Israel).
The rats were housed in separate cages and were maintained on a 12 h light, 12 h dark cycle, with lights
on from 07:00 to 19:00 daily with free access to food and water.

The administration of buspirone from all of the systems was carried out under short anesthesia
with isoflurane, including the animals in the control groups. This was sufficient to keep the rats sedated
for a short period of 1–2 min during the instillation of nasal formulations to prevent sneezing.

2.3. Preparation and Characterization of Buspirone NDS

The new carrier was composed of phospholipid: propylene glycol: ethanol at the ratio 1:4:3 per
weight. Additional components were vitamin E and water [6].

Buspirone NDS was prepared by a simple mixing method using an overhead Heidolph® stirrer
(Heidolph Digital 200 RZR-2000, Schwabach, Germany). Briefly, phospholipid was dissolved in
ethanol; then, propylene glycol and vitamin E were added. Buspirone HCl aqueous solution was then
added slowly with continuous mixing; the nanovesicles were generated at this stage.

In this work, we present the results obtained with 3% w/w buspirone NDS. The system was tested
for drug chemical content, the presence of nanovesicles, the size distribution of vesicles, viscosity, pH,
and three months’ stability.

2.3.1. Drug Chemical Content

The concentration of buspirone in the system was quantified by HPLC (Merck-Hitachi D-7000
equipped with an L-7400 variable UV detector, L-7300 column oven, L-7200 auto-sampler, L-7100
pump, and an Hardware Security Module (HSM) computerized analysis program, Tokyo, Japan).
The drug concertation in the samples was determined using a modified method described by
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Foroutan et al. [13]. The chromatographic conditions were set as follows: UV detection 240 nm, a Nucleosil
C18 125 mm × 4 mm 5 micron column with a mobile phase of acetonitrile: phosphate buffer 0.01 M pH
3.5 (40:60, v/v) at a flow of 1 mL/min.

2.3.2. Visualization of Vesicles by Transition Electron Microscopy (TEM) and Cryo-Scanning Electron
Microscopy (Cryo-SEM)

For transition electron microscopy (TEM) visualization, one day before the examination, the system
was diluted 1:10 with suitable diluent and stained with 1% aqueous solution of phosphotungstic acid
(PTA), dried at room temperature for 20 min, and viewed under the microscope (Philips TECHNAI CM
120 electron microscope, Eindhoven, The Netherlands) at 26.5–110 k-fold enlargement.

For cryo-scanning electron microscopy (cryo-SEM) visualization, specimen preparation was
performed with a BAF-060 system (BalTec AG, Balzers, Liechtenstein). A small drop of the buspirone
NDS was placed on an electron microscopy copper grid and sandwiched between two gold planchettes.
The “sandwich” was plunged into liquid ethane at its freezing point, transferred into liquid nitrogen,
and inserted into a sample fracture block that had been pre-cooled by liquid nitrogen. The block was
split open to fracture the frozen sample drop. A Pt–C conductive thin film of 4 nm was deposited on
the surfaces (at a 90◦ angle). The coated specimens were transferred under vacuum by a BalTec VCT100
shuttle that had been pre-cooled with liquid nitrogen into a Zeiss Ultra Plus High-Resolution Scanning
Electron Microscope (HR-SEM) (Oberkochen, Germany), and maintained at −150 ◦C. The microscopic
examination was performed under 3000-fold enlargement.

2.3.3. Vesicles Size Distribution by Dynamic Light Scattering (DLS)

Buspirone NDS was analyzed using a Malvern Zetasizer-nano, ZEN 3600, Malvern Instruments,
Malvern, UK. The system was diluted 1:500 with suitable diluent one hour prior to measurement.
Three batches of each system were tested. Each batch was analyzed by intensity, three times, at 25 ◦C.
The duration and the set position of each measurement were fixed automatically by the apparatus.

2.3.4. Viscosity and pH of the System

The viscosity of the nanovesicular system was measured by Brookfield DV III Rheometer -LV
(Brookfield engineering labs, Stoughton, MA, USA), spindle 18 and a small sample adaptor, at a rotation
speed of 30 rpm.

The pH measurements were performed by a Fisher pH meter (Fisher Instruments, Pittsburgh,
PA, USA). The system was diluted with double distilled water 1:5. All of the measurements were duplicated.

2.3.5. Stability Test for Buspirone NDS

Changes in drug chemical content, structure, and size distribution of the nanovesicles, viscosity,
and pH of the system were measured and compared to zero time values following three months
storage at room temperature (RT).

2.4. Pharmacodynamic Effect Evaluation in Animal Model

2.4.1. Animal Model

The protocol for the animal model and the experiments was conducted according to The National
Institutes of Health regulations and approved by the Committee for Animal Care and Experimental
Use of the Hebrew University of Jerusalem, as above in Section 2.2.

The effect of nasal administration of buspirone NDS on a hot flushes animal model was
tested in bilateral ovariectomized rats (OVX). This is a model for estrogen deficiency-associated
thermoregulatory dysfunction. The treatment effect was evaluated by monitoring the changes in tail
skin temperature (TST) [2].
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A total of 71 rats weighing 250–330 g underwent bilateral ovariectomies (OVX) (n = 63) or sham
surgeries (n = 8) (which left their ovaries intact) at Harlan Biotech (Rehovot, Israel) followed by
a recovery period of two weeks. No surgical or medical complications were observed.

Sixteen rats were used to test the animal model (including the eight sham and eight OVX),
and 55 OVX rats were used for testing various treatments.

To test the reliability of the OVX animal model, the increase in the TST in OVX rats was assessed as
compared with sham animals. The TST values for sham animals were considered the normal values [14].

2.4.2. Treatments and TST Measurements

For testing various treatments, 48 OVX animals were divided into six groups (n = 8/group) as
follows: single administration of 3 mg/kg buspirone from NDS as compared to nasal aqueous solution
(NAQ), oral aqueous solution (PO), and subcutaneous injection (SC). In addition, the effect of buspirone
NDS was evaluated compared to the positive control, ethinylestradiol (EE), which was administrated
subcutaneously to OVX rats at a dose of 0.3 mg/kg once daily for seven days. Untreated OVX rats
served as control. A 3% w/w buspirone aqueous solution was used as the nasal or oral control system,
while a 0.3% w/w buspirone solution in normal saline was used for SC administration. The 0.03% w/w
ethinylestradiol SC solution was prepared in sesame oil. The administrated volumes were calculated
to achieve a dose of 3 mg/kg buspirone and 0.3 mg/kg EE to each animal.

The experiments were carried out in two replicates; each replicate included four rats for each
treatment group. The intra and interobserver variations were ≤4.6% and 3.9%, respectively. The drug
dose was chosen following the evaluation of the dose- effect relationship (data is not shown).

TST was measured using Thermalert TH-5 (Physitemp Instruments Inc., Clifton, NJ, USA).
A thermocouple skin sensor probe SST-1 (Physitemp Instruments Inc., Clifton, NJ, USA) was fixed
on the dorsal surface of the tail approximately one cm away from the base, and the animals were
retained in a flat-bottomed restraint during the 30–60 s sampling period. All of the measurements
were performed from 10:00 to 15:00 and at 21.5 ± 0.1 ◦C.

On the day of the experiment, the rats were acclimatized in the experiment room for two hours.
TST values were recorded before treatment (baseline) and 30 min, 60 min, 120 min, 180 min, and 240 min
after treatment.

The following parameters were used to evaluate the effect of the various treatments: the average
TST value (TSTave, ◦C) for each time point was the average of the readings recorded in the two
experimental replicates for animals in the same treatment group [15]. The ΔTST value for each
treatment at a certain time point was obtained by subtracting TSTave at baseline from the value at that
time point. The duration of effect is the time period (min) in which TSTave is statistically different
from the TST at baseline [16].

As a next step, we determined the onset of the action of buspirone NDS by measuring the TST
values of OVX rats each minute following the treatment (n = 7).

2.5. Determination of Buspirone Levels in Rat Plasma and Brain

The concentration of buspirone in the plasma and brain tissue of normal animals at various time
points was measured post-dose of 3 mg/kg drug nasal administration in NDS and oral administration
(PO).

2.5.1. Drug Concentration in Plasma Measurement

Ten rats were randomly divided equally into two groups of five animals. Blood samples of
400–500 μL were collected from tail 5 min before treatment (zero-time point) and 5 min, 10 min, 20 min,
30 min, 60 min, 120 min, and 240 min after drug administration.

Briefly, blood samples were centrifuged at 3000 rpm for 10 min at room temperature, and plasma
was transferred and stored at −20 ◦C until assayed. On the day of analysis, the samples were thawed,
and buspirone was extracted from plasma by a modified protein precipitation method described by
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Foroutan et al. [13]. One hundred microliters of plasma samples were extracted with 125 μL acetonitrile
and diluted with 275 μL of water. Samples were centrifuged at 14,000 rpm for 5 min at room temperature.
Supernatants were filtered and injected into LC-MS/MS (Thermo Scientific, San Jose, CA, USA).

2.5.2. Drug Concentration in Brain Tissue Measurement

Sixteen rats were randomly divided into four equal groups for testing two time points and two
treatments. Animals were sacrificed 10 min or 30 min after administration. Brains were collected,
immediately weighed, and kept at −70 ◦C until analysis. Brain tissues were purified by a modified
liquid–liquid extraction method described by Lai et al. [17]. On the day of analysis, the brain tissues
were thawed and homogenized with 2 mL of water/g brain tissue. The homogenates were alkalinized
with 10% w/v NaOH solution. Buspirone was extracted with 5 mL a mixture (4:1) of hexane and
ethyl acetate. Samples were then centrifuged at 4000 rpm for 45 min at 4 ◦C. Supernatants were
collected and evaporated at room temperature. Dried residues were reconstituted with mobile phase,
and centrifuged at 14,000 rpm for 10 min at room temperature. Final supernatants were filtered and
injected into LC-MS/MS.

2.5.3. Buspirone LC-MS/MS Assay

Buspirone content in plasma and brain was quantified by a specific validated LC-MS/MS
method according to the FDA regulation guidelines of bioanalytical validation. A Kinetex™ column
(2.6 μm Minibore C18 50 × 2.1 mm, Phenomenex®, Torrance, CA, USA) was used. Flow rate and injection
volume were 400 μL/min and 5 μL, respectively. At these defined conditions, the retention time of
buspirone was 1.33 min. Buspirone plasma levels were expressed in ng/mL, and in ng/g in brain
tissue. Standard calibration curves of buspirone hydrochloride were prepared with plasma and brain
homogenates spiked with known amounts of drug (1–1000 ng/mL and 100–500 ng/g, respectively).
For the standard calibration curve, each concentration was injected five times, and the experiment was
duplicated. The inter-coefficients and intra-coefficients of variation were <2.2% and 4.0%, respectively.
The sensitivity of the method was 1 ng/mL, and the recovery was 78% and 96.3% for plasma and
brain, respectively.

The following parameters were used to evaluate the concentration profile in plasma: Cmax,
Tmax, and AUC0-240 (from zero to 240 min). The AUC0−240 [NDS] and AUC0-240 [PO] represent
the means of individual AUC0-240 from nasal and oral experimental groups, respectively. The area
under the curve of plasma concentration was calculated using the linear trapezoidal rule. All of
the pharmacokinetic parameters were calculated using a windows-based program for noncompartmental
analysis of pharmacokinetic data, NCOMP; version 3.1 11-SEP-97 in (c) 1996-7 Fox Chase Cancer Center
(Philadelphia, PA, USA).

The relative bioavailability (F %) was calculated according to the following equation:

F % = [(AUC0 − 240 [NDS] × DOSEPO)]/[(AUC0 − 240 [PO] × DOSE NDS)] × 100

2.6. Local Safety Assessment

In this experiment, we evaluated the effect of buspirone NDS on the nasal cavity in rats by a method
previously described by Duchi et al. [7,8]. In brief, six rats were divided into three equal groups. Rats in
the nasal administration groups received 15 μL of buspirone NDS or saline into both nostrils twice a day
for seven days. Two rats were untreated and served as a negative control. At the end of the experiment,
animals were sacrificed, and their nasal cavities were removed and fixed in 3.8% buffered formaldehyde,
pH 7.4. Sections of the nasal cavity were cut serially at 7-μm thickness and stained with hematoxylin and
eosin. The sections were examined by a professional histopathologist (Authority for Animal Facilities,
Hebrew University of Jerusalem, Israel) by Zeiss Axioskop 2 plus (Oberkochen, Germany). Local toxicity
was assessed by evaluating the histopathological alterations in different regions of the nasal cavity
(cartilage and turbinate bone, lamina propria and submucosa, mucosal epithelium and lumen).
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2.7. Statistical Analysis

Data is reported as mean ± SD and analyzed by one-way ANOVA with the Tukey–Kramer multiple
comparisons post-test or by unpaired two-tailed t-test. p < 0.05 is considered significant in all cases.

3. Results

3.1. Buspirone NDS Characterization

The TE and cryo-SE micrographs presented in Figures 1 and 2 indicate the presence of nanovesicles
in the tested samples.

 

Figure 1. A multilamellar vesicle apparent in the transition electron (TE) micrograph of a buspirone
nanovesicular delivery system (NDS) (110 k, Philips TEM CM 120 electron microscope).

 

Figure 2. Cryo-scanning electron (cryo-SE) micrograph of a buspirone NDS (Zeiss Ultra Plus HR-SEM)
showing multiple nanovesicles.

The micrograph in Figure 1 shows a spherical multilamellar nanovesicle.
The mean size distribution of the vesicles obtained by DLS measurements was 370.0 ± 68.8 nm.
Other important system characteristics were viscosity 72.7 ± 8.1 cP and pH 5.8 ± 0.2.
Stability tests results for samples kept three months at room temperature are given in Table 1 and

Figure 3.
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Figure 3. TE micrographs of buspirone NDS after three months of storage at room temperature (RT).

Table 1. Stability parameters for buspirone nasal nanovesicular delivery system (NDS) at zero time
and after three months of storage at RT (mean ± SD).

Time 0 Time Three Months % of Initial after Three Months *

Drug Content, % w/w 3.13 ± 0.05 2.88 ± 0.02 92.0
Vesicles Mean Size Distribution, nm 395.1 ± 162.9 332.6 ± 111.1 84.0

Viscosity, cP 87.0 ± 3.1 91.0 ± 4.3 104.6
pH 5.73 ± 0.10 5.85 ± 0.05 102.1

* Calculated by the following equation: (value after three months/value at 0 time) × 100%.

As shown in Table 1, the percentage of change in drug content, viscosity, and pH after three months’
storage at RT were less than 10% compared to the values at the initial time (zero time) storage. It is
noteworthy that although the mean size distribution of vesicles decreased by 16%, the values remained in
the initial nanosized range. No changes in the appearance of the vesicles were observed; the vesicles kept
their spherical shape and multilamellar arrangement (Figure 3). These results suggest that the nanovesicular
buspirone NDS preserved its characteristics and structure during the tested storage period.

3.2. Effect of Buspirone Nasal Administration on TST Values in Animal Model

The effect of buspirone NDS on TST values was tested in OVX animals.
The first step was to validate the OVX animal model by comparing the TST values in untreated

OVX rats versus intact rats (sham-operated). The TSTave (◦C) values in OVX rats at all of the tested
time points were significantly higher than the values obtained in sham rats with an overall mean TST
of 28.8 ± 0.3 ◦C vs. 26.1 ± 0.3 ◦C, respectively (p < 0.001) (Figure 4).
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Figure 4. Tail skin temperature (TST) average values in untreated ovariectomized (OVX)
Sprague–Dawley female rats and an untreated sham group. Data represent the mean ± SD, n = 8 for
each group. *** p < 0.001 extremely significant by unpaired two-tailed t-test.

Buspirone was administrated at a dose of 3 m/kg as follows: in NDS, nasal aqueous solution,
subcutaneous injection, and oral solution, and compared with results in untreated OVX rats. The TST
baseline values were ≥28.5 ◦C in all of the OVX animal groups. The results in Figure 5 show that
the nasal drug administration of buspirone NDS leads to a rapid and significant reduction in TST 30 min
after treatment, achieving TSTave and ΔTST values of 26.26 ± 0.86 and −2.40 ± 0.48 ◦C, respectively.
The treatment resulted in a statistically significant decrease in TST over the four hours of tested time as
compared with PO, NAQ, or untreated OVX animals.

TST values reduction at 30 min was seen only in the treatment with buspirone NDS. At this time point,
the TST values for all of the other controls were comparable to those of untreated OVX animals. At 60 min,
low changes in TST were measured for the NAQ and PO groups. Further, the first significant reduction for
the SC-treated group was at 60 min, indicating a relatively slow onset of action (Figure 5 and Table 2).

Table 2. Pharmacodynamic parameters of buspirone NDS administration to OVX rats as compared
with controls (n = 8 for each group), mean ± SD.

System Mean ΔTST, ◦C Duration *, (min) Max ΔTST, ◦C (Time, min)

NDS ** −2.61 ± 1.07 210 −3.88 ± 0.95 (120)
NAQ ** −0.46 ± 0.75 60 −1.16 ± 0.88 (60)

PO ** −0.39 ± 1.05 60 −0.58 ± 0.91 (120)
SC ** −1.86 ± 1.78 180 −3.71 ± 1.15 (180)
EE *** −2.71 ± 0.47 240 −3.55 ± 0.20 (30)

TST, tail skin temperature; NDS, nasal nanovesicular delivery system; PO, oral administration; NAQ, nasal
aqueous solution; SC, subcutaneous injection; EE, subcutaneous ethinylestradiol injection. * Duration of effect
is the time at which the average TST is statistically different from the TST at baseline by one-way ANOVA,
with the Tukey–Kramer multiple comparisons post-test. ** Buspirone administrated from systems at a single dose
of 3 mg/kg. *** Subcutaneous ethinylestradiol administrated at a dose 0.3 mg/kg once daily for 7 days.

The calculated pharmacodynamic parameters of the above described experiments are presented
in Table 2. The duration of a statistical significant effect on TST was 210 min for buspirone NDS
administration and only 180 min and 60 min for SC and NAQ or PO, respectively. In addition,
the absolute values of mean and maximum ΔTST were significantly higher in OVX rats treated with
buspirone NDS than in the three control groups.

