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Preface to ”Self-Organizing Nanovectors for Drug

Delivery”

Nanomedicine is probably one of the most investigated areas in the field of pharmaceutics in

the last two decades. Nanotechnology-based formulations have been mainly investigated as a useful

tool for drug delivery and targeting. Despite the wide literature on this subject and the growing

number of formulations on the market or in clinical trials, the success rate of nanomedicines from

bench to bedside is still low. Among the proposed approaches to facilitate the technology transfer

of nanomedicines, biomaterials, and formulations able to spontaneously form nanoscale systems are

very attractive. In this context, lipids and polymers have been proposed for the delivery of nucleic

acids; polypeptides have been studied as building materials for drug delivery systems; inorganic or

polymeric biomaterials have been combined to assemble in hybrid nanosystems, by mixing two or

more components or by layer-by-layer strategy. Finally, formulations able to self-emulsify have been

proposed, especially for oral administration. All these approaches do not require high energy for the

preparation and should be easy to transfer to large scale production with limited costs of production.

The growing attention toward self-organizing nanostructures in the field of pharmaceutics will

certainly contribute to speeding up the technology transfer of nanotechnology-based formulations.

Giuseppe De Rosa, Pietro Matricardi

Special Issue Editors
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Abstract: Impaired penetration of antibiotics through bacterial biofilms is one of the reasons for
failure of antimicrobial therapy. Hindered drug diffusion is caused on the one hand by interactions
with the sticky biofilm matrix and on the other hand by the fact that bacterial cells are organized
in densely packed clusters of cells. Binding interactions with the biofilm matrix can be avoided by
encapsulating the antibiotics into nanocarriers, while interfering with the integrity of the dense cell
clusters can enhance drug transport deep into the biofilm. Vapor nanobubbles (VNB), generated
from laser irradiated nanoparticles, are a recently reported effective way to loosen up the biofilm
structure in order to enhance drug transport and efficacy. In the present study, we explored if
the disruptive force of VNB can be used simultaneously to interfere with the biofilm structure
and trigger antibiotic release from light-responsive nanocarriers. The antibiotic tobramycin was
incorporated in two types of light-responsive nanocarriers—liposomes functionalized with gold
nanoparticles (Lip-AuNP) and graphene quantum dots (GQD)—and their efficacy was evaluated on
Pseudomonas aeruginosa biofilms. Even though the anti-biofilm efficacy of tobramycin was improved
by liposomal encapsulation, electrostatic functionalization with 70 nm AuNP unfortunately resulted
in premature leakage of tobramycin in a matter of hours. Laser-irradiation consequently did not
further improve P. aeruginosa biofilm eradication. Adsorption of tobramycin to GQD, on the other
hand, did result in a stable formulation with high encapsulation efficiency, without burst release of
tobramycin from the nanocarriers. However, even though laser-induced VNB formation from GQD
resulted in biofilm disruption, an enhanced anti-biofilm effect was not achieved due to tobramycin not
being efficiently released from GQD. Even though this study was unsuccessful in designing suitable
nanocarriers for simultaneous biofilm disruption and light-triggered release of tobramycin, it provides
insights into the difficulties and challenges that need to be considered for future developments in
this regard.

Pharmaceutics 2019, 11, 201; doi:10.3390/pharmaceutics11050201 www.mdpi.com/journal/pharmaceutics1
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1. Introduction

Difficult to treat infectious diseases pose a significant threat to healthcare globally. An important
reason why antibiotics are not effective is the formation of microbial biofilms. Biofilms offer protection to
their inhabiting sessile cells by a plethora of mechanisms such as reduced metabolic activity, avoidance
of oxidative stress and reduced penetration of antimicrobials [1]. The latter is referred to as the biofilm
diffusion barrier and is essentially due to two reasons (Figure 1). First, sessile cells in biofilms produce
a complex matrix of polysaccharides, extracellular DNA and enzymes, all of which can block or even
inactivate antimicrobial agents [2–6]. A promising strategy in this regard is the encapsulation of
antimicrobials into nanocarriers to shield them from physicochemical interactions with biofilm matrix
constituents [7]. Nanocarriers ideally should combine efficient and stable drug encapsulation, while at
the same time having the ability to release the drug when reaching the target cells. Triggered drug
release can be achieved by relying on specific properties of the biofilm microenvironment. One example
are rhamnolipids in biofilms related to cystic fibrosis lung infections which were shown to release
amikacin from liposomes locally [8]. Another pertinent example is a change of local pH which can
be exploited to achieve local release, for instance with pH-sensitive polymeric nanoparticles which
released farnesol when present in acidic biofilm habitats [9]. A practical limitation of relying on
endogenous triggers is that they are quite specific for particular types of biofilms whose composition
might vary over time and disease state [7]. Externally controlled triggers, on the other hand, ensure a
broader applicability as they are independent on the biofilm composition.

The second important contribution to the biofilm diffusion barrier is related to the specific biofilm
architecture. Sessile cells in biofilms are packed together into dense clusters of tens to hundreds
of micrometres in size [2]. Consequently, while the outer layer of cells in those clusters can be
relatively easily reached, cells in deeper layers of the biofilm will experience delayed exposure to the
antimicrobials, leading to an effective dose below the therapeutic window or giving them the chance
to mount defence mechanisms. Therefore, to improve drug penetration into biofilms, strategies are
required that interfere with the biofilm structure so that antimicrobials can more easily and rapidly
reach all cells. A recently reported effective way to achieve this goal is the use of laser-induced vapor
nanobubbles [10]. It relies on gold nanoparticles (AuNP) which can efficiently absorb laser energy
of specific wavelengths. When AuNP are irradiated with short laser pulses, their temperature can
increase by several hundreds of degrees, leading to a quick evaporation of the surrounding water and
the formation of vapor nanobubbles (VNB) [11,12]. It has been shown that the mechanical impact
of these expanding and subsequently imploding nanobubbles can cause a highly local but effective
deformation of dense cell clusters in both Gram-positive and Gram-negative biofilms. This led to
markedly enhanced penetration of the antibiotic tobramycin, increasing its effectiveness by 1–3 orders
of magnitude depending on the micro-organism.

In the present study, we aimed to combine light-triggered nanocarriers and VNB-based biofilm
disruption to come to a complete solution to the biofilm diffusion barrier problem (Figure 1).
We developed two types of nanocarriers suited for encapsulation of tobramycin and having the
possibility to generate laser-induced VNB to simultaneously release tobramycin and at the same time
interfere with the biofilm structural integrity. For the first type of nanocarriers we combined AuNP
with DOPC/DPPG liposomes because of their outstanding advantages as antibiotic drug carriers,
such as biocompatibility, versatility and ability to penetrate biofilms [13,14]. While the liposomes
themselves could enhance the effectiveness of tobramycin in P. aeruginosa biofilms, no beneficial effect
was observed of applying laser irradiation and VNB formation. As this was due to spontaneous
leaking of tobramycin from the liposomes upon functionalization with AuNP, we switched to graphene
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quantum dots (GQD) as an alternative nanocarrier. Thanks to their large surface area and various
functional groups, they can be efficiently loaded with drugs on their surface [15] which can be released
upon irradiation with light [16,17]. We showed that indeed tobramycin could be efficiently loaded
onto GQD without premature release. In addition, pulsed laser irradiation of GQD resulted in VNB
formation and enhanced diffusion of co-administered tobramycin, similar to what we have previously
shown for AuNP. However, tobramycin loaded GQD did not have an enhanced anti-biofilm efficacy
upon laser irradiation and VNB formation. Further experiments showed that this was surprisingly due
to tobramycin not being released from the GQD upon laser irradiation. We conclude that the concept
of VNB-triggered antibiotic release should be re-evaluated with other types of nanocarriers that can
stably incorporate antibiotics (without leaking), while at the same time being able to release their cargo
in response to light.

 
Figure 1. Biofilm diffusion barrier and the potential of laser-induced vapor nanobubbles (VNB) to
improve antibiotic delivery to biofilms. Impaired biofilm diffusion is caused by the fact that sessile
cells cluster together into dense aggregates of hundreds of micrometres in size and because of the
multi-component nature of the biofilm matrix which can trap molecules in their passage through
biofilms. The mechanical impact of laser-induced VNB can on the one hand increase the space between
sessile cells leading to a better flux and effectivity of antimicrobial agents and on the other hand their
mechanical force can trigger antibiotic release from nanocarriers close to sessile bacteria.