Further, it was interesting to compare the effect of one buspirone NDS treatment with one week
of repeated subcutaneous EE.
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The mean ΔTST values obtained were −2.61 ± 1.07 and −2.71 ± 0.47 for the nasal administration
and the end of one week EE administration, respectively (Table 2). The TST values were near the
baseline in the normal rat model.

Another important parameter is the onset of action of buspirone NDS. The evaluation was carried
out by measuring the TST values of OVX rats each minute for the first 30 min following the treatment.
The baseline TST value was 28.3 ± 0.5 ◦C; a slight increase was observed in the first five minutes
following treatment, which could be a result of stress from anesthesia and administration procedures.
At 10 min, a temperature reduction was measured followed by significant decrease at 15 min (p < 0.05)
lasting to the end of experiment.

Figure 5. TST average values after buspirone NDS administration to OVX rats at dose 3 mg/kg
compared to nasal aqueous solution (NAQ), oral administration (PO) and subcutaneous injection
(SC) and in untreated control at: (A) baseline (BL); (B) 30 min; (C) 60 min; (D) 120 min; (E) 180 min;
and (F) 240 min time points. Data represent the mean ± SD, n = 8 for each group. * p < 0.05, significant,
** p < 0.01 very significant, *** p < 0.001 extremely significant; compared to control (untreated OVX) by
one-way ANOVA, with the Tukey–Kramer multiple comparisons post-test.
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3.3. Buspirone Levels in Plasma and in Brain

Plasma and brain drug concentration as a function of time were measured following a single
dose of 3 mg/kg buspirone nasal administration to normal rats from NDS and compared with a PO
administration of a similar dose.

The results show that nasal drug administration produced a rapid increase in the drug
plasma levels reaching concentrations of 764.2 ± 420.0 ng/mL and 478.2 ± 253.8 ng/mL at
5 min and 10 min post-administration, respectively. Then, the drug concentration decreased
gradually 240 min after administration. Following oral administration, a relatively slow and mild
increase in buspirone concentration was measured, 109.7 ± 74.9 ng/mL, 141.7 ± 95.3 ng/mL and
157.1 ± 102.9 ng/mL at 5 min, 10 min, and 20 min, respectively. A slow decrease occurred after
20 min, and the drug levels reached zero 240 min post-administration. The calculated parameters
indicated that the drug nasal administration allowed for a four times higher Cmax value than oral
administration (764.2 ± 420.0 ng/mL and 181.5 ± 106.5 ng/mL, respectively) with a three times shorter
Tmax value (5.0 ± 0.0 min and 15.0 ± 7.1 min, respectively). The calculated AUC0−240 [NDS] and
AUC0−240 [PO] values were 27515.3 ± 9104.4 and 12089.3 ± 8826.3, respectively, indicating a relative
plasma bioavailability of 212.7% (Figure 6, Table 3).

Figure 6. Plasma buspirone concentration-time profile after the administration of buspirone NDS to
rat at a dose of 3 mg/kg compared with oral administration (PO). Data given as mean ± SD, n = 5 for
each group. * p < 0.05 significant by an unpaired two-tailed t-test.

Table 3. Pharmacokinetic parameters following the administration of 3 mg/kg buspirone in NDS and
PO to rat at a similar dose (n = 5, for each group), mean ± SD.

Pharmacokinetic Parameter
Administration Mode

NDS PO

Tmax (min) 5.0 ± 0.0 15.0 ± 7.1
Cmax (ng/mL) 764.2 ± 420.0 181.5 ± 106.5

AUC0−240 (ng × min/mL) 25,715.3 ± 9104.4 12,089.3 ± 8826.3

NDS: nasal nanovesicular delivery system; PO: oral administration. Cmax: maximum plasma concentrations;
Tmax: time at which Cmax is achieved; AUC0−240: area under the curve from zero time to 240 min.

Drug quantities measured in the brain tissue at 10 min and 30 min post-buspirone NDS administration
were 688.4 ± 204.7 ng/g and 511.1 ± 149.4 ng/g, respectively. It is noteworthy that the drug concentrations
that were detected in the brain tissue following PO administration were lower by five and two times
(179.6 ± 58.8 ng/g and 258.9 ± 91.7 ng/g at 10 min and 30 min, respectively) (Figure 7).
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Figure 7. Brain buspirone concentrations after administration of buspirone NDS to rat at a dose of
3 mg/kg compared with oral administration (PO). Data represent the mean ± SD, n = 5 for each group.
* p < 0.05 significant by unpaired two-tail t-test.

3.4. Local Safety

Histopathological analysis of the cavity and nasal tissue following sub-chronic buspirone NDS
administration was assessed by comparing the nasal cavities treated with the new system or with
saline and untreated rats.

No pathological findings were observed in the histopathological analysis of the nasal cavities
excised from rats in the buspirone NDS and saline groups (images not shown). The results show intact
mucosal epithelium, empty lumen, and no infiltration of inflammatory cells. Overall, there was no
evidence of inflammation. Turbinate bone integrity was preserved. Epithelium was normal with no
evidence of erosion or ulceration, and ciliated epithelium was intact. These findings are sustained by
previous results obtained with tramadol NDS [7].

4. Discussion

Nasal administration is a nice alternative to improve the bioavailability of drugs that are poorly
absorbed by the oral route. This mode of administration is generally associated with good patient
compliance [4]. However, the nasal administration of some drugs may also result in low absorption due
to their insufficient permeation across the nasal mucosa [18]. In previous publications, we proposed
a new effective and safe nasal nanovesicular carrier for various drugs and treatments. The enhanced
effect of drugs in pain and Multiple Sclerosis animal models was achieved following nasal administration
using this delivery system [6–8].

In this work, we designed and characterized buspirone NDS, which is the nanovesicular carrier
containing the drug. The effect of this system on hot flushes was evaluated in OVX rats. The OVX
rat model used in the present study for pharmacodynamic evaluation is an acceptable model for
estrogen deficiency-associated thermoregulatory dysfunction [2,14]. Subsequently, the elevation in
TST is considered similar to menopausal hot flushes in women [19,20].

The ability of the new nasal nanovesicular system to enhance the systemic and brain delivery of
buspirone was also investigated.

We found that the system is composed of spherical nanosized multilamellar vesicles, as evidenced
by electron microscopy and DLS measurements. The pH of buspirone NDS was shown to be within
the suitable range for nasal administration. Moreover, the system was stable for three months of
storage at RT.
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Treating OVX rats nasally with buspirone NDS lead to a significant reduction in TST. The effect was
higher and over a longer time period than oral ornasal aqueous solutions, or subcutaneous injection.

The improved systemic and brain delivery of buspirone were proven by higher drug levels
achieved in plasma and the brain (Cmax), in addition to shorter Tmax values following administration
in the nanovesicular system compared with oral administration. The efficient delivery of buspirone
to the brain via the nanovesicular NDS points toward the ability of the system to target the drug to
the animal brain.

It is notable that other non-hormonal drugs including serotonin/norepinephrine reuptake
inhibitors, gabapentinoids, and clonidine have been considered for the management of vasomotor
symptoms (VMS) to overcome the side effects of HT [21]. These drugs are usually administered via
the oral route.

The treatment we suggest here presents a new approach to be further investigated for hot flushes
management in cases where women experience symptoms hourly, or suffer from night sweats and sleep
disturbances. It is also suggested to be helpful in menopause women suffering from VMS associated with
anxiety, owing to the approved anxiolytic effect of buspirone [22]. In addition, the nasal administration
of buspirone could avoid drugs interaction in the gastrointestinal tract when the oral administration of
other drugs is required.

5. Conclusions

Buspirone that was incorporated in the new nanovesicular carrier delivered nasally to the OXV
animal model for hot flushes was more efficient than the administration of the same drug dose in nasal
or oral aqueous solutions and subcutaneous injection. Buspirone levels in the brain and plasma of
rats following nasal administration of the drug in the new carrier were superior to those measured
in oral administration. Sub-chronic nasal administration of the buspirone nanosystem has shown no
pathological changes in the mucosa for the tested period.

The feasibility data generated in this investigation point toward the possibility of considering
buspirone NDS for further studies, and the development of a non-hormonal treatment of hot flushes.

6. Patents

Touitou, E.; Godin, B.; Duchi, S. Compositions for nasal delivery. 2014. US patent 8,911,751 B2.
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Abstract: Recent advancements in drug delivery technologies utilizing a variety of carriers have
resulted in a path-breaking revolution in the approach towards diagnosis and therapy alike in the
current times. Need for materials with high thermal, chemical and mechanical properties have led
to the development of mesoporous silica nanoparticles (MSNs). These ordered porous materials
have garnered immense attention as drug carriers owing to their distinctive features over the others.
They can be synthesized using a relatively simple process, thus making it cost effective. Moreover,
by controlling the parameters during the synthesis; the morphology, pore size and volume and
particle size can be transformed accordingly. Over the last few years, a rapid increase in research
on MSNs as drug carriers for the treatment of various diseases has been observed indicating its
potential benefits in drug delivery. Their widespread application for the loading of small molecules
as well as macromolecules such as proteins, siRNA and so forth, has made it a versatile carrier.
In the recent times, researchers have sorted to several modifications in the framework of MSNs to
explore its potential in drug resistant chemotherapy, antimicrobial therapy. In this review, we have
discussed the synthesis of these multitalented nanoparticles and the factors influencing the size and
morphology of this wonder carrier. The second part of this review emphasizes on the applications
and the advances made in the MSNs to broaden the spectrum of its use especially in the field of
biomedicine. We have also touched upon the lacunae in the thorough understanding of its interaction
with a biological system which poses a major hurdle in the passage of this carrier to the clinical level.
In the final part of this review, we have discussed some of the major patents filed in the field of MSNs
for therapeutic purpose.

Keywords: mesoporous silica nanoparticles; MCM-41; protocells; SBA-15; Stober’s synthesis;
tetraethyl orthosilicate

1. Introduction

Modern nanotechnology has evolved as the principal component of science in the current century.
Over the years, diagnosis of diseases and its therapy is constantly leaping milestones due to the
application of nanotechnology in the field of biomedicine. The evolution of nanomedicine and green
technology for its production have been a great boon and have shifted paradigms in therapy and tissue
engineering, owing to the advantages of nanocarriers such as a high surface area to volume ratio,
unique features of surface modification and engineering to obtain particles of various sizes, shapes and
different chemical characteristics. These have proven to be biocompatible, biodegradable and non-toxic
which adds to its advantages [1–5]. Lipid-based nanocarriers [6–8], polymeric nanoparticles [9–11],
dendrimers [12] have revolutionized the therapy for various conditions especially cancer and infectious
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diseases. Many of these products have been approved and are commercially available. Table 1 enlists
some of the marketed nanomedicines.

Table 1. List of some marketed products containing nanoparticles.

Marketed Product Formulation Drug Use References

AmBisome® Liposome Amphotericin B Antifungal [13]
DaunoXome® Liposome Daunorubicin Kaposi’s sarcoma associated with HIV [14]

Doxil® Liposome Doxorubicin Kaposi’s sarcoma associated with
HIV, breast cancer, ovarian cancer [15]

Myocet® Liposome Doxorubicin Breast cancer [16]
Emend® Nanocrystals Aprepitant Antiemetic [17]

Megace ES® Nanocrystals Megestrol acetate Anorexia [17]
Tricor® Nanocrystals Fenofibrate In hypercholesterolemia [17]

Apart from the above mentioned organic nanoparticles, inorganic nanoparticles have also
been widely explored for their application in biomedicine. Out of them, quantum dots, iron oxide
nanoparticles have been approved and are commercially available. Carbon dots, nanoparticles of gold,
silver, various other metal oxides, layered double hydroxide nanoparticles and silica nanoparticles
have been widely used for various diagnostic and therapeutic purposes [2,18–20]. Of these, silica
nanoparticles comprising of organic dyes and radioactive iodide known as Cornell dots (C dots) has
successfully attained an important benchmark of safety by its approval for Phase I human trials which
is vital for any substance requiring Investigational New Drug (IND) approval. C dots are core-shell
silica nanoparticles containing fluorescent molecules within the silica core surrounded with silica shell
which is further coated with polyethylene glycol (PEG). C dots were first developed by the Spencer T.
Olin Professor of Engineering, Ulrich Wiesner from Department of Materials Science and Engineering
at Cornell University [21,22].

Silica nanoparticles with mesopores–referred to as mesoporous silica nanoparticles (MSNs)–have
gained wide popularity over the recent years. Its advantages of uniform and tunable pore size, easy
independent functionalization of the surface, internal and external pores and the gating mechanism of
the pore opening make it a distinctive and promising drug carrier. Scientists have successfully worked
on the utilization of these carriers for loading variety of cargo ranging from drugs to macromolecules
such as proteins [23,24], DNA [25,26] and RNA [27,28]. An exhaustive set of literatures are available
and research is still underway in evaluating new avenues for the use of MSNs in drug delivery. Several
reviews pertaining to MSNs in improving the solubility of the drug [29,30], as controlled/sustained
drug delivery system [31], applications in biomedicine [32,33] have been published. The present review
focuses on literatures published on a broad perspective of MSNs ranging from synthesis to the patents
filed. In doing so, we realize that all the reported papers in each of the areas could not be discussed in
detail. We have detailed and overviewed the recent research and patents applied for MSNs specifically
on Mobil Crystalline Materials (MCM-41) and Santa Barbara Amorphous type material (SBA-15). An
overview of the synthesis and theory behind the formation of MSNs is provided to discuss the factors
affecting the shape and size of MSNs. The major research in the field of MSNs related to the biomedical
applications for therapy based on small molecules and the related patents literature are included.

2. Origin of Mesoporous Silica Materials

Although the synthesis of mesoscopic materials dates back to 1970s, Mobil Research and
Development Corporation was the first to synthesize mesoporous solids from aluminosilicate gels
using liquid crystal template mechanism in the year 1992. They designated it as (Mobil Crystalline
Materials or Mobil Composition of Matter) MCM-41. As per IUPAC, mesoporous materials are defined
as the one having a pore size in the range of 2–50 nm and an ordered arrangement of pores giving
an ordered structure to it [34–36]. The pore size of these could be varied and tuned through the
choice of surfactants used. Generally, MCM-41 is hexagonal with a pore diameter of 2.5 to 6 nm
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wherein cationic surfactants were used as templates. MCM-41 is one of the most widely explored
materials for drug delivery. Apart from this, various other materials of mesoporous nature have
also been synthesized by varying the starting precursors and reaction conditions. These may vary in
their structural arrangement or the pore size. MCM-48 has a cubic arrangement whereas MCM-50
has a lamella-like arrangement [37]. Non-ionic triblock copolymers like alkyl poly(ethylene oxide)
(PEO) oligomeric surfactants and poly(alkylene oxide) block copolymers have also been used as a
template which has been designated as SBA-11 (cubic), SBA-12 (3-d hexagonal), SBA-15 (hexagonal)
and SBA-16 (cubic cage-structured) based on the symmetry of the mesoporous structure and the
triblock polymers used. The ratio of ethylene oxide to propylene oxide was varied to achieve the
desired symmetry of mesoporous materials. Highly ordered mesoporous structure of SBA-15 has also
been widely used for the biomedical purpose. This was first synthesized by University of California,
Santa Barbara and hence named Santa Barbara Amorphous type material (SBA). This is different
from MCM in that they possess larger pores of 4.6–30 nm and thicker silica walls [38]. FSM-16,
that is, folded sheets of mesoporous materials are another type of mesoporous materials, which are
synthesized using quaternary ammonium surfactant as a template and layered polysilicate kanemite.
Tozuka et al. demonstrated that FSM-16 could be used for pharmaceutical applications other than as
an adsorbent and for catalysis [39]. Various other MSNs coined Technical Delft University (TUD-1),
Hiroshima Mesoporous Material-33 (HMM-33), Centrum voor Oppervlaktechemie en Katalyse/Centre
for Research Chemistry and Catalysis (COK-12) have been synthesized which vary in their pore
symmetry and shape [40,41]. The structural characteristics of some mesoporous materials have been
listed in Table 2. Figure 1 shows the representation of some MSNs. Of these, MCM-41, MCM-48,
SBA-15, SBA-16 are widely employed for drug delivery. In addition, they have also been explored as
adsorbents, catalysis and as biosensors. MCM-50, SBA-11 and SBA-12 have been reported to behave as
excellent adsorbents and in catalysis.

Figure 1. Representation of different types of mesoporous silica nanoparticles (MSNs).
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Table 2. List of some of the types of mesoporous silica nanoparticles (MSNs) and their characteristics.

MSN Family MSN Type Pore Symmetry Pore Size (nm) Pore Volume (cm3/g) References

M41S
MCM-41 2D hexagonal P6mm 1.5–8 >1.0 [42,43]
MCM-48 3D cubic Ia3d 2–5 >1.0 [42,43]
MCM-50 Lamellar p2 2–5 >1.0 [44,45]

SBA

SBA-11 3D cubic Pm3m 2.1–3.6 0.68 [45–47]
SBA-12 3D hexagonal P63/mmc 3.1 0.83 [48–50]
SBA-15 2D hexagonal p6mm 6–0 1.17 [43,51]
SBA-16 Cubic Im3m 5–15 0.91 [43,52]

KIT KIT-5 Cubic Fm3m 9.3 0.45 [53,54]

COK COK-12 Hexagonal P6m 5.8 0.45 [55,56]

MCM-Mobil Crystalline Materials; SBA- Santa Barbara Amorphous; KIT- Korea Advanced Institute of Science and
Technology, COK- Centre for Research Chemistry and Catalysis.

3. Synthesis of MSNs

Stober was the pioneer in developing a system of chemical reactions for the synthesis of spherical
monodisperse micron size silica particles [57]. From then on, the method is known as Stober synthesis.
Many modifications have constantly been made to the Stober’s synthesis to yield monodisperse,
ordered, nanosized silica particles. The synthesis of MSNs can be accomplished in basic, acidic and
neutral conditions. Manipulating the reaction parameters resulted in particles with different shapes
and sizes. The Stober’s method of synthesis was first modified by Grun et al. where they introduced a
cationic surfactant as a template to yield a spherical rather than a hexagonal MCM-41 structure. They
were successful in generating spherical MCM-41 with similar properties as that generated by other
methods [58]. Constant research has led to a lot of variations in the synthesis conditions and methods
to yield stable, monodisperse MSNs.

For MSNs to be an ideal carrier for drug delivery the particle size needs to be uniform; pore
volume has to be large to enhance loading capacity. These parameters can be controlled during the
synthesis by varying the pH of the reaction mixture, temperature, concentration of surfactant and silica
source. The synthesis of MSNs occurs by liquid crystal template mechanism wherein hydrolysis and
condensation of silica on the surface of surfactant micelles takes place. The liquid silica (tetraethyl
orthosilicate) transforms to solid silica [59–61].

3.1. Mechanism of Formation of MSNs

A thorough understanding of the mechanism of formation of MSNs is essential to obtain particles
with desired properties for drug delivery. The early reports on the mechanism suggested that the
silica network gets built throughout the liquid–crystalline phases of non-ionic surfactants. This is
particularly true for materials prepared from a dilute solution of surfactants as no evidence of regular
mesostructured materials was observed [62]. The literature has shown that either the hydrolysed silica
gets adsorbed around the micelles or in the case of SBA-15, the surfactant and the silica interact at the
initial stage and form a core shell-like structure [63]. The mechanism for the formation of MCM-41
is represented in Figure 2. Efforts have been on since then by research groups to unveil the exact
mechanism behind the formation of MSNs.

The in-situ usage of time-resolved small-angle neutron scattering (SANS) has been used to
study the formation of MSNs. Using this method, they were able to predict the changes happening
concurrently with the formation process. It was observed that during the early hydrolysis (~40 s) of
silica source tetramethyl orthosilicate (TMOS), the silicate ions tend to adsorb around the surfactant
micelles during the growth phase. As the charge around the surfactant reduces due to the initial
hydrolysis and the condensation of the silica precursor, the intermicellar repulsion reduces, allowing
the further formation of small aggregates of silica. After ~400 s, the reaction mixture contained
sufficiently discrete hexagonally ordered mesopores of silica which was confirmed by transmission
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electron microscopy (TEM) studies. This is in accordance with the previously proposed ‘current bun
model’ for the mechanism of formation of MSNs [64,65].

Figure 2. Mechanism of formation of Mobil Crystalline Materials No.41 (MCM-41).

Another mechanism named ‘swelling-shrinking mechanism’ was proposed for the formation
of MSNs utilizing the technique of time-resolved synchrotron small-angle X-ray scattering (SAXS).
This mechanism holds well when tetraethyl orthosilicate (TEOS) alone is used as the precursor in the
absence of any other solvent like ethanol. TEOS being oil-like monomer showed phase separation
under static condition, whereas, under vigorous stirring, an emulsion-like system was obtained.
Initially, cetyltrimethylammonium bromide (CTAB) forms ellipsoidal micelles with an inner core
consisting of the hydrophobic tail. When TEOS is added, it gets solubilized in the hydrophobic core,
thus enlarging the micelles and resulting in the transformation of micelle shape from ellipsoidal to
spherical. On hydrolysis of TEOS, the monomers become hydrophilic and are released into the aqueous
surroundings. The negatively charged hydrolysed monomers of TEOS get adsorbed onto positively
charged CTAB micelles via electrostatic attraction. On complete consumption of the TEOS within
the hydrophobic core, the micelles shrink and become smaller in size. As this process of hydrolysis
and condensation occurs simultaneously, the micelles shrink continuously until all the TEOS gets
hydrolysed and form silica shell around the micelles. The neighbouring micelles aggregate, resulting
in particle growth forming a mesoporous structure [66].

3.2. Approaches for the Synthesis of MSNs

Majority of the MSNs are fabricated by modified Stober’s method otherwise popularly known as
a sol-gel process. Sol-gel chemistry is a widely explored process for the synthesis of many inorganic
materials. It involves the hydrolysis and condensation of the alkoxide monomers into a colloidal
solution (sol), which acts as a precursor to form an ordered network (gel) of polymer or discrete
particles. A typical sol-gel process takes place in the presence of an acid or a base catalyst. Depending
on the reaction conditions and the molar ratio of Si/H2O, the alkoxide group gets hydrolysed. The rate
of hydrolysis proceeds faster in basic conditions compared to acidic. Condensation succeeds the
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hydrolysis step and the effective condensation depends on the hydrolysis step. Multiple condensation
results in a chain-like structure in the sol and network-like structure in gel form [67]. The schematic
representation of the reaction is shown in Equation (1).

(1) 

To yield particles of the desired size and to enhance the properties of MSNs, the sol-gel process
has been modified. Some of the approaches are discussed below:

A simple quenching approach was adopted by Mann et al. to synthesize small sized and ordered
MSNs. The reaction was quenched after 40 s by the addition of an excess of water followed by
neutralization to pH 7 with dilute hydrochloric acid after a delay time ranging from 60 s to 220 s.
The rest of the experimental condition and reagents were maintained the same as in the routine
procedure. It was observed that dilution reduces coalescence, and neutralization reduces the rate of
silica condensation. The results showed that greater the delay in the neutralization, larger the particle
size [68,69]. Similar results were observed by Moller group. The colloidal suspension obtained was
found to be stable for long periods of time. However, the MSNs produced by this technique were
found to be less ordered in a structure which could be due to scale-up issues during dilution [70].

Evaporation-induced self-assembly (EISA) is another approach for the synthesis of MSNs. In this
technique, all the reactants undergo concentration changes during evaporation throughout the process.
This results in the organization of a liquid-crystal like template of the silica precursor. In this method,
the required concentration of precursor formulations was prepared in ethanol/water solvent with
a surfactant. This was converted to monodisperse droplets via injection into an aerosol generator.
The droplet size can be controlled by altering its orifice. The alcohol evaporation during drying
induces micelle formation and the co-assembly of silica-surfactant into liquid-crystal mesophases [71].
Fontecave et al. modified the EISA method by incorporating different amphiphilic drugs (stearoyl
choline, sophorolipid and glucosyl-resveratrol) which behave both as a structure directing agent
as well as an active cargo. Sol compositions containing TEOS, drug, water, ethanol and HCl were
prepared and injected into an aerosol apparatus. A spray dryer with sufficient air flow and pressure
was provided to convert the droplets into solid particles. Characterization of the particles for its pore
size and structure using TEM revealed similar results to those with CTAB as surfactant template. Even
though the mesostructure formation was not that good, the drug loading was found to be high in all
the three cases with complete elimination of burst release. This method would be an ideal strategy
for hydrophilic drugs functionalized with hydrophobic tails. Due to the absence of the surfactant
template, intrinsic toxicity can be reduced [72].

A recent widely used modification to the synthesis of parent MSNs is encapsulating drugs in
hollow mesoporous silica nanoparticles (HMSNs). Their large hollow cavity inside each MSN has
garnered tremendous attention. These hollow cavities are capable of holding a high amount of drug
compared to its non-hollow counterparts. This unique property of HMSNs makes it widely useful in
cancer therapy and imaging [73,74]. Shi et al. were one of the first groups to report the synthesis of
HMSNs [75,76]. Preliminary studies to ascertain its enhanced loading capacity was performed using
ibuprofen as the model drug wherein, HMSNs showed an enhanced drug loading of 744.5 mg/g,
as compared to 358.6 mg/g of MCM-41 [75]. The frequently used method for the synthesis of HMSNs
includes the ‘core-templating method’. In this approach, many soft/hard templates are used to form
the core followed by coating with desired substance at different concentrations to obtain a shell
around the substrate with a desired thickness. Subsequently, the core template can be eliminated
by calcination or treatment with a suitable solvent leaving behind the shell with a hollow core [77].
She et al. synthesized HMSNs using eudragit S-100 and Triton X-100 as the core-shell template [78].
HMSNs using SiO2@CTAB-SiO2 nanoparticles as templates were synthesized by selective etching
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process [79]. Ghasemi et al. synthesized HMSNs using poly tert-butyl acrylate (PtBA) nanospheres as
core-forming hard templates in the presence of CTAB as soft templates [80].

Many hard/soft templates like vesicles, polymeric micelles [81,82], gold [83] or silica nanoparticles
were used to construct templates [84,85]. Lin and collaborators proposed a new technique for the
synthesis of MSNs using water-in-oil microemulsion as a template. The advantages of this method
were the uniformly sized particles obtained compared to other methods. Also, the microemulsion is
said to be thermodynamically stable [86].

As the commonly used sol-gel process is a laborious, time consuming process, many different
fast methods were used for the synthesis of MSNs. Ling and Su proposed a low-cost electrochemistry
assisted approach to synthesize MSNs in large-scale. The formation of MSNs was accomplished by
the production of hydroxide at the stainless steel substrate/solution interface which resulted in the
self-assembly of surfactant micelles and the polycondensation of silica precursors [87]. Microwave
assisted technique for the synthesis of MSNs could be another low-cost approach for the synthesis of
MSNs. Various reports show that MSNs with ordered pore size and arrangement could be rapidly
synthesized by this method [88,89]. Another rapid, cost effective method for the fabrication of MSNs is
sonochemcial synthesis. The use of photoacoustic cavitations during the process was found to generate
ordered MSNs, giving scope for the fine tuning of the process in a shorter duration of time [90,91].

3.3. Raw Materials Used and Factors Affecting the Characteristics of MSNs

The three main elements that form the heart of MSN includes a silica precursor (tetraethyl
orthosilicate-TEOS, tetramethyl orthosilicate-TMOS, tetramethoxyvinylsilane- TMVS, sodium
meta-silicate and tetrakis(2-hydroxyethyl) orthosilicate- THEOS), a surfactant (non-ionic or cationic
surfactant) as a structure directing agent (SDA) and a catalyst. Other additives like cosolvents,
compounds to prevent aggregation may also be incorporated based on the requirements. In order
to ensure the scale-up of MSNs at reasonable cost, natural perlite materials like pumice rock, rice
husk, and renewable biomass could also be explored for the synthesis of MSNs [92,93]. The common
chemical constituents explored so far are listed in Table 3.

Table 3. List of commonly used chemicals in the synthesis of MSNs.

Chemical Constituents Function References

Cetyltrimethylammonium bromide (CTAB) Structure directing agent/template [94,95]
Cetyltrimethylammonium chloride (CTAC) Structure directing agent/template [96,97]

Pluronic F123, F127 Surfactant template [38,98]
Brij-76 Surfactant template [99,100]

Triton X-100 Surfactant [101,102]
Tween 20, 40, 60, 80 Surfactant [103]

Tetraethyl orthosilicate (TEOS) Inorganic silica source [94,95]
Tetramethoxy silane (TMOS) Inorganic silica source [104,105]

Tetrakis(2-hydroxyethyl) orthosilicate (THEOS) Inorganic silica source [106]
Trimethoxyvinylsilane (TMVS) Inorganic silica source [107]

Sodium silicate Inorganic silica source [108]
Ethanol Cosolvent to solubilize TEOS [97,109]

Sodium hydroxide (NaOH) Base catalyst [95]
Ammonium hydroxide (NH4OH) Base catalyst [94]

Triethanolamine (TEA) Base catalyst, complexing agent and
growth inhibitor [96]

Diethanolamine (DEA) Base catalyst [96,109]
Disodium hydrogen phosphate-sodium
dihydrogen phosphate buffer solution Reaction medium [109]

Triisopropylbenzene (TIPB) Pore-expanding agent [110,111]
Tetrapropoxysilane (TPOS) Pore- expanding agent [111]

Pluronic polymer P103 Pore-expanding agent [112]
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The particle size, pore size and morphology of MSNs can be successfully modulated as required
by varying the reaction conditions (relative amounts of alkoxysilane, water, catalyst) and temperature.

3.3.1. Control of Particle Size

Particle size is a very important feature for the biomedical application of MSNs as drug carriers.
Hence careful tuning of particle size is essential for effective drug delivery. pH of the reaction medium
plays a pivotal role in governing the size of MSNs. The particle size can be effectively controlled
by adding suitable additive agents like alcohols, amine, inorganic bases and inorganic salts. These
agents alter the hydrolysis and condensation of silica precursor. They accelerate the reaction kinetics
thus resulting in particles of smaller size. Moller et al. replaced the often used base catalyst sodium
hydroxide (NaOH) and ammonium hydroxide (NH4OH) with triethanolamine (TEA). In addition to
conferring a basic pH, it also acts a complexing agent to obtain discrete nanoparticles. When the molar
ratio of TEOS: TEA was changed from 1:1 to 1:4, the largest particle size was observed with the ratio
1:4 [97]. Qiao [96] suggested that the initial pH value of the system greatly affects the particle size of
MSNs. When they provided Na2HPO4-NaH2PO4 as a source of OH− ions, particle size was found to
increase with an increase in the initial pH of the solution. El-Toni et al. observed that on increasing the
concentration of ammonia beyond a certain level, the agglomeration of silica particles takes place due
to the increase in the ionic strength of the reaction medium [113]. Bouchoucha et al. also reported the
efficiency of TEA in producing well-dispersed nanoparticles [114]. Use of L-lysine as a base catalyst
was found to hinder the growth of silica particles, thus resulting in sub-nanometre size particles.
This may be due to the electrostatic interaction between the protonated amine groups of L-lysine
and a deprotonated hydroxyl group on silica surface further delaying the condensation process [115].
PEG-silane capping on the surface of silica particles was also found to effectively attenuate the particle
growth process by steric stabilization. When PEG-silane was added immediately after addition of
TMOS, the particle size was found to be 5 nm but when it was added at a delay of 50 min after
addition of TMOS, the particle diameter increased to >13 nm [115]. A change from monodisperse to
heterogeneous particle size distribution was observed when the amount of silica precursor TEOS was
increased, which may be attributed to the secondary condensation reactions taking place due to the
presence of excess silica precursor which starts producing new nuclei amongst the already existing
silica particles [107,116]. A similar trend of results was obtained by Chiang et al. who found that
particle size was found to increase with an increase in the amount of TEOS [117]. An increase in the
particle size was observed by using different tetraalkoxysilane with different alkoxy groups (Si(OR)4,
R = Me, Et, Pr and Bu). Along with this, the addition of alcohols also influenced the particle size of the
MSNs. This may be due to the alteration in the hydrolysis rate [118]. Low concentration of CTAB as
surfactant yielded a homogenous spherical particle size distribution. On investigating the effect of
CTAB on the particle size, it was observed that transformation from discrete spherical to agglomerates
was observed due to variation in the hydrolysis and micellization of CTAB [119]. By tuning the
concentration of F127 polymer, the particle size could be controlled. An increase of particle size up to
300 nm was reported with an increase in the triblock copolymer Pluronic F127 concentration. Reports
state that a balance between the molar composition of various reactants was necessary to obtain MSNs
with desired size and quality [120]. The reaction parameters equally influenced the mean particle size
of MSNs. On increasing the temperature of the reaction from 30 to 70 ◦C, an increase in the particle
size from 28.91 nm to 113.22 nm was observed. This may be due to the increase in the rate of reaction
leading to polycondensation of the silica monomers resulting in a dense silica structure and a larger
size [107].

3.3.2. Control of Pore Size, Pore Volume and Mesostructural Ordering

Depending on the type of surfactant, the pore size of MSNs can be varied. The longer chain length
of surfactant results in MSNs with larger pores and those with short chain length gives MSNs with
smaller pores [121–124]. The concentration of TEOS influenced the mesostructural ordering of the
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particles. The higher amount of TEOS showed a disordered mesostructure whereas lesser amount
was not sufficient to form a mesoporous structure [117]. The concentration of surfactant CTAB was
also found to have a profound impact on the mesostructural arrangement of the particles. A lower
concentration of surfactant fails to form micelles and hence the resulting nanoparticles will be template
deficient whereas the too high concentration of CTAB may result in a disordered structure [35]. Hence
an optimum balance has to be struck between various reagents used. Moreover, mesostructural
ordering takes place in dilute aqueous solutions [125]. Addition of N, N-dimethylhexadecylamine
(DMHA) behaves as a pore size mediator and thus helps with efficient control of pore size as per
requirements [126]. Pore size was also found to have a profound influence on the release rate of the
drugs as observed using ibuprofen [127,128]. The selection of surfactant species greatly influences the
mesostructural ordering of the nanoparticles and the pore size. Effect of the templating agent due to
change in the counterions present in cetyltrimethylammonium was studied. Cetyltrimethylammonium
chloride (CTAC) as pore generating template produced MSNs with the wormhole-like arrangement.
On changing the counter ion to a much larger tosylate ion (CTATOS), the pore radius was found to
increase and the pore morphology changed from wormlike to stellate [129]. Of late, novel strategies
have been adopted by scientists to bring about modifications in the properties of the MSNs in order
to overcome the drawbacks of the traditional MSNs such as small pore size and poor particle size
uniformity. In this regard, Huang et al. [130], synthesized highly monodisperse silica nanoparticles
having a large pore size with dendritic morphology using a novel dual templating sol-gel reaction by
mixing partially fluorinated short chain anionic fluorocarbon surfactant, Capstone FS-66 and CTAB. An
interesting observation was made by them showing that an increase in the amount of Capstone FS-66
incorporated resulted in a change in the morphology. The particle size was larger with a dendritic
channel pore structure. As the amount of Capstone is further increased, the morphology transforms
into a flower-like large dendritic structure. The same strategy was used by Yu et al., who synthesized
dendritic MSNs with particle size of less than 200 nm using imidazolium ionic liquids with different
alkyl lengths as cosurfactants and Pluronic F127 as a particle growth inhibitor. They observed that
neither the reaction temperature nor the time showed any influence on the particle size of MSNs [131].