2. Materials and Methods

2.1. Materials and Strains

P. aeruginosa LESB58 (LMG 27622) was used for all experiments. Lysogeny Agar/Broth was
purchased from Lab M Limited (Lancashire, UK), NaCl from Applichem (Darmstadt, Germany) and
tobramycin from Tokyo Chemical Industry (Zwijndrecht, Belgium). Hydrogen peroxide (H2O2),
fluorescamine, dimethyl sulfoxide (DMSO), chloroform, sucrose, 4-(2-hydroxyethyl)piperazine-
1-ethanesulfonic acid (HEPES) and Triton X-100 were obtained from Sigma-Aldrich (St. Louis,
MO, USA). The phospholipids DOPC and DPPG were purchased from Avanti® Polar Lipids (Alabaster,
AL, USA).
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2.2. Synthesis of Gold Nanoparticles (AuNP) and Graphene Quantum Dots (GQD)

Gold nanoparticles were prepared in house using the Turkevich method [18], in which gold ions
were reduced by citrate. A 150 mL 0.2 mM chloroauric acid solution (HAuCl4) was heated and stirred
for 30 min in the presence of 0.5 mL 0.01 M citrate solution (corresponding to a 1:1 Au/citrate molar
ratio). The particles were overgrown to the desired size of 70 nm by addition of Au3+ and ascorbate
solutions in equimolar concentrations (0.005 M). A layer of poly (diallyldimethylammonium chloride)
was adsorbed onto the synthesized AuNP using a solution 20 wt.% in water (final concentration of
0.06 mg mL−1) of the polymer. The polymer was added for at least 2 h at room temperature to allow
complete functionalization, followed by a centrifugal washing step at 5000 rcf for 5 min. Determination
of the particles size, zeta potential and concentration was done by combining UV/VIS-spectroscopy
(NanoDrop 2000c spectrophotometer, Thermo Scientific, Rockford, IL, USA), Transmission Electron
Microscopy imaging (JEM 1400 plus transmission electron microscope, JEOL, Tokyo, Japan), Dynamic
Light Scattering (DLS) and electrodynamic modelling using the Mie theory.

To prepare GQD, 100 mg reduced graphene oxide (rGO, Graphitene, UK) was dispersed in 100 mL
of 30% (w/v) H2O2 and ultrasonicated for 30 min. The solution was kept refluxing for 12 h at 60 ◦C.
Next, purification by filtration (Whatman® Puradisc syringe filter 0.2 μm, Sigma, Overijse, Belgium)
and dialysis was done.

The size and zeta potential of GQD particles were measured in triplicate by Nanoparticle Tracking
Analysis (NTA) and Dynamic Light Scattering (DLS), respectively. After diluting the particles 1:10,000
in ultrapure water, 1 mL was inserted into the NTA chamber (Nanosight LM10, Malvern, UK) and the
movement of each particle was captured by the camera. Through analysis of the Brownian motion, the
average particle size could be calculated. To measure the zeta potential, 1 mL of the diluted sample was
transferred in a folded capillary cell and after applying an electric field trough the Zetasizer Nano-ZS
(Malvern, Worcestershire, UK), the particles in the solution migrated with a certain velocity towards
the counter electrode which enabled to calculate the zeta potential of those particles.

2.3. Preparation of Tobramycin-Loaded Liposomes

Negatively charged liposomes consisting of the neutral phospholipid 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) and the anionic phospholipid 1,2-dipalmitoyl-sn-glycero-3-phospho-
(1′-rac-glycerol) (DPPG) were prepared by the Thin Film Hydration (TFH) method as described
before [19]. After mixing the two lipids in a molar ratio of 8:2 and final lipid concentration of
20 mg mL−1, a thin lipid film was created by rotary evaporation (Vaccubrand PC 2001, Wertheim,
Germany) at 50 ◦C for 15 min. Next, the lipid film was hydrated with a 80 mg mL−1 tobramycin
solution for 30 min in a warm water bath at 50 ◦C (IKA® HB10, Staufen, Germany). To obtain a
monodisperse population, the liposomes were sonicated with a pulsed tip sonicator (Branson Digital
Sonifier, Danbury, CT, USA) for 1 min at 10% amplitude. In order to prevent overheating of particles,
every 10 s of sonication was followed by a 15 s pause (total sonication time = 1 min). As purification,
tobramycin-loaded liposomes were subjected to 2 rounds of ultracentrifugation at 35,000 rpm for 1 h.
The second class of DOPC/DPPG liposomes were prepared by the Dehydration-Rehydration Vesicles
(DRV) method as described before [20,21]. After hydrating the DOPC/DPPG lipid film with a 2 mL
distilled water/sucrose solution (1:1 w/w sucrose to lipid), for stabilization during freeze drying, the
particles were subjected to 3 rounds of vortexing and 5 min sonication in an ultrasonic bath. Next,
the particles were mixed with 1 mL of a 80 mg mL−1 tobramycin solution and the suspension was
freeze-dried in an Amsco FINN-AQUA GT4 freeze-dryer (GEA, Köln, Germany). Therefore, the
sample was transferred into 10R vials (Schott, Müllheim, Germany) and placed on a precooled shelf at
3 ◦C. To ensure complete solidification, the plate temperature was gradually lowered at a rate of 1 ◦C
min−1 to −40 ◦C for 185 min. Then, the pressure was decreased to 100 μbar while the plate temperature
was increased to −25 ◦C for 15 h as primary drying step. To get rid of residual moisture, the shelf
temperature was further increased to 10 ◦C at a rate of 1 ◦C min−1. At the end of the process, the
chamber was aerated with nitrogen gas while the vials were closed with bromobutyl rubber stoppers
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(West Pharmaceutical Co., Lionville, PA, USA). For the rehydration step, the powder was incubated
with 200 μL distilled water for 30 min at 50 ◦C. This step was repeated twice for another 30 min
at 50 ◦C with 200 μL and 1.6 mL HEPES-buffer (20 mM, pH 7.4), respectively. Then, 2 rounds of
ultracentrifugation at 35,000 rpm for 1 h was done to separate the tobramycin-loaded liposomes from
the unbound tobramycin. Size and zeta potential of the liposomes was measured by DLS in triplicate.

2.4. Quantification of Tobramycin Content by High Performance Liquid Chromatography (HPLC)–UV

The amount of encapsulated tobramycin inside liposomes was determined by LC2010-HT HPLC
(Shimadzu, Tokyo, Japan) equipped with a 5 μm QS Uptishere® 300 Å, 250 × 4.6 mm silica-C4
column (Interchim, Montluçon, France) heated to 40 ◦C. For the mobile phase, a mixture of eluent
A (trifluoroacetic acid 0.05% in water) and eluent B (trifluoroacetic acid 0.05% in acetonitrile) at a
flow rate of 1 mL min−1 was used. First, isocratic flow (eluent A) was done for 5 min, then solution
B was increased gradually from 0 to 80% during 10 min and finally 80% of eluent B was done for
5 min. Detection was performed at 215 nm. A calibration curve was generated by injecting 40 μL of a
series of tobramycin solutions with known concentrations (5–200 μg mL−1). The area under the curve
was plotted against the tobramycin concentration and fitted using a linear curve. After rupturing
the liposomes with 10% Triton X-100, 40 μL was injected into the HPLC column and the resulting
tobramycin concentration was calculated by making use of the calibration curve. Tobramycin loading
capacity was determined according to Equation (1):

Tobramycin loading capacity =
cTriton X-100

c0
× 100% (1)

cTriton X-100 = [tobramycin] after rupturing the liposomes with Triton X-100
c0 = [tobramycin] added initially

2.5. Biofilm Formation

Twenty-four-hour-old mature biofilms were grown aerobically in 96-well SensoPlatesTM (Greiner
Bio-One, Monroe, NC, USA) with microscopy grade borosilicate glass bottom at 37 ◦C. P. aeruginosa
cultures were grown in Lysogeny Broth at 37 ◦C with shaking at 250 rpm until stationary phase, after
which 100 μL was added to the wells of the 96-well SensoPlate. After 4 h incubation at 37 ◦C, the
adhered cells were washed with physiological saline (0.9% NaCl (w/v)), covered with Lysogeny Broth
and incubated for another 20 h at 37 ◦C.