3.3.3. Control of Shape

The shape of the MSNs greatly affects the cellular uptake and biodistribution of MSNs. Hence
stringent control of the shape of MSNs is important to regulate its excretion and other effects
in vivo [132]. A clear picture of the relationship between particle shape and cellular responses was
demonstrated in the paper by Huang et al. [133]. Till date, spherical MSNs have been widely explored
for their drug delivery potential. However, the non-spherical MSNs are seldom used. By carefully
controlling the reaction conditions, non-spherical materials with rod, ellipsoid, film, platelet, sheet and
cube shapes could be generated. The molar concentration of surfactant, water, base catalyst and TEOS
was found to have an impact on the morphology of the MSNs. Cai et al. generated MSNs with different
shapes like spherical, silica rods and micrometre-sized oblate silica by manipulating the concentration
of TEOS, NaOH/NH4OH and CTAB [134]. By regulating the amount of dodecanol as a soft template
and the temperature of synthesis, a broad range of silica particles could be realized varying from sphere
to shell, rugby, peanut, hollow and yolk shell-like structures. The six different particles fabricated had
controlled size, porosity, interior spaces and shell structure. Their results showed that inclusion of
dodecanol as a soft template resulted in particles with different morphologies [135]. This indicates that
any changes in the micelle structure at the initial stage leads to a change in the particle morphologies.
MSNs of various shapes can be obtained with a wide range of aspect-ratio. Rod-shaped MSNs
are widely exploited counterparts of spherical MSNs. These can be obtained by varying the reaction
parameters in a typical sol-gel reaction. An increase in the amount of catalyst and addition of co-solvent
like heptane, change in temperature, varying the molar composition of reactants yield rod-shaped
MSNs [133,136,137]. Ellipsoidal shaped MSNs also form a part of drug delivery carrier. Inability to
retain its shape due to minimization of surface free energy leading to spherical particles poses a major
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challenge. These MSNs can be synthesized by the introduction of a co-surfactant [138], the addition
of potassium chloride and ethanol [139]. Platelet-shaped MSNs with high pore accessibility can be
synthesized by addition of low amounts of ammonium fluoride and heptane [137], the presence of
non-ionic block copolymer P104 [140], using a ternary surfactant system of cetyltrimethylammonium
bromide–sodium dodecyl sulfate–Pluronic123 [141].

Apart from the silica precursors, certain organosilanes were incorporated, which performed the
dual function of shape transformation and surface functionalization. Morphological variants of MSNs
could be synthesized by the co-condensation method of incorporation of organosilanes. The particle
morphology depends on the type and amount of the organoalkoxysilane precursors introduced [36,142].
Various shapes of MSNs such as spheres, rods and hexagonal tubes could be generated using
3-aminopropyltrimethoxysilane (APTMS), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane
(AAPTMS), 3-[2-(2-aminoethyl amino) ethylamino] propyltrimethoxysilane (AEPTMS),
ureidopropyltrimethoxysilane (UDPTMS), 3-isocyanatopropyltriethoxysilane (ICPTES),
3-cyanopropyltriethoxysilane (CPTES) and allyltrimethoxysilane (ALTMS) as organoalkoxysilanes.
The transformation in shape of the MSNs may be attributed to the different types of interaction
such as hydrogen bonding, hydrophobic interactions between the organoalkoxysilane and the
surfactant template.

4. Drug Loading and Release of Drugs from MSNs

The unique feature of MSNs which makes it a widely exploited carrier for drug delivery is its
high loading capacity due to the large pore volume and surface engineering properties both on the
external and internal surface for better drug targeting.

4.1. Drug Loading

The drug loading is mainly based on the adsorptive properties of MSNs. Both hydrophilic and
hydrophobic cargos can be incorporated into the pores of MSNs. Owing to their large pore volume,
MSNs inherently possess greater loading capacity compared to other carriers. Nevertheless, extensive
work has been carried out to further enhance the loading of the drugs. Synthesis of HMSNs is one
such approach to enhance the loading of MSNs (explained in Section 3.2). She et al. attempted to
increase the loading of 5-fluorouracil (5-FU) into hollow MSNs by functionalizing the surface silanol
groups with different silanes viz, octadecyltrimethoxysilane (OTMS), (3-aminopropyl) triethoxysilane
(APTES), 3-cyanopropyltriethoxysilane (CPTES). An improved loading of 28.89% was observed for
amine functionalized HMSNs compared to plain HMSNs with 18.34%. This may be via the electrostatic
interactions between the negatively charged 5-FU and positively charged amino modified HMSNs.
A similar strategy could be used for improving the loading capacity of drugs by electrostatic attractions
by varying the type of functionalization [78]. However, a contrasting theory was put forth by Wang et al.
whose paper suggested that loading of a drug prior to surface grafting yielded a carrier with high
loading as compared to grafting followed by loading of the drug [143,144]. Compared to MSNs,
HMSNs proved to be a better carrier in terms of loading capacity due to their hollow cavities. 3–15 times
higher loading of drugs was observed in HMSNs when compared to MSNs. In addition, dual loading
of drugs was also achieved using the same carrier [74,75,145]. The loading capacity of MSNs could be
further enhanced by utilizing polymer gatekeeping for the entrapment of hydrophobic drugs [146].
Consecutive drug loading process which increases the intermolecular interactions can also lead to
improved loading of the drugs [147]. An increase in the drug feeding ratio was also found to have
a profound influence on the loading capacity of MSNs [145,148]. The pore volume of MSNs is the
major factor which dictates the loading of the drug. Hence pore expansion strategy can be adopted to
introduce and hold a large amount of cargo. Pore swelling agents such as alkanes/ethanol, triisopropyl
benzene (TIPB), trioctylamine (TOA), decane and N,N-dimethylhexadecylamine (DMHA) aid pore
expansion [129,149,150]. Table 4 gives a comparison of the drug loading capacity of various MSNs.
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Table 4. Comparison of loading in MSNs.

Carrier Drug Loading (wt %) References

MCM-41 Ibuprofen 35.9
[75]HMSNs 74.5

MCM-41
Doxorubicin

48.16
[74]HMSNs 112.12

HMSNs

5-fluorouracil

18.54

[78]
HMSNs-NH2 28.89

HMSNs-COOH 20.73
HMSNs-CN 22.54
HMSNs-CH3 12.13

MCM-41(C12)
Captopril

23.6
[151]MCM-41(C16) 34

SBA-15 22.6

MCM-41

Erythromycin

29

[152]
SBA-15 34

SBA-15 (C8) 13
SBA-15 (C18) 18

MCM-41

Alendronate

14

[153]
MCM-41-NH2 37

SBA-15 8
SBA-15-NH2 22

MSN-C0 Lysozyme 34
[149]MSN-C10 42

HMSNs—Hollow mesoporous silica nanoparticles.

4.2. Release of Drugs from MSNs

The release profile of drugs from MSNs mainly depends on its diffusion from the pores which
can be tailored by modifying the surface of the MSNs to suit the biological needs. The decisive factor
responsible for controlling the release is the interaction between the surface groups on pores and the
drug molecule [154]. It was observed that drug loading followed by surface functionalization with
amine groups played a significant role in sustaining the drug release as compared to the systems
which were functionalized first and then loaded with the drug. This could be attributed to the loading
of the drugs within the pores and the capping with APTES which prevents the drug release. If the
surface was first functionalized and then loaded, there are possibilities that the drug will get adsorbed
on the surface of MSNs resulting in burst release. The role of APTES concentration in drug release
was studied, the results of which revealed that a change in the APTES concentration played a vital
role in controlling the drug release from the pores [143]. Aspirin loading and release from the MSNs
were studied by post-synthetic grafting as well as co-condensation method. It was observed that
co-condensation method showed a greater drug loading compared to the other method. In case of
plain MCM-41, weak interaction between aspirin and silanol groups resulted in faster drug release
following Fick’s diffusion. With amino functionalized MCM-41, the strong interaction between the
amine group and aspirin resulted in slow drug release especially for the co-condensed MCM-41 [155].
Echoing similar results, the release of ibuprofen from SBA-15 was found to be greatly influenced by
the surface modification. In case of amino-functionalized SBA-15 by one-pot synthesis, complete drug
release was observed at the end of 10 h whereas the release from that of post-synthetically modified
SBA-15, the release of ibuprofen up to 3 days was observed [156]. Table 5 presents the comparison of
release rates of different MSNs.

150



Pharmaceutics 2018, 10, 118

Table 5. Comparison of release rate of MSNs.

Carrier Drug Release Rate References

MCM-41 (C12)
Captopril

45 wt % within 2 h, total drug release over 16 h
[151]MCM-41 (C16) 47.47 wt % within 2 h, total drug release >30 h

SBA-15 60 wt % within 0.5 h, total drug release over 16 h

SBA-15
Erythromycin 60% release within 5 h, total drug release

within 14 h
[152]SBA-15 (C8)

SBA-15 (C18)

SBA-15 unmodified (PS0)

Ibuprofen

Complete release in 10 h

[156]SBA-15-NH2 by post synthesis (PS2) Initial burst release of 50% in 10 h followed by
100% release in 3 days

SBA-15-NH2 by one pot synthesis (OPS2) Complete release in 10 h

MSN (grafting-loading approach)
Doxorubicin

40% in 8 h and stagnant release beyond 8 h
[143]MSN (loading-grafting approach) 10% in first 24 h, sustained beyond 160 h

5. Applications of MSNs in Drug Delivery

MSNs have been widely utilized for a variety of purposes ranging from its use in medicine, as a
catalyst in chemical synthesis, adsorbents to adsorb wastes, toxic substances and also as sensors. One
of the advantages of MSNs is the ease with which it can be functionalized based on the requirements for
a wide variety of applications to control the release of drugs. Figure 3 shows a pictorial representation
depicting the versatility of MSN carrier. Vast research is being conducted in utilizing these carriers for
drug delivery. In the following section, the major applications of MSNs for drug delivery are discussed.
Table 6 provides a list of few of the diseases for which MSNs have been exploited.

Figure 3. Illustration of versatility of MSN as a carrier in loading variety of drugs.
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5.1. Targeted Antitumor Therapy Using MSNs

The property of surface functionalization of MSNs is widely explored to enhance the site-specific
delivery of drugs and avoid side effects. It is a versatile carrier where drugs with different
physicochemical properties can be loaded and further functionalized for effective therapy. They
can accumulate significantly in the tumour due to the enhanced permeation and retention (EPR)
effect [179]. Active targeting aids in maximizing the uptake of actives into the cells. Based on the
difference between the normal and tumour cells, suitable receptors overexpressed on tumour cells are
selected and ligands specific to those receptors are conjugated on the surface of the MSNs. Specific drug
delivery can be achieved by anchoring MSNs with targeting ligands. Folic acid (FA) is a well-known
ligand which complements the folate receptors overexpressed on tumour cells. The FA conjugation
on the surface of MSNs is brought about by an amide linkage between the carboxyl group of FA
and amine group of aminopropyltriethoxysilane (APTES). Ma et al. [180] delivered 5-aminolevulinic
acid for photodynamic therapy by conjugating folic acid on the surface of HMSNs against B16F 10
skin cancer cells. The developed formulation was observed to show a high photocytotoxicity to
the cancer cells. Similar reports were presented wherein the presence of amine functionalization
on the surface aids in the binding of folic acid covalently on the surface of the receptors to ensure
selective uptake of doxorubicin (DOX) in breast cancer cells. The apoptosis and cellular uptake
studies revealed that FA-MSN-NH2-DOX showed higher internalization into the cells as compared to
MSN-NH2-DOX [181]. Hyaluronic acid (HA) is another widely explored ligand for targeting CD44
receptors overexpressed on cancer cells. Zhang et al. reported an HA functionalized DOX-MSN which
behaved both as enzyme responsive and receptor-mediated delivery system. The increased uptake by
colon cancer cells and low in vivo toxicity to the body was proved by in vivo tumour growth inhibition
and biodistribution studies. In addition to receptor-mediated uptake, the release of DOX was triggered
by hyaluronidase enzyme present in tumour microenvironment [182]. Similar results were reported
by Gary-Bobo et al. [183] who fabricated HA-MSNs for photodynamic therapy against colon cancer.
The experiments were conducted on HCT-116 colon cancer cell lines which showed the higher efficiency
of HA-MSNs owing to their CD44 receptor targeted action as compared to that of plain MSNs. Another
novel approach for active targeting of hepatoma cells was reported wherein lactosaminated (Lac)
MSNs were designed. These novel delivery systems showed a promising outcome as it had the ability
to be endocytosed by asialoglycoprotein (ASGPR) receptors present on the surface of hepatocytes.
The findings were supported by the results from cellular uptake studies in ASGPR-positive cells
(HepG2 and SMMC7721) wherein Lac-MSNs showed improved cellular uptake when compared to
that of plain MSNs. The results also highlighted an interesting point wherein the ligand lactose
was recognized only when conjugated with MSNs and not in its free form [184]. Analogues for
targeting mannose-6-phosphate receptor overexpressed in cancer cells were grafted onto MSNs to
enhance the uptake by tumour cells. These were found to show positive results for the treatment of
prostate and colon cancers [185,186]. Arginine-glycine-aspartic acid (RGD) was demonstrated to be
selectively engulfed by ανβ3 and ανβ5 integrin receptors, which are overexpressed in diverse tumours.
The drug-loaded surface engineered RGD-MSNs were thwarted by the normal cells and taken up by
the liver cancer cells thus improving the treatment efficacy [187]. In addition to molecular targeting,
efforts were also made to club positron-emission tomography (PET) imaging and chemotherapy into a
single carrier. Sunitinib as a model anticancer drug was loaded onto the MSNs and surface engineered
with cyclo-(Arg-Gly-Asp-D-Tyr-Lys) peptide (cRGDyK) and polyethylene glycol. The efficacy of the
receptor uptake was confirmed by flow cytometry studies, PET imaging and histopathological studies.
The studies were carried out in U87MG human glioblastoma cells and athymic nude mice were used
for in vivo experiments. The tumour uptake of the nanoconjugates was found to be lower in the
case of plain HMSNs as compared to that of cRGDyK conjugated HMSNs [188]. Numerous positive
outcomes have been demonstrated using a plethora of ligands which are grafted onto the surface of
MSNs rendering it target specific. Table 7 lists a few of the ligands which have been explored for cancer
drug delivery using MSNs.
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Table 7. List of some functionalized MSNs explored for tumour targeting.

Drugs Application Targeting Ligand Receptor References

5-fluorouracil Colorectal cancer Hyaluronic acid CD44 [189]
5-fluorouracil Colorectal cancer EGF EGF [190]

Curcumin Cervical cancer Chondroitin sulphate CD44 [191]
Docetaxel Breast cancer Folic acid Folate [181]
Docetaxel Hepatoma Lactose Asialoglycoprotein [184]

Doxorubicin Hepatic cancer Transferrin Transferrin [192]
Doxorubicin Colon cancer Aptamer (EpCAM) [193]

Photosensitizer
merocyanine Breast cancer Mannose Mannose [194]

Quercetin Triple negative breast cancer cRGD peptide Integrin receptor αvβ3 [159]
Quercetin Breast cancer Folic acid Folate [195]
Sunitinib Glioblastoma VEGF121 VEGF [196]

Topotecan Triple-negative breast cancer cRGD peptide Integrin receptor αvβ3 [159]

EGF—Epidermal growth factor; VEGF—Vascular endothelial growth factor; EpCAM—Epithelial cell
adhesion molecule.

The surface functionalization of MSNs is not limited to just one ligand. Multiple ligands can be
anchored onto the surface of MSNs for receptor targeting. For example, the surface of MSNs loaded
with chlorambucil was functionalized with HA and RGD peptide for a synergistic effect. The in vitro
cell line studies on human ovarian cancer (SKOV-3) cells showed a significant improvement in the
uptake of the MSNs by CD44 and integrin receptors as compared to that of single ligand or plain
MSNs [197].

In the recent times, a novel chemotherapeutic strategy utilizing copper impregnated MSNs
(Cu-MSNs) have been explored for their potential reactive oxygen species (ROS) mediated apoptosis
of cancer cells. Kankala et al. developed a novel Cu-MSN loaded with a catalase inhibitor,
3-amino-1,2,4-triazole (AT) for ROS mediated killing of cancer cells. On uptake by cells and
delivery to the endosomal compartment (pH 5.0), the binding between copper and AT breaks
off which releases AT to inhibit catalase activity. This in turn, leads to an increase in the ROS
production induced by catalysis of copper on MSNs which aids in the cancer cell apoptosis. Positive
results were obtained by them when evaluated in HT-29 cells [198]. An effort to overcome the
multidrug resistance observed in chemotherapy was made utilizing Cu-MSNs loaded with DOX
as model drug. In this system, DOX was conjugated to copper metal through a pH sensitive
coordination link susceptible to acidic tumour environment (pH 5.0–6.0). This entire system was further
coated with liposomes comprising of cholesterol, D-α-tocopheryl polyethylene glycol 1000 succinate
(TPGS), MPEG-2000-DSPE (1,2-Distearoyl-phosphatidylethanolamine-methyl-polyethyleneglycol
conjugate-2000), a P-gp inhibitor. Copper ions play a synergistic role in enhancing the intracellular
ROS levels which results in killing of cancer cells efficiently. Positive results were obtained by the
group when the delivery system was tested in DOX-resistant tumour (MES-SA-DX-5 derived from
human uterine sarcoma) and HT-29 cell lines. The antitumor activity of Liposomes-Cu-MSN-DOX was
found to be higher when compared to that of pure DOX. The antiproliferative activity of the optimized
formulation was found to be profoundly higher in drug resistant cells than the sensitive cells [199].

5.2. MSNs for Anti-Inflammatory Activities

The unique properties of MSNs have been used to accommodate various anti-inflammatory
drugs and control their release rate. MCM-41 and SBA-15 are the two widely used silica drug carriers.
Ibuprofen was loaded onto multimodal pore channels and the effect on its release was studied.
On analysing the release data, it was observed that the release of the drug occurs in three stages viz,
initial rapid release of the drug adsorbed on the surface of MSNs followed by prolonged release of
the drug entrapped in the small pores present in the periphery of the particles having a different pore
structural orientation compared to the inner mesopores. The final prolonged release stage occurs
by the drug embedded deep in the long length pores of the particles [200]. The bulk of the research
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work on MSNs for effective delivery of anti-inflammatory drugs has been carried out using ibuprofen
as a model drug. Efforts were made to modulate the release rate of the drug by various organic
modifications of the surface silanol groups. Surface functionalization was found to alter and also
stabilize the drug release rates [127,201]. SBA-15 has also been used to precisely deliver ibuprofen
and other anti-inflammatory agents. One such work by Ahmadi et al. demonstrated a change in the
release rate of ibuprofen when the surface of the carrier was modified with aminopropyl groups. Plain
SBA-15 was not able to sustain the release of the drug due to weak interaction between the surface
silanol group and the carboxyl group of ibuprofen. However, on amino functionalization, a relatively
prolonged release of the drug was observed due to the strong interaction between the amino groups
of silica surface and carboxyl groups of ibuprofen [202]. Other similar studies were carried out to
successfully deliver aspirin [155] and indomethacin [203] using MSNs with high drug loading and
slow release profile.