2.6. Effect of Laser-Irradiated Tobramycin Loaded Liposomes

After 24 h of growth, 100 μL supernatant was removed and biofilms were incubated with
100 μL tobramycin at 16 μg mL−1, tobramycin-loaded DRV liposomes (corresponding to 16 μg mL−1

tobramycin) or AuNP functionalized DRV liposomes (corresponding to 16 μg mL−1 tobramycin)
for 24 h. AuNP functionalized liposomes were made by adding positively charged AuNP in a 1:1
liposome:AuNP ratio to the negatively charged tobramycin loaded DRV liposomes via electrostatic
binding. A home-made optical set-up was used to generate VNB inside the biofilms. The set-up is
built around an inverted TE2000 epi-fluorescence microscope (Nikon, Nikon BeLux, Brussels, Belgium)
equipped with a Plan Fluor 10 × 0.3 NA objective lens (Nikon). An Optical Parametric Oscillator
laser (OpeletteTM HE 355 LD, OPOTEK Inc., Faraday Ave, CA, USA) produces laser pulses of 7 ns
tuned to 561 nm in order to excite the gold nanoparticles, while at the same time being compatible
with optical filters in the set-up. The energy of each laser pulse is monitored with an energy meter
(J-25MB-HE&LE, Energy Max-USB/RS sensors, Coherent, Santa Clara, CA, USA) synchronized with the
pulsed laser. Biofilms were irradiated with laser pulses at a laser fluence of 1.69 J cm−2. An automatic
Prior Proscan III stage (Prior scientific Ltd., Cambridge, UK) was used to scan the sample through the
150 μm diameter laser beam (firing at 20 Hz) line by line.
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After incubation for 24 h at 37 ◦C, the sessile cells were washed with physiologic saline and
harvested by 2 rounds of 5 min vortexing (900 rpm, Titramax 1000, Heidolph Instruments, Schwabach,
Germany) and 5 min sonication (Branson 3510, Branson Ultrasonics Corp., Danbury, CT, USA). Next,
the number of CFU/biofilm per condition was determined by plating (n = 3 × 3).

2.7. Evaluation of AuNP-Triggered Tobramycin Release from Liposomes

After functionalizing the liposomes with AuNP in 1:1 ratio at different incubation times
(15–120 min), liposomes were separated from the supernatant containing the released tobramycin by
Vivaspin® 500, 30,000 MWCO (Sartorius, Stonehouse, UK) centrifugation at 13.5 × 1000 rpm for 5 min.
As a positive control, AuNP-functionalized liposomes were completely lysed by adding 10% Triton
X-100. 40 μL filtrate was measured by HPLC analysis and the resulting tobramycin concentration was
determined using the tobramycin calibration curve. Tobramycin release was calculated according to
Equation (2):

Tobramycin release (%) =
csupernatant

cTriton X-100
× 100% (2)

csupernatant = [tobramycin] released into the supernatant
cTriton X-100 = [tobramycin] after rupturing the liposomes with Triton X-100

2.8. GQD-Induced VNB Formation and Tobramycin Treatment in P. aeruginosa Biofilms

After cultivation of 24 h-old P. aeruginosa biofilms in 50 mm glass bottom dishes (No. 1.5 coverslip)
(MatTek Corporation, Ashland, OR, USA), the supernatant was removed and biofilms were incubated
with 1.87 × 1010 GQD mL−1 for 15 min at room temperature. Biofilms were irradiated with laser
pulses at a laser fluence of 2.00 J cm−2. As VNB efficiently scatter light, the generation of VNB inside
biofilms could be detected by dark-field microscopy. Because of the short nature of VNB generation
(lifetime < 1 μs), the camera (EMCCD camera, Cascade II: 512, Photometrics, Tucson, AZ, USA) was
synchronized with the pulsed laser by an electronic pulse generator (BNC575, Berkeley Nucleonics
Corporation, San Rafael, CA, USA). Dark-field pictures were taken before, during VNB formation
and immediately after illumination, in order to elucidate any conformational changes in the biofilm
structure. After loading the biofilms with GQD and irradiation with pulsed laser light, as described
above, 100 μL supernatant was removed and 100 μL tobramycin (at 16 μg mL−1) or control solution
(0.9% NaCl (w/v)) was added for 24 h at 37 ◦C. Then, the sessile cells were washed with physiologic
saline and harvested by 2 rounds of 5 min vortexing and 5 min sonication followed by plate counting
(n = 3 × 3).

2.9. Preparation of Tobramycin-Loaded GQD

GQD and tobramycin were mixed in a 1:2 GQD:tobramycin weight ratio and stirred in water
for 1.5 h at room temperature. To separate the unbound tobramycin, the particles were washed with
ultrapure water by centrifugation at 13.5 × 1000 rpm for 30 min. The loading capacity of GQD for
tobramycin was calculated according to Equation (3):

Tobramycin loading capacity =
c0 − csupernatant

c0
× 100% (3)

c0 = [tobramycin] added initially
csupernatant = [tobramycin] in the supernatant after centrifugation
Tobramycin concentration was quantified fluorometric by using the reactive compound

fluorescamine. Therefore, 3 mg mL−1 fluorescamine (DMSO) was added to a series of tobramycin
solutions with known concentrations and after reacting with the primary amines of tobramycin, a
fluorescent product was formed that could be measured using the VICTOR3 1420-012 fluorescence
microplate reader with 355/460 nm excitation/emission (Perkin Elmer, Boston, MA, USA). Next, the
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data was plotted and fitted into a quadratic curve, which could then be used to calculate the tobramycin
content in the supernatant of the GQD-tobramycin constructs.

2.10. The Effect of Laser-Irradiated GQD-Tobramycin Particles in P. aeruginosa Biofilms

24 h-old P. aeruginosa biofilms were treated with 100μL of 16μg mL−1 tobramycin, GQD-tobramycin
(corresponding to 16 μg mL−1 tobramycin) or control solution (0.9% NaCl (w/v)), with and without
laser irradiation, as described above, to generate VNB. After 24 h incubation at 37 ◦C, the number of
CFU/biofilm per condition was determined by plating (n = 3 × 3).

2.11. Evaluation of VNB-Triggered Tobramycin Release from GQD

To evaluate VNB mediated tobramycin release, 100 μL of GQD-tobramycin particles were
placed into a Grace Bio-Labs CoverWellTM perfusion chamber (Sigma-Aldrich, St. Louis, MO, USA)
and illuminated with pulsed laser light at a laser fluence of 2.00 J cm−2. Then, the solution was
centrifuged at 13.5 × 1000 rpm for 30 min so that GQD-tobramycin particles were separated from the
supernatant containing the released tobramycin. Tobramycin content was measured fluorometric by
using fluorescamine. Tobramycin release was quantified according to Equation (4):

Tobramycin release (%) =
csupernatant

cpellet
× 100% (4)

csupernatant = [tobramycin] in the supernatant after centrifugation
cpellet = [tobramycin] in the pellet
Repeated VNB formation was tested by illuminating the particles with 3 laser pulses instead of 1

at 2.00 J cm−2. The influence of continuous laser irradiation was investigated by irradiation with a
continuous mode laser (Gbox model, Fournier Medical Solution, Bondues, France) with an output
light at 980 nm at various power densities (1–4 W cm−2) for 10 min. Thermal images were captured by
an Infrared Camera (Thermovision A40, Goleta, CA, USA) and treated using ThermaCam Researcher
Pro 2.9 software.

2.12. Statistical Analysis

SPSS Statistics 24 (SPSS, Chicago, IL, USA) was used to analyse the data. The Shapiro–Wilk
test was used to test the normality of the data sets. The one-way analysis of variance test and
independent samples t-test were used for normal distributed data. The Kruskal–Wallis test and
Mann–Whitney U test were used for non-normally distributed data. Differences with a p-value < 0.05
were considered significant.

3. Results

3.1. Development of Tobramycin-Loaded Liposomes

The first set of tobramycin loaded DOPC/DPPG liposomes were prepared via the Thin Film
Hydration (TFH) method and had an average size and zeta potential of 214 ± 84 nm and −41 ± 15 mV,
respectively. Tobramycin loading capacity was determined after complete liposome rupture with 10%
Triton X-100 by measuring the tobramycin content with High Performance Liquid Chromatography
(HPLC) with UV detection (Supplementary Figure S1). The preparation of liposomes via the TFH
method resulted in rather low encapsulation efficiencies for tobramycin (0.33%), as reported by other
groups as well [22]. The Dehydration Rehydration Vesicles (DRV) method has been shown to enhance
liposomal entrapment [20,23]. Indeed, when liposomes were prepared via the DRV method, tobramycin
loading capacity increased to 13%. The size and zeta potential of these liposomes were 99 ± 60 nm
and −40 ± 12 mV before freeze drying and increased to 182 ± 102 nm and −9.97 ± 0.72 mV after
freeze drying. Due to the higher loading efficiency, further experiments were performed with the DRV
liposomal formulation.
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3.2. The Effect of Tobramycin-Loaded Liposomes and Laser-Generated VNB in P. aeruginosa Biofilms