5.3. Gated Drug Release/Controlled Drug Delivery

Although the length and the pore structure altered the drug release rate, efforts are constantly
underway to achieve smart, zero-release of the drugs by capping the surface of the pores. Controlled
and intelligent delivery of drugs to the target site through MSNs is possible due to gated release.
The gates of the pores open only in response to certain stimuli like pH, temperature, enzyme, redox
and so forth. The principle of gated drug release is very effective when toxic side effects of drugs to
other organs are to be avoided [204]. Numerous reports in this regard have been published, a few of
which we have discussed in the following section.

5.3.1. pH-Responsive Drug Release

pH is the widely explored stimuli to trigger the drug release as the body has a wide range of
pH. MCM-48 particles loaded with prednisolone were coated with succinylated ε-polylysine (SPL)
to ensure the pH-dependent release of the drug in the colon region. The in vitro release experiments
showed a delay in the release of drug which indicated the successful approach of pH-responsive
drug delivery. At acidic pH of the stomach, SPL prevents drug release due to its unionized form
whereas, at colonic pH, SPL gets converted to its ionized form facilitating drug diffusion out of the
MSNs. The developed nanoparticles could be an alternative for the treatment of diseases of the colon
(inflammatory bowel disease and cancer) [205]. The promising outcome of pH-responsive MSNs was
observed for tumour-targeted therapy and another disease where the pH of the affected area is slightly
acidic than the normal tissues. This pH-responsive drug release can be realized by capping the pores
of MSN using acid degradable polymers, polyelectrolytes, some pH-sensitive linkers and so forth.
pH sensitive polysaccharide, chitosan was coated onto the MSNs to achieve controlled delivery of
curcumin for the treatment of cancer. In vitro drug release studies proved the pH-sensitive nature of
chitosan by sustained drug release. The release of curcumin improved when moving from pH 7.4
to pH 5.5. Cell uptake studies in U87MG glioblastoma cancer cell-line showed a decrease in the half
maximal inhibitory concentration (IC50) values indicating an improved accumulation of curcumin in
cancer cells when encapsulated within chitosan loaded MSNs [206]. Similar studies using chitosan
as the pH-triggered cap was carried out by Hu et al. for the release of doxorubicin on MCF-7 breast
cancer cells. At acidic pH, the amino groups of chitosan become protonated resulting in swelling
of the polymer chains. This opens up the pores of MSNs releasing the drugs [207]. Modulation
of doxorubicin via pH-responsive stimuli was also achieved using polymers such as poly(acrylic
acid) [208] and polydopamine [209]. Both these reports suggested an enhanced uptake by cancer cells
and a sustained release of the drugs. Reports with different polyelectrolytes as pH motifs have shown
promising outcomes [208,210]. Tannins as pH motifs were proved by the work of Hu and collaborators.
Tannins, by the formation of boronate esters were found to modulate the release of the dye rhodamine
at acidic pH [211].
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Macromolecular compounds like cyclodextrin (CD) has also been explored for its pH-sensitive
property [212]. Tan et al. used a stalk of p-anisidine, loaded the cargo and finally capped the pores
with β-CD. The pH sensitivity of the resulting MSNs was evaluated over a pH range of 7.4 to 5.5.
A pH-dependent release was observed with a greater release at pH 5.5. When the pH fell below the
pKa of the stalk, the interaction between p-anisidine and β-CD reduced thus resulting in the release of
the drug. An optimum density of the stalk was the key to control the pH-triggered release. In addition,
the effect of both α and β-CD capping on the release of drug was studied. It was observed that the
percentage release with α-CD was comparatively lesser that β-CD. This could be due to the different
formation constants between CD and p-anisidine stalks [213]. Figure 4 illustrates the release of drug
from β-CD capped MSNs in response to stimuli.

Figure 4. Schematic illustration of the release of drug from β-CD capped MSNs in response to stimuli.

Kuthati et al. devised a strategy to ensure the efficient delivery of antimicrobial agent by modifying
the MSN framework via pH sensitive MSNs. Institute of Bioengineering and Nanotechnology-4 (IBN-4)
nanoparticles, a type of MSNs was used as a carrier. This was immobilized with silver-indole-3-acetic
acid hydrazide (IAAH-Ag) via a pH sensitive hydrazine bond. When exposed to the acidic environment
of the site of bacterial infection (pH 5.0), the silver ions are preferentially released up to 12 h
to ensure controlled release of the model drug by the cleavage of IAAH-Ag coordination bond.
The antibacterial efficacy was investigated on two drug resistant strains of gram negative and gram
positive bacteria namely Escherichia coli and Staphylococcus aureus respectively. In addition to this,
the effect of IBN-4-IAAH-Ag NPs on inhibiting the formation of biofilms by four strains of bacteria viz,
Escherichia coli, Bacillus subtilis, Staphylococcus aureus and Staphylococcus epidermidis revealed promising
results. The in vitro results were substantiated by in vivo experiments on Escherichia coli infected
C57BL6 mice. A remarkable reduction in Escherichia coli was observed in the formulation treated
group of mice. Hence the developed system could be a plausible alternative to the antibiotics used
currently [214].

5.3.2. Redox Responsive Drug Release

Redox triggering is another widely used strategy to control the release of cargo from carriers. This
technique is being used to deliver anticancer drugs making use of endogenously present reducing
agents. Redox cleavable disulfide bonds are often utilized for this kind of drug release. Wang et al.
synthesized a disulfide-linked polyethylene glycol (PEG) tethered to MSN for redox responsive drug
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release. The efficiency of the synthesized MSNs was evaluated by in vitro release studies using
Rhodamine B (RhB) as the model drug. Glutathione (GSH) equivalent to intracellular concentration
was added to the release media. It was observed that in the absence of GSH, the release of RhB
was negligible signifying the efficiency of the cap in blocking the drug release. In addition, the
PEG surface modification conferred on the nanoparticles a significant biocompatibility [215]. Dual
responsive stalks with β-CD caps were synthesized to control the release of multiple drugs. HMSNs
with acetal and ferrocene carboxylic acid units were obtained by selective functionalization. The redox
responsiveness of the carrier was confirmed by in vitro experiments using hydrogen peroxide as
stimuli. On increasing the concentration of hydrogen peroxide, an increase in the release rate of the
drug was observed due to the oxidation of the ferrocenyl moiety. The mechanism behind the release is
the strong electrostatic repulsion between β-CD and the oxidized hydrophilic ferrocenyl moiety which
results in the dissociation of β-CD caps thus releasing the drug from the pores. The same carrier was
also made pH-responsive by introducing an acetal linker to develop a synergistic effect [216].

5.3.3. Temperature Responsive Drug Release

Thermoresponsive MSNs have also been widely been studied as a possible means of controlling
drug release. In this context, PEO-b-poly (N-isopropylacrylamide) based copolymeric micelles as
structure directing agents for the synthesis of functionalized MSNs was developed by Bathfield et al.
Ibuprofen as a model drug was loaded into the mesopores using one-pot strategy wherein the drug
was incorporated directly into the hybrid material. Ultimately, the structure directing agent in this
formulation was the drug-loaded polymer micelles. The drug release profile at 20 and 45 ◦C revealed a
temperature sensitive pattern with a higher drug release at 45 ◦C than that at 20 ◦C [217].

5.3.4. Chemical and Enzyme Responsive Drug Release

Several chemicals and enzymes present inherently in the body or produced during diseased
conditions have also been explored for the possibility of triggering drug release from the MSNs.
Glucose as a chemical has been studied by scientists as a possible trigger to release drugs and has
been a boon for diabetes management [218]. In one of the studies, MSNs functionalized with a signal
reporter, alizarin complexone (ALC) was developed. Gluconated insulin was then introduced within
the pores by benzene-1,4-diboronic acid (BA) mediated esterification reaction. This behaved both as a
hypoglycaemic agent as well as pore blocker. In addition, rosiglitazone maleate was also introduced
into the pores to form multifunctional MSN. In the presence of glucose, competitive binding between
ALC and BA occurs which leads to opening of the pores and release of the drug [174]. Similar work for
controlling the drug release using two stimuli that is, glucose and pH was carried out by Tan et al. They
fabricated glucosamine-poly(acrylic acid) conjugated MSNs. The pores were capped by the crosslinking
of the poly(acrylic acid) chains by the formation of boronate esters. The drug release was governed
by pH or the presence of glucose. At mild acidic conditions of pH 6.0 and the presence of 10 mM
glucose, the drug release was found to be higher by around 65%. These results suggested that at pH 6.0,
combined stimuli showed a sufficiently enhanced release of the drug [219]. Another novel chemical
sensitive MSN was with that using thrombin. The MSNs were loaded with an anticoagulant drug
(acenocoumarol) and the pores were capped with peptide LVPRGSGGLVPRGSGGLVPRGSK-pentanoic
acid (P) which is a substrate for proteolytic α-human thrombin. The results demonstrated that the
release of drug was highly specific to the presence of thrombin. Thrombin results in the hydrolysis of
the capping peptide releasing the drug [220].

Tailoring the drug release in response to the presence of certain enzymes is another new avenue
for modifying the MSN as a carrier. NAD(P)H: quinone oxidoreductase 1 (NQO1) enzyme as stimuli
for the release of doxorubicin was demonstrated by Gayam et al. They synthesized MSNs surface
functionalized successively with alkyne followed by drug loading. To avoid premature drug release,
the mesopores were blocked with rotaxane followed by tethering it to benzoquinone. In the presence
of NQO1 enzyme which is upregulated in several tumours, the benzoquinone gets reduced leading to
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the opening of the pores and the release of doxorubicin. In vivo experiments in nude mice bearing
tumour (lung) showed promising results with a significant reduction in tumour volume in the mice
treated with MSN-NQO1 compared to those treated with saline and free doxorubicin [221]. Matrix
metalloproteinase (MMP-2) triggered drug release for the treatment of liver cancer is another possible
line of therapy. Many tumours have shown to overexpress MMP-2, the advantage of which could
be explored to target drugs to tumour sites. A two-component that is, a cell penetrating peptide
polyarginine and PVGLIG which is a substrate for MMP-2 cleaving based polypeptide was linked
with phenylboronic acid-human serum albumin (PBA-HSA) onto the MSNs to render it target specific.
Doxorubicin (DOX) was used as the model drug. Human serum albumin was used to cap the pores
and phenylboronic acid behaved as the targeting moiety specific to sialic acid overexpressed in liver
tumours. The enzyme responsive behaviour of the carrier was studied in vitro where around 73% of the
drug released in the presence of MMP-2 as compared to only 15% of release in the absence of MMP-2.
In vivo studies in HepG2 cells injected nude mice were performed which revealed encouraging
results with DOX-loaded MSN-HSA-PBA showing significant tumour growth inhibition compared to
non-functionalized MSN loaded with DOX [222]. An experiment along similar line was performed by
Radhakrishnan et al. who explored the use of protamine, a peptide drug as a capping agent to prevent
the premature release of diclofenac from MSNs. The protamine cap was found to get hydrolysed in the
presence of trypsin enzyme which cleaves the L-arginine residues in protamine thereby releasing the
drug. This concept was evaluated by studies on COLO 205 cells. The results showed that about 87% of
the drug released within 120 min in COLO 205 cells as compared to 13% in healthy cells. This shows
the selective drug release in colon cancer cells as compared to normal cells [223]. Radhakrishnan et al.
also demonstrated the use of chondroitin sulphate (CHD) as a gate to the pores of MSNs which would
trigger the release of drug in the presence of hyaluronidase enzyme. In addition, CHD also acts as a
ligand which gets specifically uptaken by cells overexpressing CD44 receptors. CHD behaves as a cap
which prevents the outward diffusion of the drug in the absence of hyaluronidase enzyme [191].

In one of the studies, controlled release of drug was achieved by surface functionalization of
MSNs with ferrocenyl moiety β-cyclodextrin complex (Fc-β-CD) to prevent premature release of
the drug. The experiments suggested that on stimulation by heme protein (horse-radish peroxidase
and hydrogen peroxide) and the production of hydrogen peroxide via the oxidation of glucose by
glucose oxidase or +1.5 V stimuli, the ferrocenyl moiety gets dissociated resulting in the opening of the
nanovalves and thus releasing the drug. In vitro studies conducted to assess the release property of
the carrier revealed that on stimulation with heme protein, a greater amount of drug was released as
compared to that with glucose stimulation and without stimuli [224].

5.3.5. External Stimuli for Drug Release

Various other stimuli have also been investigated in modulating the drug delivery from MSNs
such as light [225–227], magnetic [227,228], ultrasound [229–231], electroresponsive [224,232] systems.
Figure 5 depicts the release of drug from gated MSNs in response to stimuli.

Use of light as an activating mechanism of drug delivery has garnered attention due to its
advantages of spatial and temporal control of release of drugs. Febvay et al. [225] combined the
advantages of light triggering with a high loading of MSNs in their study to enable the delivery of
a model molecule, a fluorescent dye–Alexa546–which is impermeable to the cytosolic compartment.
The MSNs were prepared using secondary surfactant pluronic F127 and further tagged with biotin or
streptavidin. Following endocytosis, the LN-229 cells (human glioma, ATCC) were exposed to green
excitation light for 3 to 120 s which resulted in the dye being released into the cytosol. This could be
attributed to the cell membrane damage induced by the light irradiation. Liu et al. [226] explored
the potential of deeper tissue penetration potential of near infrared (NIR) radiations to control the
release of the drugs. They developed MSNs with gold nanorods forming the inner core and phase
changing molecule, 1-tetradecanol as gatekeepers. DOX was chosen as the model drug molecule.
These nanoparticles were further functionalized with folate moieties to target KB cells. The system was
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able to release DOX due to heating induced by near IR radiation generated by a gold nanorod core. The
successful release of the drug on IR radiation was ascertained by first subjecting it to external heating
which did not show any release at 37 ◦C. On NIR irradiation of 802 nm for 10 min, the temperature
increased to 45 ◦C which resulted in the release of DOX which may be attributed to the change in
the fluid state of tetradecanol molecules above Tm. In vitro studies on KB cells showed preferential
uptake by the cell owing to the surface functionalization. The combined effect of phototherapy
(NIR irradiation), chemotherapy (DOX) and targeted therapy resulted in remarkable killing of cancer
cells. Hence the developed nanoparticulate system could be efficiently used for multimodal therapy.
Li et al. [227] worked on similar lines where they explored the potential of MSNs as multimodal
carriers using MRI monitored magnetic targeting and NIR mediated phototherapy. In their work,
they developed iron oxide (Fe3O4) nanoparticles coated with trisoctahedral gold (Au) shell which
were loaded with DOX. These were further coated with silica shell capped with oligonucleotides. Au
shell here acted as NIR responsive material whereas Fe3O4 facilitated magnetically triggered release
of drug. The controlled release property of the carrier was confirmed via in vitro studies on HeLa
cell lines which showed DOX release upon NIR irradiation at 808 nm and magnetic attraction for a
brief period of 2 h. These results were further supported by in vivo studies on nude mice. HeLa cells
were transplanted to the nude mice for the development of tumour after which the nanoparticles were
injected. On exposure to magnetic attraction for 30 min and laser exposure at 3 W/cm2 for 30 min,
a complete disappearance of tumour was observed after 14 days. These findings suggest the plausible
use of these carriers to enable efficient combination therapy options for tumours.

Another novel strategy to induce visible light irradiated delivery of drugs using MSNs as drug
carriers was put forth by Kuthati et al. They developed a silver nanoparticle (SNPs) decorated
copper impregnated MSNs (Cu-MSNs) to aid in the photodynamic inactivation of antibiotic resistant
Escherichia coli. Curcumin (Cur), a phototherapeutic agent was loaded into the MSNs. They explored
the plasmonic resonance coupling between curcumin and silver nanoparticles to enhance the transfer
of silver nanoparticle to photosensitizer to effectively kill gram negative Escherichia coli. They
hypothesized that curcumin would produce large amounts of ROS under light irradiation which
will enhance the release of silver ions. SNP+Cur behaves as a positively charged nanocomposite which
improves the binding ability of Cur to the bacterial membrane. The antibacterial efficacy against
Escherichia coli was studied by constant illumination using LED array at 470 nm at a fluence of 72 J/cm2.
The study yielded promising results revealing that Cur-Cu-MSN-SNP efficiently killed bacteria in light
conditions with very mild toxicity in dark conditions. The successful eradication of bacterial cells may
be attributed to three factors, namely, improved solubility and local concentration of Cur loaded into
MSNs, improved binding of positively charged nanoparticle to bacterial membrane, enhanced ROS
production due to Cu-MSN-SNPs. Similar strategy can be used for the development of wide variety of
photobactericidal systems [233].

The release of drugs from MSNs can also be triggered via magnetic attraction. Baeza et al. [228]
reported the synthesis of a hybrid polymer which responded to both thermal and magnetic stimuli.
They incorporated superparamagnetic iron-oxide nanocrystals into the mesopores which was capable
of providing a sufficient heating capacity for hypothermia cancer therapy. To enable thermoresponsive
release of the drug molecule, poly(N-isopropylacrylamide) was tethered to the surface of MSNs.
Fluorescein and soybean trypsin inhibitor type II was loaded into the pores of the MSNs to model
the release property. In response to an alternating magnetic field of 24 kA/m and 100 kHz inside a
thermostatic chamber maintained at 20 ◦C, a higher release of fluorescein was observed which may be
due to the heat energy and enlargement of the pores leading to greater release of the drugs.