First, the efficacy of the DRV liposomal tobramycin formulation was evaluated in P. aeruginosa
biofilms. Twenty four hours treatment with tobramycin in DOPC/DPPG liposomes already had a
greater effect on cell viability as compared to the same concentration of free tobramycin (Figure 2a)
(p = 0.041). It shows that these liposomes can prevent to a certain extent the inactivation of tobramycin
by physicochemical interactions with the biofilm matrix and release at least a part of the encapsulated
tobramycin close to the sessile cells. The next step was to further functionalize the liposomal formulation
with AuNP and evaluate if the formation of VNB can further enhance this release. Cationic AuNP
(70 nm, + 55 mV) were electrostatically coupled to tobramycin-loaded liposomes in a 1:1 ratio (zeta
potential increased from –9.97 ± 0.72 mV to +20.93 ± 0.69 mV). When added to the P. aeruginosa biofilms,
biofilm survival was decreased further compared to liposomes alone, indicating that the presence
of AuNP already had an additional effect, possibly due to these positively charged nanocarriers
interacting more strongly with the negative cell surface of P. aeruginosa pathogens and enhancing the
level of local release. Upon laser irradiation to form VNB, however, no further biofilm eradication
was achieved. This observation was rather surprising, indicating that something did not work as
hypothesized. We considered the following possibilities: (1) the laser light may (partly) inactivate
tobramycin, (2) VNB are not (as efficiently) formed when AuNP are attached to liposomes, (3) AuNP
functionalization of tobramycin loaded liposomes destabilizes the liposomes and prematurely releases
tobramycin. We consequently tested each of these hypotheses via the following experiments. First,
we checked if tobramycin is damaged upon laser irradiation and VNB formation by simultaneously
incubating biofilms with AuNP and tobramycin and irradiating with pulsed laser light to form VNB
(Supplementary Figure S2a). A similar enhanced anti-biofilm effect was observed as previously
reported when biofilms were first treated separately with VNB before adding tobramycin [10]. This
confirms that laser irradiation and VNB formation in the presence of tobramycin does not alter its
antibacterial efficacy. The second hypothesis was that VNB formation could be possibly not as effective
when created around AuNP attached to liposomes compared to free AuNP. To this end, we added
empty AuNP functionalized liposomes to the biofilms and applied laser irradiation together with
co-administered tobramycin. Again an enhanced effect of tobramycin was found similar to what was
previously found with AuNP alone, thus confirming successful VNB formation and ruling out this
hypothesis as well (Supplementary Figure S2b). Thirdly, we tested if tobramycin was prematurely
released from the liposomes upon functionalization with AuNP. This turned out to be the case, with
already ~ 50% tobramycin released after 2 h in buffer solution (Figure 2b). We conclude that very
likely most of the tobramycin had already leaked out of the liposomes upon addition to the biofilms,
explaining why no additional effect of VNB mediated release could be obtained.
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Figure 2. Evaluation of combining tobramycin loaded liposomes with laser-induced VNB for
P. aeruginosa biofilm treatment. (a) Anti-biofilm effect of tobramycin loaded liposomes and laser-induced
VNB in P. aeruginosa biofilms (average ± SD). CTRL: 0.9% NaCl (w/v), Tob: tobramycin at 16 μg mL−1,
Lipo(Tob): DOPC/DPPG liposomes containing tobramycin at 16 μg mL−1, Lipo:AuNP(Tob): AuNP
functionalized tobramycin loaded DOPC/DPPG liposomes at 16 μg mL−1, laser: pulsed laser irradiation
at 1.69 J cm−2 (n = 3 × 3) (p-values < 0.05 were considered significant). (b) Tobramycin release from
AuNP functionalized liposomes as a function of increasing liposome:AuNP incubation time (min)
normalized to maximal release after Triton X-100 treatment (average ± SD).

3.3. VNB Formation from Graphene Quantum Dots for Biofilm Disruption

Due to the stability issues encountered with AuNP functionalized liposomes, we switched to
graphene quantum dots (GQD) as alternative nanocarriers of which we have recently demonstrated
that they can generate VNB upon pulsed laser irradiation as well [24]. Their large surface area and
various functional groups enable outstanding potential as a drug delivery vehicle making it ideally
suited for direct drug loading [15,17]. Moreover, it has been documented that photothermal heating
of these particles with a 980 nm continuous laser can successfully trigger the release of adsorbed
molecules upon laser irradiation [16,25]. First, we evaluated whether VNB originating from GQD can
increase the space between sessile P. aeruginosa cells and enhance tobramycin diffusion, similar to what
we demonstrated before with AuNP [10]. P. aeruginosa biofilms were incubated with GQD for 15 min
(39 ± 14 nm, −30 ± 1.7 mV) and the effect on sessile clusters was visualized by dark field microscopy
before, during and immediately after irradiation with a single laser pulse (7 ns, 561 nm). Clear biofilm
deformation was observed, confirming successful VNB formation from GQD in biofilms (Figure 3a).
As shown in Figure 3b, treatment with GQD alone or GQD-induced VNB did not alter P. aeruginosa
viability. Incubating the biofilms with GQD followed by the addition of tobramycin (without laser
irradiation) lead to a potentiating effect of ~ 20 times on the activity of tobramycin. However, when
tobramycin was added to the biofilms after first forming laser-induced VNB, its effect was enhanced
further to ~ 90 times as compared to tobramycin alone (p = 0.006). It shows that VNB generated from
GQD can enhance tobramycin diffusion and efficacy, similar to AuNP.
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Figure 3. Evaluation of combining tobramycin loaded GQD with laser-induced VNB for P. aeruginosa
biofilm treatment. (a) VNB formation around GQD in P. aeruginosa biofilms. Dark field pictures were
taken before, during and immediately after a single nanosecond laser pulse (561 nm, 7 ns). The yellow
circle indicates the laser beam area. Scale bar = 100 μm. (b) The effect of GQD-induced VNB on
tobramycin in the treatment of P. aeruginosa biofilms (average ± SD). CTRL: 0.9% NaCl (w/v), Tob:
tobramycin at 16 μg mL−1, GQD: only addition of GQD, laser: pulsed laser treatment. (n = 3 × 3)
(p-values < 0.05 were considered significant). (c) Anti-biofilm effect of laser-irradiated GQD loaded
with tobramycin in P. aeruginosa biofilms (average ± SD). CTRL: 0.9% NaCl (w/v), Tob: tobramycin
16 μg mL−1, laser: pulsed laser treatment, GQD-Tob: GQD containing tobramycin at 16 μg mL−1

(n = 3 × 3) (p-values < 0.05 were considered significant). (d) Tobramycin release from GQD-tobramycin
nanoparticles was quantified for different laser settings: single and repeated (3) VNB formation at a
laser fluence of 2.00 J cm−2, and continuous laser illumination at 980 nm for 10 min at 1, 2 and 4 W
cm−2 (mean ± SD).

3.4. Development of Tobramycin-Loaded GQD

Having confirmed that GQD are suitable for VNB treatment of biofilms, the next step was to
adsorb tobramycin onto GQD, which was done by mixing of the 2 compounds for 1.5 h at room
temperature. A decrease of negative charge of the particles from−30± 1.7 mV for GQD to−8.4 ± 0.50 mV
indicated that tobramycin was successfully loaded onto GQD. The tobramycin loading capacity was
found to be 73 ± 0.84%, as evaluated by determining the concentration of unreacted tobramycin
in the supernatant by fluorescamine fluorimetry after removing GQD-tobramycin nanoparticles by
centrifugation (Supplementary Figure S3a).

Treatment of P. aeruginosa biofilms with tobramycin-loaded GQD for 24 h did not have a significant
effect on biofilm viability, indicating that tobramycin was not spontaneously released (Figure 3c).
Unfortunately, however, after laser irradiation and VNB formation no reduction in cell viability was
obtained either. Therefore, we checked if pulsed laser irradiation was indeed able to release tobramycin
from GQD in suspension, which turned out not to be the case (Figure 3d). Even when the laser
irradiation procedure was repeated three times, no significant amount of tobramycin was released.
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This was unexpected since efficient laser-triggered release of molecules from graphene nanoparticles
has been reported upon photothermal heating of the particles [16], such as the release of ampicillin and
cefepime from reduced graphene oxide nanoconstructs [25]. A difference with previous reports is that
we used pulsed laser irradiation (561 nm laser) instead of the more traditionally used continuous wave
laser irradiation (980 nm laser). Therefore, in a final attempt we irradiated tobramycin loaded GQD
with continuous wave laser irradiation at different intensities (1, 2 and 4 W cm−2) which increased
the temperature of the GQD dispersion according to expectations (Supplementary Figure S3b). After
10 min of irradiation, a slightly higher amount of tobramycin was indeed found in the supernatant
but still > 90% was not released. Together it shows that, while GQD are suitable for VNB mediated
biofilm disruption, tobramycin is too strongly associated so that it is not efficiently released upon laser
irradiation. The numerous positively charged amine groups on tobramycin together with the presence
of hydroxyl groups could account for the high binding affinity between tobramycin and graphene
quantum dots through electrostatic and hydrogen bounds.