Among the non-invasive routes to enhance the spatio-temporal delivery of drugs, ultrasound is
slowly gaining popularity owing to its advantages of lower cost, absence of ionizing radiations
and ease of tissue penetration regulation by tuning the frequency of the cycles and exposure
time. They are capable of inducing thermal/mechanical effects which can trigger the release of
the drugs. Several efforts are underway to utilize this technology for the therapy of diseases
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especially cancer. Paris et al. formulated an ultrasound responsive MSNs capped with the
copolymer, poly(2-(2-methoxyethoxy) ethyl methacrylate-co-2-tetrahydropyranyl methacrylate), with
two functional ends and a monomer ratio 90:10 (MEO2MA:THPMA). They utilized fluorescein as the
model molecule to monitor the developed system. Ultrasound irradiation resulted in the cleavage of
the hydrophobic tetrahydropyranyl moiety of the cap leading to a change in its conformation allowing
the drug to be released. They studied this concept further by surface functionalization of the MSNs
with biotin and RGD peptide to enable selective uptake by tumour cells (HeLa cell lines). DOX was
loaded as the cargo within the mesopores. They successfully proved the efficiency of the developed
nanoparticulate system in enhancing the efficiency of the DOX in killing cancer cells [229,231]. Studies
on similar line was reported by Kim et al. [230] using ibuprofen as a model drug which were loaded into
MSNs and covered with poly(dimethylsiloxane) as the implantable body. On exposure to ultrasound of
28 kHz with a power of 1.5 W/cm2, an increase in the diffusion of ibuprofen was observed. In addition,
negligible damage was observed to the polymer material on subjecting it to ultrasound frequency.
These results suggest the possible use of this stimulus in enabling controlled release of drug to the
diseased sites.

Another interesting approach to non-invasive drug therapy could be the use of a mild electric field
that aids in controlling the release of the cargo by activating certain mechanisms, viz, electrochemical
reduction-oxidation and movement of a charged molecule. Xiao et al. [224] developed a novel
controlled release MSNs sensitive to enzyme or voltage. These were functionalized with ferrocene
and further loaded with rhodamine and capped with β-cyclodextrin (β-CD). Voltage ranging from
0.5 V to 1.5 V was applied to trigger the release of the cargo from the pores. Both the enzyme and
voltage triggered release was based on the presence of ferrocenyl (Fc) and β-CD valve. The release is
based on the conversion of Fc to Fc+ which dissociates from the surface of the pores under a standard
potential of +0.32 V. They observed that at a higher voltage, the release rate was higher and vice
versa. Wang et al. [232] also utilized the potential of ferrocene functionalized β-CD as nanovalves to
modulate the drug release from MSNs. They loaded two drugs that is, gemcitabine and doxorubicin
and evaluated the potential of ferrocene in controlling the drug release. On applying a voltage of +1.5 V,
a controlled release of 23% of gemcitabine was observed over 15 min. Thereafter −1.5 V was applied,
which ceased the release of the drug. Hence, this approach can be effectively used for controlling the
drug release from MSNs and thus avoiding side effects.

Figure 5. Schematic illustration of the release of drug from gated MSNs in response to stimuli.
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5.4. MSNs for Improvement of Solubility of Drugs

MSNs owing to their modifiable surface chemistry can act as carriers for poorly soluble drugs
and tackle their solubility issues [234]. Bukara et al. [235] proved this potential of MSNs by loading the
poorly soluble drug fenofibrate and assessing them in healthy human volunteers. The volunteers were
monitored for a period of 96 h post dosing and their plasma samples were collected and assessed for
the pharmacologically active metabolite fenofibric acid. A significant increase in Cmax with a point
estimate of 177% and a reduction in tmax were observed for fenofibrate formulation following single
oral administration. No serious adverse events were reported and none of the volunteers discontinued
the study. This demonstrates that the MSNs could also be used as a possible alternative to other carriers
to improve the solubility and bioavailability of drugs. Enhanced oral bioavailability of telmisartan
(TEL) was achieved by loading it into MSNs. Based on the results obtained by the study on beagle
dogs, Zhang et al. set forth a basis to use MSNs as a drug carrier for poorly soluble drugs. In vitro
cellular uptake studies showed that TEL-MSN showed an enhanced uptake in Caco-2 cells resulting in
accumulation in the cell membrane as compared to TEL-mesoporous silica microparticles. The uptake
mechanism of these MSNs occurred in three major steps: first, binding of MSNs to intestinal cell
membrane followed by nonspecific cellular uptake and merging with endosomes and finally, release
from endosomes and enters the cytoplasm. In vivo absorption studies of TEL-MSN in beagle dogs
revealed a 1.29 times increase in AUC0→72h as compared to that of marketed tablet and MSN [236].
Thomas et al. synthesized MSNs loaded with BSC-II antiepileptic drugs, carbamazepine (CBZ),
oxcarbazepine (OXC) and rufinamide (RFN). The dissolution profile of the drugs in phosphate buffer,
showed faster release for CBZ and OXC whereas RFN showed a slower release of drugs after an initial
burst release. The profile resembled a first order release mechanism related to the drug diffusion
process. This could be widely exploited for the improvement in drug absorption and bioavailability of
poorly soluble drugs by further proving this concept via in vivo studies [237].

5.5. MSNs in Biomedical Imaging and Theranostic Purpose

The versatile features of MSNs such as ability to incorporate wide variety and large number of
compounds within them, their stability and controllable size, makes it an ideal platform for biomedical
imaging and theranostic applications. Many of the fluorophores face certain drawbacks such as poor
solubility and stability especially those for near infrared (NIR) imaging. These compounds can be
incorporated within the MSNs to improve their photophysical and photochemical properties. Various
literatures have suggested the successful utilization of this carrier for imaging and theranostic purposes.

MSNs can be widely used for optical imaging, magnetic resonance imaging (MRI), positron
emission tomography (PET). Optical imaging is a technique wherein the specific probes are excited by
incident light usually in the visible or near infrared regions, thus emitting light at a lower energy. MRI
is a powerful in vivo imaging technique which gives a three dimensional anatomical picture of the
region of interest with a high resolution.

Most often, the dyes are incorporated within the mesopores which gives sufficient stability
and protection from the external environment. Sreejith et al. developed a novel hybrid material
constituting squaraine loaded MSNs which were further coated with thin sheets of graphene oxide.
Squaraine dyes possess significant photophysical properties in the NIR region. In order to ascertain
their bioimaging ability, in vitro studies were carried out on HeLa cell lines which showed positive
results. The developed hybrid formulation was successful in protecting the dye as well as preventing
its leakage from the system showing a potential platform for bioimaging [238]. Moreover, these MSNs
can also be tagged with surface active moieties which can be preferentially directed to abnormal
tissues for diagnostic and therapeutic purposes. Nakamura et al. reported the synthesis of multimodal
MSNs possessing features of imaging as well as drug delivery. The carrier was loaded with 19F, a MRI
contrast reagent. These nanoparticles were further labeled with fluorescent dyes and tethered with
folic acid to ensure adequate uptake by tumour cells. The developed nanoparticles demonstrated
positive results in vitro exhibiting sufficient cellular uptake by folate expressing cancer cells which
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was observed via 19F MRI and fluorescence microscopy [239]. Jun et al. reported the use of silica
nanoparticles embedded with quantum dots (QDs) and constituting a core-shell of CdSe@ZnS for
bioimaging purposes (Si@QDs@Si NPs). They observed that the system showed superior fluorescence
as compared to single quantum dots when studied in HeLa cells. The same was confirmed via in vivo
testing wherein the mice were injected with Si@QDs@Si NPs mixed with HeLa cells. The nanoparticles
exhibited enhanced fluorescence and hence can be effectively used for bioimaging which requires
minute cell tracking with high sensitivity [240]. Helle et al. explored the potential of cyanine 7-doped
silica nanoparticles for lymph node mapping using NIR imaging. They were able to map the lymph
nodes for the diagnosis of possible metastatic and draining nodes. In addition, the developed platform
were found to be excreted via hepatobiliary route and was found to be safe when tested in mice up to
a period of three months showing an efficient hepatobiliary excretion [241].

5.6. MSNs for Bone Tissue Engineering and Repair

MSNs have found a special place in the field of tissue engineering. Most of the research in
this area revolves around bone tissue differentiation and osteogenesis. The surface silanol groups
present on MSNs react with the body fluids to generate carbonated apatite which can further lead
to bone generation. In addition to this, the MSNs can be loaded with osteogenic agents to augment
the bone tissue engineering process [242,243]. For instance, bone morphogenetic protein-2 (BMP2)
derived peptide functionalized dexamethasone loaded MSNs were formulated to evaluate its efficacy
for the osteogenic differentiation. The evaluation was carried out using cell line studies to study
the endocytosis and uptake of the functionalized MSNs. The ectopic bone formation was studied
in vivo, the results of which indicated that the BMP2-pep functionalized MSNs held great promise in
bone repair. The addition of dexamethasone synergized the bone differentiation effect [177]. Similar
results were reported by Luo et al. for bone forming peptide incorporated MSNs [244]. Incorporation
of bioactive glasses into mesoporous silica is another interesting application of MSN in bone repair.
Increased bone tissue regeneration was observed with these materials containing SiO2-CaO-P2O5 as
composition. Readers are directed to references [245,246] for a detailed review of these materials.

6. Biodistribution and Biocompatibility of MSNs

The safety and toxicity of nanoparticles are a cause of major concern owing to their high
surface-to-volume ratio compared to its counterparts. The biocompatibility of any carrier is a
prerequisite property for any pharmaceutical product to ascertain that these products do not
accumulate in the body over a period of time causing untoward effects.

Many of the formulations containing conventional nanocarriers have been approved by US FDA
(Table 1). Biomaterials such as lipids and polymers constitute these conventional nanocarriers. Due to
its inherent biodegradability and biocompatibility, these nanocarriers have been constantly exploited
for further research to enhance its biomedical applicability. Liposomes are one such carrier which
comprises of phospholipid bilayer within which both hydrophobic and hydrophilic drug can be
encapsulated. Liposomes have proven to be capable of being used for site specific drug targeting in
a variety of diseases [247,248]. These carriers have been found to be safe which may be attributed
to the biocompatible nature of phospholipids used [249]. Another nanocarrier that shares a similar
importance to that of liposomes is the polymeric nanocarrier. In this regard, poly(lactic-co-glycolic
acid) (PLGA) is one of the renowned polymer-based carriers. This is a part of an FDA approved
device [249,250]. Although these encouraging results have been obtained regarding their safety for
human use, there are certain drawbacks such as stability related issues, lack of control over drug release
and difficulty in overcoming certain biological barriers associated with these carriers. Nevertheless,
these are still the most widely explored carriers due to their non-toxic property.

Inorganic nanocarriers with robust characteristics, MSNs, although has shown positive in vitro
results, studies are still being carried out extensively due to the age-old toxicity-related issues of silicon
dioxide, especially silicosis. Efforts are underway in identifying the major routes of toxicity of silica
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in both its crystalline as well as amorphous forms. In this section, we have focused on the current
data available on the biodistribution and biocompatibility of MSNs. Control over the size, shape, pore
order and surface chemistry is crucial in deciding the fate of MSNs.

6.1. Effect of Surface Chemistry, Shape, and Size of MSNs

As per the reports, the major pathway of toxicity associated with silica is due to its surface
chemistry (silanol groups) which can interact with the membrane components leading to the lysis of
the cells and leaking of the cellular components [251,252]. Mesoporous silica exhibited lower hemolytic
effect compared to non-porous silica. This could be attributed to the lower density of silanol groups on
the surface of mesoporous structures [94]. Surface properties of MSNs also have a great impact on
the biodistribution and biocompatibility of MSNs. Altering the surface features by functionalization
with polyethylene glycol (PEG) helps the MSNs to escape from being captured by liver, spleen and
lung tissues. This could be attributed to the longer circulation time of PEG-MSNs [253]. Yu et al.
studied the impact of pore size, shape and surface features of silica nanoparticles on the cellular
toxicity. The cellular toxicity was evaluated on macrophages (RAW 264.7) and cancer epithelial (A549)
cells. Post 72 h exposure, they observed that A549 cells were resistant to the nanoparticles even at the
concentration of 500 μg/mL. However, at a concentration of 1000 μg/mL, observable toxicity was seen.
The IC50 value for the nanoparticles when tested on macrophages was found to be between 50 and
100 μg/mL. The cellular level of association was determined using inductively coupled plasma mass
spectrometry (ICP-MS). Interestingly; it was observed that amino modified MSNs showed a higher
level of cellular association which is contradictory to literature which report that increase in surface
silanol groups are responsible for higher cellular association [251,252]. The plausible explanation for
this higher interaction between amino MSNs and cells could be that a particular surface threshold
exists beyond which cell interaction is facilitated. The observations from the above study suggest that
toxicity depends on the type of cells, concentration of nanoparticles treated and pore size and surface
charge of nanoparticles [254].

An interesting experiment to identify the effect of the spatial arrangement of MSN surface amine
groups on its interaction pattern with cells was performed by Townson et al. MSNs with the same
size, porosity and charge were modified with suitable reagents (trimethoxysilylpropyl modified
polyethyleneimine, 2-[methoxy(polyethyleneoxy)propyl]trimethoxysilane, N-trimethoxysilylpropyl-
N,N,N-trimethyl ammonium chloride) resulting in PEG-PEI and PEG-NMe3

+ MSNs to ensure
exposed polyamines and distributed, obstructed amine groups respectively. Both in vitro and in vivo
experiments were performed to determine the toxicity effects. The synthesized nanoparticles were
subjected to cytotoxicity studies on a wide range of cell lines such as A549 (human lung carcinoma),
A431 (human epithelial cancer), Hep3B (human hepatocellular carcinoma) and human hepatocytes.
PEG-PEI MSNs were found to bind to all the cells whereas PEG-NMe3

+ MSNs showed limited binding.
To confirm these results and to ascertain if the same effects will be observed in a biological system as
well, 50 μg was injected into the veins of ex vivo chick embryos which helped in real-time imaging
of particles. The results showed a similar trend as that observed in in vitro studies. PEG-PEI MSNs
were found to bind endothelial cells and stationary and circulating white blood cells (WBCs) whereas
PEG-NMe3

+ MSNs remained in circulation for >6 h. In order to verify the importance of amine groups
in binding, the MSNs were subjected to acetylation thereby shielding the amine groups. This reduces
the binding affinity of the MSNs. From the study, it was concluded that exposure to charged particles
and its effect on the formation of protein corona in vivo should also be considered when designing
MSNs for biomedical applications [255].

The biodegradation and toxicity of MSNs also depend on the shape of the MSNs. The effect of
shape on in vivo toxicity of MSNs after oral administration was studied by Li et al. for MSNs with
different aspect ratios of 1, 1.75 and 5. These MSNs were administered at a dose of 40 mg/kg.
Two hours post administration, a significant number of MSNs were observed in the liver and
spleen. The number of spherical nanoparticles showed a marked increase in the liver compared
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to its rod-shaped counterparts. It was observed that MSNs showed a rapid excretion from the body via
faeces while some of the unchanged MSNs or their degradation products could be absorbed and later
excreted via urine. The in vitro results of degradation showed that spherical nanoparticles showed
rapid degradation while long rods have slow degradation rate, especially in intestinal fluid. These
results suggest that degradation of MSNs depends on the shape and biological environment. No
abnormalities were observed in liver, spleen, lung and heart. However, spherical nanoparticles induced
renal tubular necrosis and haemorrhage which may be due to the degradation products. Contrasting
results were obtained for MSNs administered via an intravenous route where no major abnormality
in kidney was detected [132,256]. However, there is a lack of clear picture of the degradation
pathway and pharmacokinetics of MSNs. With this regard, efforts were made by Zhao et al. to
study the pharmacokinetics and biodistribution of different shapes of MSNs namely, long rod, short
rod and spherical particles following oral administration. The retention of the nanoparticles in the
gastrointestinal tract was determined by ex vivo optical imaging method. In vitro cytotoxicity study
revealed that all the three nanoparticles were nearly non-toxic in nature which can be attributed
to the conversion of nanoparticles to non-toxic silicate ions. To predict the biodistribution of the
nanoparticles, Si content in different organs was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES). On examining the Si content in different organs, Zhao et al. also
arrived at the same conclusion as that by Li [256], that majority of the MSNs accumulate in the liver. The
synthesized MSNs did not show any visible histopathological changes when compared with that of the
control indicating that the particles did not produce any gastrointestinal toxicity or inflammation [257].

Size of the nanoparticles also has a profound influence on the biodistribution and excretion of
MSNs. MSNs with a varying particle size from 80 to 360 nm was prepared and their biodistribution
was assessed in ICR mice. An increase in particle size led to an increase in its accumulation in the liver
and spleen following intravenous (i.v.) administration. However, no pathological abnormalities were
observed at the end of 1 month. Smaller sized MSNs undergo slower degradation as it can escape
the degradation by liver and spleen [253]. Different types of MSNs (MCM-41, SBA-15) were injected
subcutaneously (s.c.) and intraperitoneally (i.p.) to mice. Intraperitoneal injection resulted in the
death of animals which may be attributed to the rapid systemic distribution following i.p. injection
as compared to s.c. [258]. Acute and sub-acute toxicity profiling of fluorescent mesoporous silica
nanoparticles (FMSNs) were performed in female nude mice. 1 mg/mouse/day was administered
via the intravenous route. No observable toxicity was seen in the animals. Long-term toxicity study
following intraperitoneal injection of FMSNs at a dose of 1 mg/mouse/day twice per week for 2 months
was conducted to assess the long-term effects of MSNs. The histopathological examination of body
tissues, haematological parameters displayed no apparent changes compared to control. In addition,
the FMSNs also showed an enhanced tumour uptake property resulting in a reduction in tumour
volume [259]. Single dose toxicity studies by Tang et al. revealed that the nanoparticles exhibited a
size-dependent toxicity [260]. Zhang et al. synthesized DOX-loaded MSNs functionalized with folic
acid of varying sizes of 48, 72 and 100 nm and investigated the effect of particle size on its in vivo
distribution in MDA-MB-231 tumour-bearing Balb/c mice. The animals were sacrificed at the end of
24, 48 and 72 h post injection and their organs were harvested. The amount of Si content in each of the
organs was determined by inductively coupled plasma mass spectrometry (ICP-MS). It was observed
that MSNs with size of 48 nm showed the highest accumulation in the tumour tissues. The results
suggest that particle size and surface modification alters the biodistribution of MSNs [261].

The data generated from various literatures suggest that careful control of particle size and
shape is the determinant factor in ascertaining the biodistribution and toxicity of MSNs. In addition,
the safety and toxicity of MSNs also depend on the dosage of the MSNs administered at which no
observable biological effects are detected.

Recently, Shen et al. [262] reported that the novel 3D-dendritic MSNs synthesized by them showed
a rapid biodegradation in simulated body fluid within 24 h as compared to two weeks for that of plain
MSNs reported earlier. In yet another effort to prepare biodegradable MSNs, He et al. [263] synthesized
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a novel pH responsive mesoporous silica–calcium phosphate (MSN-CAP) hybrid nanoparticles.
The MSNs were doped with calcium phosphate during synthesis process which yielded pH responsive
MSNs. The in vitro degradation behaviour of MSN-CAP was observed in simulated fluids. The results
showed that the complete degradation of the nanoparticles took place in 24 h. Both these novel MSNs
could be an alternative prospect for clinical use. However, their in vivo degradation behaviour has to
be ascertained.

6.2. In Vivo Safety and Toxicity of MSNs

Determining the safety and biocompatibility of MSNs is crucial owing to its variable characteristics.
Over the last few years, the number of literature on the study of the safety of MSNs has drastically
increased. The toxicity of the carriers depends on its various characteristics and the conclusions
derived from the studies were found to vary. Nevertheless, most of the reports showed that the MSNs
get preferentially accumulated in the liver and spleen following administration.

Liu and collaborators made an attempt to study the single and repeated dose toxicity of
HMSNs following intravenous administration in mice. LD50 of HMSNs was found to be higher
than 1000 mg/kg. In single dose toxicity studies, mice were injected with HMSNs at a low dose and
high dose. At the higher dose of 1280 mg/kg, mice did not survive. In contrast, the groups treated
with low dose HMSNs did not show any behavioural changes nor any haematology or pathological
changes. To carry out the detailed repeated dose toxicity studies, intravenous administration of
HMSNs were given to mice continuously for 14 days and observed for a month. During the 1 month
observation period, no mortality was observed. Moreover, no remarkable changes in pathology or
blood parameters were observed. In order to assess the fate of the nanoparticles, HMSNs were injected
intravenously at a dose of 80 mg/kg. Following administration, the majority of the nanoparticles were
found to localize in the liver and spleen. Analysis of the silicon content using ICP-OES revealed that
highest amount of silica was present in the spleen and liver which gradually reduced over a period of
4 weeks [264].

In order to assess the fate of MSNs after different administration routes, Fu and collaborators
tested MSNs with a particle size of 110 nm in ICR mice. Following administration via hypodermic,
intramuscular and intravenous injection as well as oral administration, the in vivo distribution of
fluorescent-tagged MSNs was tracked. It was observed that of all the exposure routes, the oral route
was found to be well tolerated even when the dose was increased to 5000 mg/kg and intravenous
route seemed to have the least threshold. MSNs administered via intravenous route were found
to preferentially accumulate in the liver and spleen at the end of 24 h and 7 days whereas those
administered by other routes did not show any fluorescence in these organs. It was observed that
a portion of the MSNs administered via intramuscular and hypodermic route could cross different
biological barriers with a slow absorption rate. The major routes of excretion of MSNs were found to
be via urine and faeces with the highest values after oral administration as compared to other routes.
No histopathological changes were observed in liver, spleen, kidney and lung at the end of 24 h and
7 days by different exposure routes. Nonetheless, a low degree of inflammation was seen in the mice
which were treated with MSNs via the hypodermic and intramuscular route. The results suggested
that MSNs were found to be safe and well tolerated when administered by oral and intravenous
routes [265]. For an extensive review on the biocompatibility of MSNs and silica NPs, the readers are
directed to references [260,266,267].

6.3. MSNs v/s Silica Nanoparticles

Different forms of silica viz, fumed silica, porous silica and non-porous silica can be used as drug
carriers. These carriers have shown encouraging results in preclinical studies. However, to translate
these materials to the bedside, a clear understanding of the fate and the inherent toxicity of these carriers
in vivo is essential. Silica nanoparticles used for biomedical applications are usually amorphous in
nature belonging to either porous or non-porous category. The rapid clearance of amorphous silica from

165



Pharmaceutics 2018, 10, 118

the lung compared to the crystalline forms is responsible for its lower toxicity potential [268]. MSNs
are found to dissolve rapidly when it is sufficiently below the saturation levels. As per the reports of
Martin [269], silica dissolves in the body fluids which subsequently gets absorbed or excreted as silicic
acid in the urine. The silica nanoparticles undergo degradation to silicic acid which is non-toxic via
three different processes viz, hydration, hydrolysis and ion-exchange. This process of degradation was
found to depend on the degradation medium and the concentration of nanoparticles. Various strategies
have been explored which can manipulate the degradation kinetics of silica nanoparticles. Some of
the approaches are noncovalent doping of organic moieties to accelerate the hydrolytic degradation,
covalent binding of organically bridged silsesquioxanes- based NPs, and incorporation of cleavable
organically bridged silsesquioxanes into silica NPs to enhance the degradation by the biological trigger.
The degradation of MSNs is much more complicated than other silica NPs owing to its varying matrix.
This is attributed to the difference in the rate and degree of condensation of silica matrices between the
various sol-gel procedures of MSN synthesis. As per the review by Croissant et al., partially condensed
MSNs degrade in a few days, well condensed MSNs tend to degrade in weeks and calcined MSNs
takes months for its degradation [270].

In order to assess the impact of porous structures on the in vivo immunotoxicity, Lee et al.
performed repeated-dose toxicity studies on BALB/c mice. MSNs and colloidal silica NPs were
injected intraperitoneally into mice for 4 weeks. At the end of the study period, the animals were
sacrificed and organs were harvested to study the effects of the particles. The animals treated with
MSNs showed an increase in the relative weight of liver and spleen and an increased response to
lymphocyte mitogens, concanavalin A (Con A) or lipopolysaccharide (LPS). In addition, a decrease
in the CD4+/CD8− and CD4−/CD8+ phenotypes and an increase in the levels of CD4+/CD8− and
CD4+/CD8+ were recorded. Elevated IgG/IgM levels were also observed in the MSN treated animals.
The results indicate that MSNs showed a greater extent of damage than colloidal silica NPs [271].
However, a careful study of the toxicity is needed to establish the safety of MSNs.

6.4. Biocompatibility of MSNs in Humans

The biocompatibility of silica nanoparticles has long been a topic of controversy as studies
conducted by researchers have yielded variable results. Nevertheless, the Food and Drug
Administration (FDA) approval of hybrid silica nanoparticles for bioimaging marks an event of
utmost importance. These particles were found to be ~7 nm in size within which fluorescent
dye, Cy5 was incorporated. These particles were labelled with 124I and surface functionalized
with peptide cyclo-(Arg-Gly-Asp-Tyr) (cRGDY) to selectively target integrin-expressing tumours.
C dots were synthesized in such a way that they had limited reticuloendothelial system (RES) uptake
and promote renal excretion. Preliminary experiments on in vivo safety by Choi et al. (Cornell
University) revealed that these fluorescent silica nanoparticles were safe and did not show any toxicity
in mice. These particles were also found to be an effective bioimaging probe for cancer imaging [21,22].
Burns et al. carried out in vivo biodistribution studies of the developed C dots in nude mice wherein
nanoparticles were injected intravenously. The particles were found to show rapid renal clearance
within 45 min of injection and majority of these particles accumulated in the liver. To further modify the
clearance, the particles were coated with methoxy-terminated poly(ethylene glycol) chains. By careful
manipulation of the surface features of C dots, they can be used for wide variety of biomedical
applications including imaging and therapy [22]. Based on the encouraging results of pre-clinical
studies, these nanoparticles received approval from the FDA as an Investigational New Drug (IND)
to conduct the human clinical trial, phase I. The first human clinical trials suggested its safety for
human use. A pilot clinical trial was conducted in five metastatic melanoma patients to assess the
pharmacokinetic (PK) profile of C dots following a single injection dose. The PK profiles, renal
excretion, metabolic profile assessment in patients suggested that the particles were well tolerated,
preferentially accumulated in the tumour site and were found to be safe for human use [272,273].
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A study wherein the potential of ordered mesoporous silica nanoparticles (OMS) in enhancing
the bioavailability of fenofibrate in man was conducted by Bukara and collaborators which can be
considered as another breakthrough step acting as a trigger in evoking interest among the researchers
for the use of MSNs for biomedical applications. Promising results obtained by them in their preclinical
studies [274] prompted them to complement those results with clinical studies. Fenofibrate was loaded
into OMS and these were subsequently enclosed within capsules. The study was carried out with
12 volunteers who were administered a single dose of fenofibrate OMS and the marketed formulation
of fenofibrate, Lipanthyl®. Safety assessment was performed by periodic monitoring of the vital signs,
12-lead electrocardiogram (ECG) and blood biochemical parameters in the subjects. The PK profile
revealed an increase in the rate and extent of absorption of fenofibrate when incorporated in OMS as
compared to the marketed product. In addition, the formulation was found to be well tolerated in the
volunteers ensuring the safety of the developed OMS formulation [235].

7. Recent Patents Filed in the Field of MSNs for Biomedical Applications

Ever since its first production, modifications in terms of synthesis aiming to control the particle
size and pore volume has led to the filing of several patents on MSNs. Owing to its versatile nature
of loading therapeutic agents, both hydrophilic and hydrophobic, patents filed on MSNs mainly
include investigating them for biomedical applications, biosensors, imaging and as adsorbents. In the
following section, we have laid emphasis on reviewing the recent patents related to the biomedical
applications of MSNs.

A novel approach of coating the MSNs with lipids coined as ‘protocells’ has received significant
attention in the fabrication of drug delivery systems. These combine the advantages of liposomes (low
toxicity, long circulation times) with the advantages of MSNs (tunable size, shape and loading capacity)
(Figure 6). Numerous studies have shown positive results, a few of which are touched upon here.

Figure 6. Representation of (A) Non-targeted protocell and (B) Targeted protocell.

A protocell of MSN encapsulated within lipid bilayer was designed by Ashley and collaborators
wherein, MSNs were prepared by aerosol-assisted evaporation-induced self-assembly (EISA)
procedure. The MSNs were encapsulated within supported lipid bilayers. The lipid bilayer components
(cholesterol and phospholipids) were covalently attached to the glycidoxypropylsilane or APTES
functionalized MSNs. Levofloxacin was loaded into the pores of the MSNs. The lipid bilayers
were composed of either 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), l,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE) or l,2-distearoyl-sn-glycero-3-phosphocholine (DSPC). The protocells
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were rendered target specific by anchoring peptides (e.g., RGD peptide comprising of Arg-Gly-Asp)
onto its surface. The protocells were PEGylated with polyethylene glycol to enhance its circulation
time in the body. The pore size of the MSNs ranged from 1 nm to 75 nm. A high drug loading of
about 20–55 wt % of the protocell was obtained for individual antibiotics. Fcy targeted protocells
were found to show enhanced uptake by THP-1 cells resulting in the effective killing of intracellular
organism F. tularensis. Only 2 wt % levofloxacin loaded protocell was also found to be cytotoxic as
compared to that of free levofloxacin. Biodistribution studies in Balb/c mice showed that Fcy targeted
protocells were distributed in various organs of potential F. tularensis infection such as lung, liver,
spleen and lymph nodes. The results revealed that the biodistribution like many other nanoparticles
depends on their size and size distribution. Based on literature reports and approximation of previous
work on other antibiotics, the inventors also claimed that oral administration of protocells was far
more effective than inhalation therapy for respiratory tularemia. However, these protocells have
to be filled in capsules coated with a suitable polymer to prevent its degradation from the gastric
environment. The application of protocells could also be extended to incorporate various other
antibiotics, macromolecules such as DNA and histone packaged plasmid into the protocells to enhance
its penetration into the nucleus of a cell and deposit its contents [275].

Jeffrey and collaborators fabricated MSNs which were functionalized with targeting ligands
specific to white blood cells or arterial, venous or capillary vessels. These targeting ligands were either
Fc gamma from IgG, human complement C3, ephrin B2 and SP94 peptide. These MSNs were further
encapsulated within lipid bi- or multi-layers to form protocells. Polyethyleneglycol-polyethyleneimine
(PEG-PEI) was tethered to the surface of MSNs to enhance the colloidal stability of the formulation.
The MSNs were around 50 nm in size and positively charged. This helps to bind itself to endothelial
cells, serum proteins and white blood cells. To elucidate the binding of these MSNs, they were injected
into veins of ex vivo chick embryos. PEI-PEG-MSNs were found to be bound to endothelial cells as
well as stationary and circulating white blood cells following injection [276].

Similar use of protocells was extended and reported for multicomponent delivery of drugs
DOX, 5-fluorouracil and cisplatin to cancer cells. The protocells constituted MSNs which were
surrounded by lipid bilayers also referred to as ‘supported lipid bilayer’ (SLB) and further
functionalized with targeting ligand SP94 peptides which are overexpressed in liver cancer. These
ligands were conjugated on the surface of amino-modified MSNs by a PEG spacer. The lipids
chosen were N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate (DOTAP),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) which functions as a pore sealing agent and thereby
restricts the release of the drug. Once internalized by the cells, the SLBs get destabilized by endosome
acidification, thus releasing the drug. The protocells could also be tethered with nuclear localization
sequence (NLS) to enhance the penetration of the drug into the nucleus of the cells. In vitro cellular
uptake of the protocells by Hep3B cells (hepatocellular carcinoma) supported the hypothesis of active
targeting by the developed protocells [277].

Toroidal MSNs were synthesized and their potential use as a carrier for the transport of different
cargos ranging from small molecules to siRNA, mRNA and plasmids was explored by Brinker and
Lin. Both ellipsoidal (eMSN) and toroidal shaped MSNs (tMSNs) were synthesized by varying the
reaction procedure and the reactants. ‘Torus’ shaped MSNs refer to MSN with a central pore and two
other pores into which macromolecules can be easily loaded. The internal surface area was found
to be in the range of 1.1 to 0.5 cc/g with a payload of 50%. These were functionalized with amino
groups and modified with PEG to improve the circulation time. Ligands, Fc gamma from IgG, human
complement C3, ephrin B2 and SP94 peptide were tethered onto the MSNs for target specificity. DOPC
and DOPP (dioctylphenylphosphonate) lipids can be coated onto the MSNs to seal the pores and also
improve the biocompatibility. Cellular uptake studies were performed on a variety of cell lines such
as human endothelial cells like EAhy 926, ATCC-CRL-2922 and mouse macrophages ATCC-TIB-71
and Raw 264-7. The successful internalization of the MSNs was proved by the in vivo studies. The
developed MSNs can be a possible carrier to load large linear molecules due to its unique structure.
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They can also be loaded with a variety of small molecules ranging from anti-cancer, anti-inflammatory,
antiviral and so forth [278].

Protocells for the efficient delivery of chemotherapeutic agents for the treatment of hepatocellular
carcinoma was formulated. The protocells contained nanoparticles protected by supported lipid
bilayers comprising of DOTAP, DOPG (1,2-dioleoyl-sn-glycero-3-phosphoglycerol) or DOPE as lipids.
The nanoparticles were loaded with DOX, cisplatin and 5-fluorouracil as model cargo. The surface
of the protocells was tethered to a novel binding peptide c-MET. The pores can also be loaded with
small interfering RNA, microRNA. The surface of the nanoparticles was modified with amino groups
to sustain the drug release. These were coated with liposomes by electrostatically fusing them to
nanoporous silica core. The surface was coated with a fusogenic peptide that promotes the endosomal
escape of protocells. They can also be coated with nuclear localization sequence to enhance the uptake
by the nucleus. The applicability of these protocells can also be extended for the transdermal delivery
of the drugs wherein the supported lipid bilayers contained permeation enhancers to enhance the
permeability via the stratum corneum [279].

Nel et al. developed phospholipid bilayer coated MSN loaded with gemcitabine (GEM) for the
treatment of human pancreatic ductal adenocarcinoma (PDAC). The MSNs were synthesized and
loaded with GEM. The lipid membrane was rehydrated with GEM-MSNs which led to the coating and
capping of the pores of the MSNs. In addition to this, paclitaxel was dissolved in the organic solvent
along with the lipids thus leading to MSNs with two drugs; one in the pores and other embedded in
the lipid bilayer. The loading of GEM into the MSNs was found to be around 20% w/w. Transforming
growth factor β (TGF-β) inhibitor, LY364947 was adsorbed onto MSNs. These TGF-β inhibitors
help in enhancing the permeation of GEM laden MSNs to the tumour sites. This proof-of-concept
was established in BxPC3 xenograft mouse models (pancreatic tumour model). The delivery system
showed enhanced uptake in tumours showing a significant reduction in tumour volume. To prolong
the circulation time, the MSNs were coated with PEI/PEG [280].

Silica nanoparticles loaded with antibiotics and their surface coated with a polymer to prevent
premature release of the drug were developed by Avni and collaborators. The formulation was
designed such that the cargo will be released only in response to stimuli. In this work, the drug within
the nanoparticles will be released only if the substance released by the target cell has the property to
degrade the gating molecules. Another application of this invention was in the diagnosis of diseases.
Signaling molecule loaded silica nanoparticles were gated with nucleic acid molecules. Outside this
particle, another molecule which produces a detectable signal was added. In the presence of a nucleic
acid which is complementary to the gating molecule, they both hybridize resulting in the opening of
the gates of the nanoparticles. In a similar way, the developed nanoparticles were used for various
applications by coating the surface of the particles and making it responsive to stimuli [281].