4. Discussion

In recent years, interest in encapsulating antibiotics into nanocarriers has increased tremendously
as they hold the potential to enhance antibiotic delivery towards bacteria [7]. Indeed, nanoencapsulation
can reduce systemic degradation [13], offers the possibility to guide encapsulated antibiotics towards
specific target cells by including targeting modalities on the nanoparticle surface [26] and can shield
antibiotics from detrimental interactions with the biofilm matrix [7]. The use of laser light to trigger
release of molecules from nanocarriers has attracted increasing attention [27]. Zhao et al., for instance,
documented successful eradication of P. aeruginosa biofilms by making use of continuous wave near
infrared laser light which triggered tobramycin release from photo responsive liposomes close to the
sessile cells [28]. Another example is that by Meeker et al. who showed that continuous wave near
infrared laser light was able to activate and release daptomycin from gold nanocages thereby efficiently
killing S. aureus biofilms [29]. While in those cases continuous wave laser irradiation was clearly
effective in releasing the encapsulated drugs from the nanocarriers, substantial heat generation can be
damaging to healthy tissue while it does not interfere with the biofilm structure itself. Therefore, in this
study, we explored the use of pulsed laser light with photoresponsive nanocarriers that can form VNB,
a phenomenon of which we have recently shown that it can interfere with the biofilm structure and
improve drug diffusion without heating up the environment [10]. We started to evaluate this concept
with AuNP functionalized liposomes since AuNP are very well suited to form VNB, while liposomes
have demonstrated advantages as antibiotic drug carriers, such as good biocompatibility and ability
to penetrate biofilms [13,14]. Unfortunately, laser irradiation of tobramycin loaded AuNP-liposomes
did not result in an increased anti-biofilm efficacy as compared to the effect of tobramycin loaded
liposomes alone. We found that this was due to rapid leakage of tobramycin from the liposomes upon
addition of AuNP so that disruption of liposomes by laser-induced VNB did not produce a significant
additional effect. AuNP-mediated leakage of cargo was also reported by Wang et al. who found
that adsorption of AuNP to DOPC liposomes resulted in release of the encapsulated compounds [30].
Yet, stable integration of AuNP onto liposomes without cargo leakage has already been successfully
accomplished by others [27]. Lajunen et al. for example successfully loaded hydrophilic gold nanorods
(width 25 nm, length 60 nm) and gold nanostars (50–60 nm in diameter) into the liposomal lumen and
documented efficient triggered release of encapsulated calcein upon visible and near infrared light
irradiation [31]. In future research it will be of interest to re-evaluate the concept put forward in our
current study on such types of liposomal formulations.

Due to the stability issues with AuNP functionalized liposomes, we changed to GQD which can
be used as carriers for tobramycin due to their large surface area and various functional groups [15].
In addition, we have recently shown that VNB can be formed from GQD with pulsed laser irradiation
of sufficient intensity [24]. The GQD by themselves did not alter the viability of P. aeruginosa biofilms,
which is in line with a previous study where it was found that GQD prepared from graphene oxide—as
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in our case—lacked antibacterial activity [32]. Upon irradiation with pulsed laser light we could
confirm by dark field microscopy that the structure of cell clusters is altered, without affecting the
biofilm’s viability. Next we tested the combination with tobramycin, finding that GQD had a synergistic
effect on the efficiency of tobramycin. This is similar to what has been reported by Fan et al. who
also found a synergistic effect of polyethyleneimine-graphene oxide on daptomycin in the treatment
of Staphylococcus aureus [33]. When we combined VNB pre-treatment of P. aeruginosa biofilms with
subsequent addition of tobramycin, a significant effect on biofilm viability was found, confirming that
VNB from GQD can enhance the diffusion of tobramycin and enhance its effectivity, similar to what we
have shown before with AuNP [10]. Next, we tested tobramycin loading on GQD for light triggered
release. Similarly as reported in literature [34], we noticed the superior capability of GQD to load
molecular agents, as a 73% tobramycin encapsulation efficiency was obtained. Tobramycin loaded
GQD by themselves did not have any anti-biofilm effect, likely since tobramycin is not spontaneously
released. Unfortunately, also after pulsed laser irradiation and VNB formation, no decrease in biofilm
viability was found. Further investigations showed that tobramycin could not be released by pulsed
laser irradiation. This was rather surprising as previous studies did report laser-assisted release of
molecules from graphene upon photothermal heating with continuous wave laser irradiation [16,25].
A possible explanation is that the very short rise in temperature upon pulsed laser irradiation was
not sufficient to interfere with the interactions between GQD and tobramycin. Indeed, as reported by
Teodorescu et al., generating sufficient heat by long-term continuous wave laser irradiation has been
found to be a critical step for triggered release of molecules, as shown for the release of ondansetron
(anti-nausea drug) from reduced graphene oxide sheets [35]. Therefore, as a final test we tested
irradiation with continuous laser light for 10 min as well. Although we found that GQD-tobramycin
particles exhibited good photothermal heating, with suspension temperatures increasing by ~30 ◦C
after 10 min, also in that case less than 10% tobramycin was released into the supernatant, far below
the expectations according to literature [16]. In summary, most of tobramycin remained bound on
GQD, even after pulsed or continuous laser irradiation, which explains its lack of anti-biofilm effect in
P. aeruginosa biofilms. A possible explanation for the strong interaction between tobramycin and GQD
is the high positive charge of tobramycin at physiologic pH due to its protonated amine groups (pKa
ranging from 7.52 to 9.66) and the numerous hydroxyl groups present on its surface. These functional
groups enable strong binding with graphene through electrostatic interactions and hydrogen bonds.
In future studies it would be of interest to investigate whether VNB are able to release antibiotics
which are less strongly bound to graphene such as ampicillin and cefepime [25]. For these kind of
molecules, less electrostatic and hydrophobic bonds are formed with graphene (being zwitterionic)
while pi-pi stacking becomes an important interaction due to their aromatic ring. It has been shown
that irradiation with light can successfully interfere with these kind of interactions thereby triggering
antibiotic release from graphene carriers.

5. Conclusions

In conclusion, while we showed that the anti-biofilm efficacy of tobramycin could be improved by
liposomal encapsulation, functionalization with AuNP resulted in premature leakage of tobramycin.
Consequently, laser-irradiation and VNB-formation did not further improve P. aeruginosa biofilm
eradication. Attaching tobramycin onto GQD on the other hand did result in stable formulations with
high encapsulation efficiency. However, even though laser-induced VNB around GQD resulted in
biofilm disruption, enhanced anti-biofilm effect could not be accomplished as tobramycin was not
released from GQD upon laser irradiation. Altogether, our work shows that there is a delicate balance
between stability and ability to release encapsulated antibiotics from light-responsive nanocarriers
upon VNB formation and future research should re-evaluate the concept in more suitable nanocarriers.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/5/201/s1,
Figure S1. Tobramycin calibration curve by measuring the tobramycin content by HPLC-UV. (a) A series of
tobramycin solutions ranging from 5–200 μg mL−1 was analyzed by HPLC-UV. (b) The standard curve was
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generated by plotting the Area Under Curve to the corresponding tobramycin concentration and fitting to a linear
curve (average ± SD). Figure S2. (a) Investigating the effect of generating VNB in the presence of tobramycin
(average ± SD). Tobramycin was added simultaneously with AuNP and laser treatment was performed so that
VNB were created in close proximity of tobramycin. After 24 h incubation at 37 ◦C, cell survival was quantified by
plate counting. AuNP + Tob: simultaneous addition of a 50 μL double concentrated gold nanoparticle solution and
50 μL double concentrated tobramycin, AuNP + Tob + laser: subsequent laser irradiation generated VNB in the
presence of tobramycin. (b) Formation of VNB around AuNP that were attached to empty DOPC/DPPG liposomes
(loaded with HEPES-buffer) instead of using free AuNP and its effect on additional tobramycin treatment (average
± SD). HEPES-loaded liposomes were prepared similarly as stated above, except using HEPES-buffer instead
of tobramycin. Lipo:AuNP(HEPES): AuNP functionalized DOPC/DPPG liposomes containing HEPES-buffer,
Lipo:AuNP(HEPES) + laser (+ Tob): laser irradiation resulted in generation of VNB around AuNP attached
to DOPC/DPPG liposomes (+ tobramycin treatment) (n = 3 × 3) (p-values < 0.05 were considered significant).
Figure S3. (a) Tobramycin calibration curve by measuring the fluorescamine fluorescence of a series of tobramycin
concentrations (1–100 μg mL−1) by a fluorescence plate reader (355/460 nm) and fitting into a quadratic curve
(mean ± SD) (b) Photothermal heating curve of GQD-tobramycin particles using a 980 nm continuous wave laser
at 1, 2 and 4 W cm−2 (mean ± SD).
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Abstract: This study aimed to develop nanovectors co-encapsulating doxorubicin (Doxo) and
zoledronic acid (Zol) for a combined therapy against Doxo-resistant tumors. Chitosan (CHI)-based
polyelectrolyte complexes (PECs) prepared by ionotropic gelation technique were proposed.
The influence of some experimental parameters was evaluated in order to optimize the PECs
in terms of size and polydispersity index (PI). PEC stability was studied by monitoring size
and zeta potential over time. In vitro studies were carried out on wild-type and Doxo-resistant
cell lines, to assess both the synergism between Doxo and Zol, as well as the restoring of Doxo
sensitivity. Polymer concentration, incubation time, and use of a surfactant were found to be crucial
to achieving small size and monodisperse PECs. Doxo and Zol, only when encapsulated in PECs,
showed a synergistic antiproliferative effect in all the tested cell lines. Importantly, the incubation
of Doxo-resistant cell lines with Doxo/Zol co-encapsulating PECs resulted in the restoration of
Doxo sensitivity.

Keywords: chitosan; polyelectrolyte complexes; doxorubicin; zoledronic acid; multidrug resistance

1. Introduction

One of the main limitations of conventional chemotherapy is the development of a malignant
cell’s resistance to one or more anticancer drugs. This process is known as “multidrug resistance”
(MDR) which inevitably leads to a reduction of therapy effectiveness [1–4]. Generally, hydrophobic
and amphipathic natural molecules, such as anthracyclines (e.g., doxorubicin (Doxo)) are more
prone to developing resistance compared to other substances [5,6]. It is well known that the
over-expression of some proteins of the efflux pumps ATP-binding cassette (ABC) family is one
of the major causes of the MDR phenomenon [7–9]. One of the main components of the ABC
family is represented by P-glycoprotein (P-gp), also known as MDR protein 1 (MDR1). P-gp is
normally expressed in different normal tissues, such as the kidney, liver, pancreas, colon, and bone,
where it is involved in the extrusion of neutral or weakly basic amphiphilic substances penetrated
into the cells [10,11]. Therefore, tumors derived from these tissues have a greater expression of
P-gp compared to others [12]. The function, as well as the ATPase activity of the P-gp, seems to be
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affected by intracellular cholesterol levels because very high levels of cholesterol have been found
in the plasma membranes of MDR+ tumor cells [13–16]. The most frequent bone tumor observed
clinically is osteosarcoma. The standard treatment for conventional osteosarcoma is based on pre- and
post-operative chemotherapy, including Doxo, cisplatin, and methotrexate. Despite numerous attempts
to find new therapeutic approaches for osteosarcoma, the patients’ prognosis has not improved in
the last decades. Because Doxo is a substrate of P-gp, its cytotoxicity is highly limited. Both natural
and synthetic inhibitors of P-gp have been tested to reverse Doxo resistance in osteosarcoma cell lines
in vitro. The specific silencing of P-gp or the inhibition of pathways involved in MDR—such as the
hypoxia inducible factor-1—appear to be promising strategies. Bisphosphonates, such as zoledronic
acid (Zol), have been shown to reduce osteolysis induced by bone metastasis and exhibit highly
selective localization and retention in bone, thus making them attractive agents in the treatment of bone
metastasis. Studies have shown that Zol exerts pleiotropic anti-tumor effects against osteosarcoma cells
in vitro, including antiproliferative and immunomodulatory effects. In previous studies, the authors
demonstrated that Zol is a multi-target chemo-immuno-sensitizing agent, acting on both tumor cell and
tumor microenvironment. In particular, nanomedicine loaded with Zol reversed the MDR phenotype
by inhibiting the mevalonate pathway and the HIF-1α-dependent signaling, two events that impair
the energy metabolism and the activity of ABC transporters [17–19]. Free Zol showed a limited in vivo
antitumor effect, probably associated with its rapid clearance from the circulation with a preferential
bone accumulation. These observations represent the rationale for the use of Zol, in combination
with the cytotoxic drug Doxo, as the first not toxic metabolic modifier effective against MDR tumors,
such as osteosarcoma. Loading of Zol into conventional liposomes resulted in low drug encapsulation
efficiency (EE) (around 5%), presumably due to its hydrophilic nature associated with poor water
solubility [20]. On the contrary, high Zol loading into nanovectors can be achieved by exploiting
the interaction of its negative charges with a positive counterpart, for example, by using hybrid
self-assembling nanoparticles [21]. However, the latter should be not suitable to also guarantee a high
Doxo loading.

In recent years, polyelectrolyte complexes (PECs) have attracted a great deal of attention
thanks to their low manufacturing costs, together with an easy scale-up and the absence of organic
solvents [22,23]. In particular, the ionotropic gelation process leads to the spontaneous formation of
PECs, as a result of the electrostatic interactions between oppositely charged components. One of
the main polymers suitable for gelation process is represented by chitosan (CHI), a natural cationic
polysaccharide composed of D-glucosamine and N-acetyl-D-glucosamine units, with well-known
biodegradability, biocompatibility, and bioadhesiveness properties [24]. In an acidic environment,
CHI positive charges make it suitable for electrostatic interactions with an anionic counterpart, such as
sodium tripolyphosphate (TPP) [25–29].

In this context, the authors hypothesized that CHI could be used to prepare nanomedicine-based
formulations for combined delivery of both highly loaded Zol and Doxo to overcome multidrug
resistance in Doxo-resistant tumors. Thus, PECs co-loaded with Doxo and Zol were developed by
means of ionotropic gelation process. Specifically, the authors investigated experimental parameters
crucial to achieve PECs with a low mean diameter, narrow size distribution, stability during storage,
and high Doxo/Zol encapsulation efficiency. Finally, in vitro studies to assess the possibility of a
combined therapy to overcome resistance in Doxo-resistant tumor cells were carried out on wild-type
and MDR variants of the two human osteosarcoma cell lines, which were selected by continuous
exposure to Doxo [30]. Resistant variants showed an overexpression of P-gp (referred to as p170).
The level of expression of this protein in the different cell lines was directly related to the degree
of resistance.
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2. Materials and Methods

2.1. Materials

CHI with a Mn and Mw equal to 1.07 ± 0.09 × 106 Da and 1.43 ± 0.11 × 105 Da, respectively,
inherent viscosity >400 mPa·s, and a degree of deacetylation ranges from 82 to 88%, and TPP were
obtained from Sigma-Aldrich (St.Louis, Missouri, MO, USA). CHI molecular weight was measured
by gel permeation chromatography (GPC) [24]. Poloxamer F127, an amphiphilic triblock polymer
made up of hydrophilic polyethylene oxide (PEO) and hydrophobic polypropylene oxide (PPO)
units (number of PEO units = 100, number of PPO units = 65), was purchased from Lutrol (Basf,
Ludwigshafen, Germany). Doxo hydrochloride from 3V Chimica (Rome, Italy) and Zol monohydrate
(1-Hydroxy-2-imidazol-1-ylethylidene) from U.S. Pharmacopeia Convention (Twinbrook Parkway,
Rockville, Maryland, MD, USA) were used.

2.2. Preparations of Polyelectrolyte Complexes (PECs)

Unloaded CHI-based PECs (named PEC) were prepared by ionotropic gelation method. Briefly, CHI
was added to 10 mL of aqueous acetic acid solution (2% v/v); after complete solubilization, the pH of
the resulting solution was adjusted to 4.7 with NaOH (1N) and filtration trough 0.2 μm syringe filter.
The TPP solution was obtained by solubilizing TPP in 5 mL of distilled water followed by filtration
trough 0.2 μm syringe filter. Afterwards, PECs were obtained by adding the anionic solution into the
CHI solution and leaving them under magnetic stirring (700 rpm, at room temperature) for 30 min,
to allow the cross-linking reaction. The resulted PEC suspension was purified by centrifugation
at 10,000 rpm for 20 min (Hettich Zentrifugen, Tuttlingen, Germany) and kept overnight at 4 ◦C.
Various CHI and TPP concentrations, times of interaction between them, as well as surfactant addiction
to the formulation were investigated. Drug-loaded PECs were obtained by simply adding Doxo
(0.4 mg/mL) to the CHI solution and Zol (0.8 mg/mL) to the TPP solution, prior to proceeding with
the PEC preparation, thus leading to Zol-loaded PECs (PEC-Zol), Doxo-loaded PECs (PEC-Doxo),
and Zol and Doxo co-loaded PECs (PEC-Doxo-Zol).

2.3. Size, Polydispersity Index (PI) and ζ Potential

The average diameters, polydispersity index (PI) and ζ potential of the obtained formulations
were measured via dynamic light scattering (N5, Beckman Coulter, Brea, California, CA, USA and
Nano-Z, Malvern Instruments, Malvern, UK). For the analysis, each PEC formulation was properly
diluted with ultrapure water and measured at room temperature. Results were calculated as the
average of five runs of three independent samples. To evaluate the PEC dimensional stability, size and
potential measurements were monitored for at least 30 days, in water at 4 ◦C (i.e., storage conditions).