Pore expanded MSNs with a pore diameter ranging from 1 nm to 100 nm for the loading of
bioactive material and mainly protein was developed by Cheolhee. The pore expanding agent used
was trimethylbenzene. Also, the surface of the MSNs was functionalized with ligands specific to the
protein of interest to enhance the binding of the protein either to the inner or outer surface of the
carrier. The ligand includes nickel, nickel-nitrilotriacetic acid (NTA), glutathione, dextrin, biotin or
streptavidin. The protein of interest in this work was proteasome. Various other proteins such as
bovine serum albumin (BSA), IgG proteins, β-galactosidase, horseradish peroxidase were introduced
into the pores to study their effect. The surface of the MSNs was further functionalized with the ligand
to enhance the intracellular drug delivery using peptides. The intracellular delivery efficiency of the
MSNs was studied using fluorescent tagged MSNs. The MSNs were found to show an increased
intracellular delivery of the agents as compared to the free proteins. The internalization mechanism of
MSN-proteasome complex was studied in HeLa cell lines. It was observed that the complex exhibited
energy-dependent caveolae-mediated and clathrin-mediated endocytosis. This drug delivery carrier
could be further extended for the delivery of various other proteins and enzymes such as RNase,
kinase, phosphatase, antibodies, miRNA or siRNA [282].
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Weng et al. worked on improving the efficacy of a natural molecule, 16-hydroxy-cleroda-3,13-
dine-15,16-olide (HCD) for the treatment of cancer. Even though HCD has shown great potential in
inducing apoptosis, its use is limited by its poor solubility. HCD was incorporated into copper modified
silica nanoparticles. To further prolong the release of the drug from the carrier, these nanoparticles
were coated with Eudragit®S100 (Cu-MSN-HCD-S100). The loading of the drug was found to be
around 18% of the weight of the carrier which was supported by the reduction in surface area with each
coating. In vitro release profile of the drug showed a sustained release with Cu-MSN-HCD-S100 as
compared to the uncoated MSNs. The cytotoxic potential of the developed formulation was observed
in rat G6 glioma cell lines. These results were supported by in vivo studies in tumour xenograft C6 rat
glioma bearing mouse models which showed a reduction in the tumour volume on oral administration
of the formulation. The formulation was found to be safe without any major reported toxic effects [283].

Modified MSNs were fabricated by Lee and collaborators to monitor the redox-responsive
drug release within the system. To validate this concept, doxorubicin-loaded MSN labeled with
coumarin and tethered to cysteine was developed. The release of the drug was blocked by fluorescein
isothiocyanate-β-cyclodextrin (FITC-β-CD) which was covalently bound to cysteine. These carriers
are designated as redox-responsive fluorescent resonance energy transfer-based MSN drug delivery
system (FRET-MSNs). These FRET systems have a unique feature of energy transfer between two
fluorophores which is sensitive to changes in the donor (Coumarin-labeled cysteine) to acceptor
(FITC-β-CD) separation distance. The change in the FRET signal was used to monitor the drug release.
When the donor and acceptor are in proximity to MSN surface, a green emission peak at 520 nm was
observed (FRET ON). In the presence of glutathione (GSH) which are overexpressed in cancer cells,
the disulfide bonds get cleaved resulting in the opening of FITC-β-CD valve and release of drug which
shows an increased blue fluorescence at 450 nm corresponding to coumarin (FRET OFF). The pore
diameter of these carriers was found to be 2.3 nm with a particle size of around 100 nm. This theory was
studied using HeLa cells treated with thioacetic acid (GSH synthesis scavenger) and N-ethylmaleimide
(GSH scavenger). In the presence of thioacetic acid, a decrease in cell viability, as well as gradual
decrease in FRET signal, was observed. The opposite was true in case of N-ethylmaleimide. Similarly,
the same carrier can be used to monitor the release of a wide variety of drugs by suitably modifying
the carrier system [284].

A comparatively new avenue of research for the use of MSNs is in the delivery of antibiotic
drugs for the treatment of post-operative osteomyelitis and arthroplasty. Polyacrylate based bone
cement materials for effective delivery of antibiotics was designed by Shou-Cang and collaborators.
A sustained release of 70% of the active principle over a period of 80 days was observed when compared
to only 5% release from the currently marketed antibiotic bone cement formulation, Smart-Set GHV.A
co-delivery of antibiotics (gentamicin, vancomycin) and anti-inflammatory (indomethacin, ibuprofen)
drug was achieved in the current invention. To formulate MSN based bone cement, the drug was
loaded into the MSNs and polyacrylate was added to form a mixture to which monomer, methyl
methacrylate was added and polymerized to form the bone cement. It was observed that as the
content of MSN was increased from 6 wt % to above; an enhanced drug release was observed which
was otherwise restricted to <7% as the majority of the drug would be embedded in the bone cement
matrix. In the case of MSN, the drug could be released from the matrix via diffusion from the pores.
The developed formulation also exhibited low cytotoxicity to mouse fibroblast cells ensuring the safety
of the formulation. The compression strength and bending modulus of the bone cement were similar
to that of the commercial product. Hence, the current invention can be used as an alternative to treat
osteomyelitis, augmentation of the bone crew and bone-implant interface during joint replacement
surgery, as bone filler and bone graft substitute [285].

Liu and Lay [286] reported the formulation of stimuli-responsive hollow silica vesicles coated
with interpolymer complex for the delivery of bioactive agents. These carriers contained interpolymer
complex where the first polymer PEG was immobilized on the surface and the second polymer,
poly(methyl methacrylate) (PMMA) was complexed to the first one via hydrogen bond. The principle
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behind the release of active agent from the pore was related to a pH of the system. At around pH 5,
the second polymer will remain complexed to the first one whereas, at pH 7 and above, the interpolymer
complex dissociates releasing the drug. The dissociation of the PEG-PMMA complex was due to the
deprotonation of PMMA leading to breaking of hydrogen bonds between methyl methacrylate (MMA)
and ethylene glycol (EG). This leads to swelling of the complex and dissolving of anionic PMMA.
The hollow silica particles were prepared using polystyrene as template and surface modified with
amino groups. Calcein blue was loaded as the model cargo to study the behaviour of the delivery
system. The ratio of methyl methacrylate: ethylene glycol was in the ratio of 1:3.4. PMMA of varying
molecular weights was tried and 6.5 kDa formed a good complex with PEG as it could easily intercalate
within the gaps of PEG chains thus providing flexible, smooth PEG-PMMA complex. The developed
formulation was evaluated for the proof of concept by in vitro studies. These can be used for delivery of
drugs susceptible to gastric pH and can be given via oral route by suitably formulating with additives.

Zink et al. formulated MSNs with its surface modified with mPEG and further coated with a
polymer such as a polyethyleneimine (PEI) for the delivery of siRNA and plasmid DNA. Along with
this, phosphonate modified MSNs were also synthesized and loaded with drugs. Also, doxorubicin,
paclitaxel was loaded into the MSNs. The polymer chain length can effectively control the toxicity
of the synthesized MSNs still maintaining the necessary function. To evaluate the toxicity of PEI as
a polymer, MSNs were coated with different molecular weights of PEI polymer like 0.6, 1.2, 1.8, 10
and 25 KD. The cytotoxicity potential of the developed formulation was determined in HEPA-1 cells.
The results revealed the absence of any toxicity in particles coated with 0.6, 1.2 and 1.8 KD polymers
whereas 10 KD polymer showed toxicity at 50 μg/mL whereas 25 KD polymer showed a decline in MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) activity
at more than 12.5 μg/mL. In addition to this, paclitaxel was also loaded into the pores to determine the
activity of the carrier. The cellular uptake of the paclitaxel-loaded MSNs was determined in PANC-1
and BxPC3 cells (human pancreatic ductal carcinoma). The MSN-PEI-1.2 KD particles exhibited
significant cytotoxicity and cellular uptake of paclitaxel whereas MSN-PEI-25 KD showed slight
particle related toxicity at a concentration of 25 μg/mL as compared to that of paclitaxel suspension in
aqueous media [287].

Liong and collaborators developed MSNs to carry water-insoluble drugs like camptothecin (CPT)
and paclitaxel (PCL) for the treatment of pancreatic carcinoma. To render the nanoparticles magnetic
in nature for MR imaging, iron oxide nanocrystals were incorporated into the MSNs. They further
loaded hydrophobic chemotherapeutic agents into the pores of MSNs. They modified the synthesis
of iron oxide nanocrystals by thermal decomposition of iron-oleate complexes which later were
merged with cetyltrimethylammonium bromide (CTAB) by the interaction between the hydrophobic
tail of CTAB and hydrophobic oleate ligand. The mesoporous silica was formed around the iron
oxide nanocrystals at a temperature of 65–80 ◦C with vigorous stirring to obtain nanoparticles in
the range of 100–200 nm. They also successfully utilized the same method with other inorganic
nanoparticles like gold and silver in place of iron. The complete removal of surfactant template
was brought about by ion exchange method using ammonium nitrate. To avoid agglomeration of
the particles, the surface of MSNs was modified with phosphonate groups (that is, trihydroxy silyl
propyl methylphosphonate). On loading the drugs into the pores of MSNs, it was observed that only
30 nmol of the drug was loaded onto 1 mg of nanoparticles. To enhance the cellular uptake by cancer
cells, the MSNs were functionalized with folic acid moiety. This study was confirmed by cellular
uptake studies in pancreatic cell lines (PANC-1, Capan-1 and AsPC-1), colon cancer cell line (SW480)
and stomach cancer cell line (MKN-45). Fluorescent MSN clearly indicated the cytotoxic potential
of CPT. They also studied the mechanism of cellular uptake in human pancreatic cell line PANC-1
and hepatoma cell line Hepa-1 cells. The results suggested that the uptake of FMSN takes place via
temperature and energy dependent manner. This was confirmed by treating the cells with metabolic
inhibitors such as sodium azide/sucrose/bafilomycin A, nocodazole/brefeldin A which inhibited the
cellular uptake of FMSNs [288].
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Sulfasalazine loaded charged MSNs were fabricated by Lee et al. for the effective therapy
against diseases of the lower gastrointestinal tract (inflammatory bowel disease, ulcerative colitis,
Crohn’s disease). The surface of MSNs was functionalized with N-trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride via co-condensation method at varying concentration of 2%, 5%, 8% and
12% v/v designated as MSN-TA1, MSN-TA2, MSN-TA3 and MSN-TA4 respectively. Sulfasalazine and
a dye named orange II were loaded into the pores of the MSNs. The loading percentage was found to
be about 1.7 to 4% in water and DMSO as solvent respectively. The concentration of the dye played
a significant role in the adsorption capacity. Higher the concentration of orange II, greater was the
adsorption of the dye which suggested diffusion dependent adsorption. However, adsorption was
found to be greater with the increased density of TA groups on the surface of MSNs. Similar results
were observed with that of sulfasalazine as well. However, the loading efficiency was found to be lesser
due to the hydrophobic nature of the drug. pH range of 2–5 was found to be optimum for the loading
of the drug as at this pH strong electrostatic attraction was found to be present. The in vitro release
profile revealed that MSN-TA4 showed a comparatively slower release of the drug compared to the
rest of the modifications and unmodified MSN. Their work indicates that the release and adsorption of
the drug onto MSNs could be tailored by tethering TA onto the surface of MSNs [289].

Lin et al. utilized room temperature ionic liquids (RTIL) as a template for the synthesis of
MSNs. The organic cation used in this work includes alkylammonium and alkylphosphonium
cations and heterocyclic cations like N-alkyl pyridinium and N,N’-dialkyl imidazolium. These
organic cations were treated with suitable anions, such as tetrafluoroborate, hexafluorophosphate,
halides such as fluoride, chloride, bromide and iodide to form RTIL. The pores of the MSNs were
loaded with antimicrobial agents. These agents could also form part of the cationic group of
the RTIL. They suggested that to obtain a delayed release of the drug either the antimicrobial
ammonium species can be used as the template of MSN or the pores can be reloaded with the
antimicrobial quaternary ammonium salts. To control the release of the drug from the template, the
surface of the MSNs can be further coated with a polymer like poly (lactic acid) or any bioadhesive
polymer to render the MSNs bioadhesive which can further prolong the drug release. In the present
invention, MSNs with different shapes such as spheres, ellipsoids, rods and tubes were synthesized
using different tetraalkoxysilanes namely 1-tetradecyl-3-methylimidazolium bromide (C14MIMBr),
1-hexadecyl-3-methylimidazolium bromide (C16MIMBr), 1-octadecyl-3-methylimidazolium bromide
(C18MIMBr), 1-tetradecyloxymethyl-3-methylimidazolium chloride (C14OCMIMCl) and cetyl
pyridinium bromide (CPBr) respectively. The pores of the MSNs were capped with certain amino
acids to alter the drug release. The antibacterial activity of the developed MSNs was determined by
disk diffusion assays, minimal inhibitory concentration (MIC), and minimal bactericidal concentration
(MBC) against Escherichia coli K12. They were also claimed to be effective against fungi. The inventors
also developed cetylpyridinium chloride (CPC) containing MSN formulation for the treatment of an
oral volatile sulfur compounds (VSC)-prone condition leading to oral malodor problems. The pore
surface was blocked with zinc-binding amino acids such as glutamic acid, histidine and aspartic acid
groups. In neutral or weakly basic conditions, CPC molecules slowly diffuse out of the pores and
suppress the anaerobic protein digestion activities of gram negative bacteria thus preventing VSC
formation. The MSN formulation can be administered via oral, topical or parenteral routes depending
on the final use. The MSNs can be further formulated using suitable diluents or carriers to convert it
into tablets or topical ointments, gels [290].

8. Conclusions

In this review, we have touched upon some exciting research utilizing mesoporous silica
nanocarriers as drug delivery systems. Their unique properties of tunable pore size, pore volume, high
loading capacity makes them widely exploited nanocarriers. Varying the molar composition of the
reactants, type of reactants and the reaction conditions, MSNs with different particle size, shape and
pore volume can be obtained. Tailoring the surface properties and pore size of MSNs helps enhance
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the loading and modify the drug release profile. The major research on MSNs is focused on the use of
these in the treatment of cancer wherein variety of ligands can be anchored onto the surface of MSNs
due to the ease of functionalization. Moreover, these smart systems can be used to deliver drug at
the site of interest by various external and internal stimuli such as pH, temperature, light, chemicals,
enzymes, ultrasound and so forth. Review of the patents filed shows that majority of the research
focuses on exploring the possible use of protocells (MSNs coated with supported lipid bilayers) for
drug and macromolecule delivery. With this kind of systems, it is possible to protect the cargo from the
external environment and also achieve ‘zero’ premature release. However, the pharmacokinetics and
biodistribution of these carriers vary depending on its characteristics and the route of administration.
Implications associated with long-term use of MSNs remain unanswered. This lacuna holds back the
technology platform from stepping to the next level of clinical use.

9. Current and Future Perspectives

Although FDA has approved only a few nanomedicines for treatment and use in the clinics, these
novel systems have been successful in laying a huge impact in the field of disease therapy and have
the potential to change the conventional treatment or diagnosis. Ever since the first identification of
the potential application of MSNs as carriers for drug delivery, exhaustive research is being carried out
to prove the importance of this technology in the therapy of multiple diseases. Majority of the work
focuses on the use of these carriers for site-specific delivery of chemotherapeutic agents. Nonetheless,
regulatory and technical obstacles limit the safe and efficient translation and regulatory approval
of these products. Unlike other nanocarriers, the fabrication of MSNs is a simple and cost-effective
process. Moreover, these MSNs have an additional scope of being a multifunctional nanocarrier for
spatial, temporal placement of drugs and also for theranostic purpose and imaging, and also supports
multidrug loading. Remarkable outcomes have been achieved in this regard in both cellular and
preclinical studies. However, certain challenges lay ahead in the successful translation of this platform
to bedside. Synthesis of MSNs with consistent characteristics and quality can be a major challenge.
The industrial transfer of technology mainly depends on scalability and hence the synthesis of MSNs at
production scale may be a barrier to its commercialization. There is a need for a better understanding
and control of the manufacturing process to ensure reproducibility in the product. In addition, all
drugs cannot be loaded in the same concentration and hence the amount of MSN may vary from
case to case which may play a role in determining the maximum tolerated dose of MSN. Certain
process analytical tools such as custom-built fluorescence correlation spectroscopy (FCS) coupled
with size exclusion/gel permeation chromatography (GPC) adopted by Chen et al. [291] would aid in
monitoring the particle size and long term stability and thus reduce batch-to-batch variation. While
the inherent toxicity issues of most of the inorganic nanoparticles remains a major issue, encouraging
reports on the efficacy and biocompatibility of MSNs in animal models shows the tremendous potential
of shifting this platform to clinical levels. However, the difference in the physiology of small animals
and humans may lead to failure of these carriers in clinical trials. Lack of in-depth understanding
of the interaction between MSNs and the biological system needs to be addressed. Comprehensive
in vitro screening assays with varying ligands to ensure optimum uptake, stability, specificity and
pharmacokinetic profile would be useful in developing a more reliable product for clinical trials
especially for anticancer therapy and the same could be extended as a guide to develop more reliable
MSN products for other biomedical purposes as well. Recently, a ray of light for the use of silica
nanoparticles was seen in the form of FDA’s approval to conduct stage I human clinical trial for Cornell
dots (C dots). This marked an important step towards the acceptance of silica nanoparticles. Following
this, first-in human studies by Bukara and group [235] demonstrated the safety of MSNs. Nevertheless,
the potential challenge to the clinical translation of MSN-based drug delivery system lies in the lack of
substantial evidence on its chronic toxicity studies, genotoxicity and teratogenic potential, long-term
tissue compatibility. Thorough understanding of the degradation mechanism of mesoporous silica
in vivo is yet to be established. Efforts are to be made by researchers like us to bridge the gap between
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the preclinical and clinical use of MSNs to achieve marked progress in this subject. We anticipate that
if a careful assessment during the production and in vitro evaluation along with studies to ascertain
the biosafety of MSNs is performed, these novel designs can be a vital breakthrough in the future for
clinical applications in the diagnosis, imaging and treatment catering to the needs of patients.
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