2.4. Doxo and Zol Encapsulation Efficiency and Yield of the PECs

The preparation yield of the PECs was calculated from previously freeze-dried formulations
(0.01 atm, 24 h; Modulyo, Edwards, Waltham, Massachusetts, UK). In particular, it was gravimetrically
obtained from the entire mass of recovered freeze-dried PECs. For the encapsulation efficiency
(EE), the supernatant obtained after purification of the loaded PECs containing free drug(s) was
submitted to quantitative analyses. In particular, the percentage of Doxo entrapped into PECs was
evaluated by spectrophotometric assay (UV-1800, Shimadzu Laboratory World, Kyoto, Japan) at
λ = 480 nm. The linearity of the response was verified over the concentration range 62.5–0.06 μg/mL
(r2 > 0.99). On the other hand, Zol quantification was performed by ultra-high-performance liquid
chromatography (UHPLC, Shimadzu Nexera Liquid Chromatograph LC-30AD, Kyoto, Japan), with a
Gemini C18, 110 Å column (250 mm × 4.6 mm, 5 μm) at λ = 220 nm, using a mobile phase composed
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of 20:80 (v/v) acetonitrile:tributyl-ammonium-phosphate buffer (pH = 7). The flow rate was 1 mL/min
and the run time was set at 15 min. The drug EE was calculated using the following Equation (1):

EE = (Total amount of drugs in formulations-free drugs)/(Total amount of drugs in formulations) × 100 (1)

The values of the EE (%) were collected from three different batches.

2.5. Cell Culture

The cancer cell lines used were wild-type human osteosarcoma cells (SAOS), wild-type human
bone osteosarcoma epithelial cells (U-2 OS) and their Doxo-resistant variant (SAOS DX and U-2
OS DX, respectively). All cell lines were obtained from American Type Culture Collection (ATCC;
Rockville, MD, USA) and were grown in Dulbecco’s Modified Eagle’s Medium (DMEM). Cell media
was supplemented with 10% heat-inactivated fetal bovine serum, 20 mM HEPES, 100 U/mL penicillin,
100 mg/mL streptomycin, 1% L-glutamine, and 1% sodium pyruvate. Cells were cultured at a constant
temperature of 37 ◦C in a humidified atmosphere of 5% carbon dioxide (CO2).

2.6. Cell Proliferation Assay

After trypsinization, all the cell lines were plated in 100 μL of medium in 96-well plates at
a density of 2 × 103 cells/well. One day later, cells were treated with free Doxo, free Zol, PEC,
PEC-Doxo, PEC-Zol, and PEC-Doxo-Zol at concentrations ranging from 20 μM to 0.156 μM for Doxo
and from 200 μM to 0.312 μM for Zol. Cell proliferation was evaluated by MTT assay. Briefly,
cells were seeded in serum-containing media in 96-well plates at a density of 2 × 103 cells/well.
After 24 h of incubation at 37 ◦C, the medium was removed and replaced with fresh medium
containing all developed formulations at different concentrations. Cells were incubated under these
conditions for 72 h. Then, cell viability was assessed by MTT assay. The MTT solution (5 mg/mL
in phosphate-buffered saline) was added (20 μL/well), and the plates were incubated for a further
four hours at 37 ◦C. The MTT-formazan crystals were dissolved in 1N isopropanol/hydrochloric acid
10% solution. The absorbance values of the solution in each well were measured at 570 nm using a
Bio-Rad 550 microplate reader (Bio-Rad Laboratories, Milan, Italy). The percentage of cell viability
was calculated as described in Equation (2):

Cell viability = (abs sample − abs blank control)/(abs negative control − abs blank control) × 100 (2)

where abs sample is the absorbance of the treated wells, abs blank control is the absorbance of only
medium without cells and abs negative control is the absorbance of the untreated cells. Then, the
concentrations inhibiting 50% of cell growth (IC50) were obtained and these values were used for
subsequent experiments. MTT assay was carried out by triplicate determination on at least three
separate experiments. All data are expressed as mean ± SD.

2.7. Evaluation of Synergism

The evaluation of synergism was performed using dedicated software CalcuSyn, version 1.2.1
(Biosoft, Ferguson, MO, USA), which measured the interaction between the drugs by calculating the
indexes of combination (CIs). CI values <1, 1, and >1 indicate synergism, additive, and antagonism,
respectively. Drug combination studies were based on concentration–effect curves generated as a
plot of the fraction of unaffected (surviving) cells versus drug concentration after 72 h of treatment.
Assessment of synergy was performed quantifying the drug interaction by the CalcuSyn computer
program (Biosoft, Ferguson, MO, USA).

3. Results and Discussion

3.1. PECs Preparation and Characterization

CHI-based PECs were obtained through ionotropic gelation technique thanks to the ability
of the amine functional groups of CHI to be protonated in acidic environment, thus providing
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-NH3+ groups able to interact with negatively charged groups of TPP [31]. Generally, oppositely
charged macromolecules aggregate due to their high charge density fluctuation in solutions [22].
Therefore, PEC formation and stability are affected by several factors [32]. Among these, CHI and TPP
concentrations used during the preparation process play an important role. The different polymer
concentrations used, the size, and PI of the prepared PEC formulations are shown in Table 1. In all the
formulations, the volume ratios between CHI and TPP phases were fixed at 2:1.

Table 1. Size and polydispersity index (PI) of different polyelectrolyte complex (PEC) formulations.
All results are expressed as mean ± SD of at least three independent experiments. CHI: chitosan
TPP: tripolyphosphate.

Formulation (CHI) mg/mL (TPP) mg/mL D (nm) PI

PEC(CHI 0.4-TPP 0.5) 0.4 0.5 236.9 ± 31.2 1.14 ± 0.5
PEC(CHI 0.3-TPP 0.5) 0.3 0.5 231.9 ± 9.50 0.23 ± 0.1
PEC(CHI 0.5-TPP 0.4) 0.5 0.4 272.1 ± 86.7 0.42 ± 0.1
PEC(CHI 0.5-TPP 0.3) 0.5 0.3 314.2 ± 14.5 1.03 ± 0.6
PEC(CHI 0.5-TPP 0.5) 0.5 0.5 132.7 ± 11.2 0.43 ± 0.1
PEC(CHI 0.4-TPP 0.4) 0.4 0.4 185.1 ± 0.81 0.27 ± 0.1
PEC(CHI 0.3-TPP 0.3) 0.3 0.3 132.3 ± 6.80 0.42 ± 0.1
PEC(CHI 0.3-TPP 0.5) 0.3 0.4 287.8 ± 15.4 0.15 ± 0.1

Results showed that PECs with the smallest size (in the range from ~130 to ~180 nm) were
obtained using the same concentrations of both CHI and TPP. By increasing the TPP/CHI ratio,
the PEC size significantly increased. This could be probably ascribed to the excess of TPP in the
solution; negative charges of TPP might interact with free amino groups of pre-formed PECs, leading
to PEC aggregation. A similar size increase was observed by increasing CHI concentration. This effect
was probably due to a higher viscosity of the resulting solution, which slowed down the cross-linking
reaction between the polymer chains, with the consequent formation of aggregates. Concentrations
greater than 0.5 mg/mL of both components led to the formation of visible macro-aggregates (data not
shown). The time of interaction between CHI and the cross-linking agent was found to influence PEC
size and PI. More specifically, the optimal CHI and TPP concentrations, which led to the smallest PEC
size, were used to prepare PECs with controlled-precipitation flow rate (Q). The results of dimensions,
PI, and ζ potential analyses of PEC formulations, prepared by using CHI and TPP concentrations and
different Q, are summarized in Table 2. In all formulations, the inner diameter of the syringe used for
the precipitation of TPP onto the CHI solution was set at 11.99 mm.

Table 2. Size, PI, and ζ potential values of different PEC formulations. All results are expressed as
mean ± SD of at least three independent experiments.

Formulation
(CHI)

mg/mL
(TPP)

mg/mL
Q (μL/min) d (nm) PI

ζ Potential
(mV)

PEC(CHI 0.5-TPP 0.5)-A 0.5 0.5 500 223.3 ± 3.8 0.67 ± 0.3 18.1 ± 1.5
PEC(CHI 0.5-TPP 0.5)-B 0.5 0.5 133.3 187.0 ± 9.1 0.45 ± 0.2 21.3 ± 1.1
PEC(CHI 0.4-TPP 0.4)-A 0.4 0.4 500 147.7 ± 2.9 0.49 ± 0.1 19.1 ± 1.9
PEC(CHI 0.4-TPP 0.4)-B 0.4 0.4 133.3 129.4 ± 2.7 0.42 ± 2.7 19.1 ± 0.8
PEC(CHI 0.3-TPP 0.3)-A 0.3 0.3 500 127.5 ± 2.2 0.51 ± 0.3 17.8 ± 2.9
PEC(CHI 0.3-TPP 0.3)-B 0.3 0.3 133.3 104.4 ± 1.4 0.41 ± 0.3 21.4 ± 1.9

As it can be observed, PECs obtained using a lower flow rate showed a smaller diameter. This size
trend could be attributed to the time needed for the cross-linking reaction; thus, at lower flow rate,
the possibility to achieve a homogeneous distribution of the polymer chains should be greater.
This should promote their electrostatic interactions and the formation of PECs with a very small
diameter (around ~100 nm). A positive charge, evaluated by ζ potential analysis, was found in all the
formulations due to the presence of CHI primary free amino groups. On the basis of these results,
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the formulation named PEC(CHI 0.3-TPP 0.3)-B, obtained by using a concentration of 0.3 mg/mL
of both CHI and TPP and a flow rate of 133.3 μL/min, presented optimal features in terms of mean
diameter, although with a high PI (~0.4) indicating a poor homogeneity of the PEC dispersion (see
Table 2). For this reason, the authors added the multi-block surfactant copolymer Poloxamer F127,
at different concentrations, to the CHI acetic acid solution prior to PEC formation [33]. Table 3 shows
the F127 concentrations used to prepare different PEC formulations; in all cases, the concentrations of
both CHI and TPP used were 0.3 mg/mL. As expected, the addition of F127 resulted in significant
PI reduction, depending on the Poloxamer concentration. In particular, in the case of the PEC(CHI
0.3-TPP 0.3)-B formulation, the addition of F127 at 10% (w/w) allowed more monodisperse PECs
(PI < 0.25) to be produced, without significant change in size and ζ potential values (see Table 3).

Table 3. Size, PI, and ζ potential values of different PECs. All results are expressed as mean ± SD of at
least three independent experiments.

Formulation
(CHI)

mg/mL
(TPP)

mg/mL
F127

(% w/w)
d (nm) PI

ζ Potential
(mV)

PEC(CHI 0.3-TPP 0.3)-B20 0.3 0.3 20 114.1 ± 5.1 0.48 ± 0.1 17.2 ± 2.5
PEC(CHI 0.3-TPP 0.3)-B16 0.3 0.3 16 114.8 ± 6.9 0.32 ± 0.2 16.9 ± 2.1
PEC(CHI 0.3-TPP 0.3)-B10 0.3 0.3 10 110.8 ± 3.5 0.23 ± 0.2 21.2 ± 3.3

3.2. Preparation and Characterization of PECs Encapsulating Doxo and Zol

Doxo and Zol were loaded into PEC formulations, to obtain a co-delivery of these drugs for a
combined therapy. Doxo and Zol EE and preparation yield of different formulations are summarized
in Table 4; in all cases, CHI (0.3 mg/mL) and TPP (0.3 mg/mL) were used.

Table 4. Doxorubicin (Doxo) and zoledronic acid (Zol) encapsulation efficiency (EE) (%) and yield
(%) of different formulations prepared. All results are expressed as mean ± SD of at least three
independent experiments.

Formulation
(Zol)-Loaded

(mg/mL)
(Doxo)-Loaded

(mg/mL)
EE Zol (%) EE Doxo (%) Yield (%)

PEC - - - - 80.8 ± 0.1
PEC-Zol 0.8 - 92.3 ± 5.3 - 77.8 ± 1.3

PEC-Doxo - 0.4 - 25.8 ± 0.5 79.4 ± 0.1
PEC-Doxo-Zol 0.8 0.4 83.1 ± 11 29.2 ± 6.6 81.6 ± 0.1

As shown in Table 4, the prepared formulations were characterized by a high yield, greater than
75% in all cases. Zol and Doxo EE were found to be similar in PECs loaded with one or both drugs.
In particular, more than 20% of the initial loaded Doxo was found in the PECs. Surprisingly, Zol showed
a very high EE (>80%) into formulation, also in association with Doxo. This result was probably due to
its electrostatic interaction with positive charges of CHI, thus resulting in a more stable encapsulation.
On the other hand, Doxo encapsulation should be related to its interaction with TPP. The mean size as
well as the PI of PECs loaded with one or both drugs, were slightly increased (see Table 5).

Table 5. Size, PI, and ζ potential values of different loaded PEC formulations.

Formulation d (nm) PI ζ Potential (mV)

PEC-Zol 131.1 ± 0.1 0.32 ± 0.1 20.2 ± 1.3
PEC-Doxo 120.5 ± 4.7 0.42 ± 0.4 22.9 ± 1.6

PEC-Doxo-Zol 111.5 ± 0.1 0.39 ± 0.4 23.1 ± 2.3
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3.3. Stability Studies

In order to evaluate the stability of prepared formulations in storage conditions, the mean
diameters, PI, and ζ potential were analyzed as a function of time, in water at 4 ◦C. As shown in
Figure 1, all formulations underwent a slightly increase in size after 10 days; they then had a narrow
size distribution for up to 30 days. Moreover, for all analyzed formulations, ζ potential values remained
stable for up to 30 days (data not shown).

Figure 1. Size and PI of different PEC formulations as a function of time, in water at 4 ◦C.

3.4. Cell Proliferation Assay

The effects of free Doxo, free Zol, PEC, PEC-Doxo, PEC-Zol, and PEC-Doxo-Zol were evaluated
on the proliferation of wild-type SAOS, wild-type U-2 OS, SAOS DX, and U-2 OS DX cancer cell lines
by MTT assay. All the tested formulations induced a dose-dependent growth inhibition in all the cell
lines analyzed after 72 h, whereas treatment with unloaded PECs did not produce significant cytotoxic
effects (see Figure 2).

Figure 2. Cont.
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Figure 2. Dose–effect relationship of all developed formulations on wild-type and Doxo-resistant
wild-type human osteosarcoma cells (SAOS) and wild-type human bone osteosarcoma epithelial cells
(U-2 OS) proliferation. Results are expressed as % of cell growth vs. concentration (μM) of Zol (A, C, E,
and G) or Doxo (B, D, F, and H). In the case of cells treated with unloaded PECs, the PEC concentration
was adjusted as equivalent to the concentration of drug-loaded PECs.

The results of IC50 after 72 h of treatment are shown in Table 6.

Table 6. IC50 (M) of all developed formulations on wild-type and Doxo-resistant SAOS and U-2 OS,
after 72 h of treatment.

SAOS IC50Zol SAOS IC50Doxo

Zol 17 Doxo 2
PEC-Zol 16 PEC-Doxo 0.5

PEC-Doxo-Zol 0.8 PEC-Doxo-Zol 0.05
PEC - PEC -

SAOS DX IC50Zol SAOS DX IC50Doxo

Zol 23.4 Doxo >20
PEC-Zol >200 PEC-Doxo 10.4

PEC-Doxo-Zol 13.8 PEC-Doxo-Zol 0.9
PEC - PEC -

U-2 OS IC50Zol U-2 OS IC50Doxo

Zol 15.60 Doxo 0.14
PEC-Zol 40.40 PEC-Doxo 0.06

PEC-Doxo-Zol <0.78 PEC-Doxo-Zol <0.05
PEC - PEC -

U-2 OS DX IC50Zol U-2 OS DX IC50Doxo

Zol >100 Doxo >6.60
PEC-Zol >100 PEC-Doxo >6.60

PEC-Doxo-Zol 13.60 PEC-Doxo-Zol 0.80
PEC - PEC -
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The IC50 values of free Doxo were equal to 2 μM and superior to 20 μM for wild-type and SAOS
DX cells, whereas they were equal to 0.14 μM and superior to 6.60 μM for wild-type and U-2 OS DX
cells (see Table 6). The PEC-Doxo induced a 50% growth inhibition at a concentration of 0.5 μM and
10.4 μM for wild-type and SAOS DX, respectively, whereas the concentration was 0.06 μM and superior
to 6.60 μM for wild-type and U-2 OS DX, respectively (see Table 6). These data demonstrated that the
PECs, even without the co-encapsulation of Zol, were able to strongly increase the cytotoxicity of Doxo
in all the tested formulations, except in U-2 OS DX cells. It is noteworthy that Doxo encapsulation in
other nanocarriers (e.g., stealth liposomes) results in a reduced Doxo cytotoxicity [34–36]. As previously
reported by other authors for different Doxo-encapsulating nanovectors, the cell uptake of Doxo
encapsulated into PECs should occur by endocytosis, whereas free Doxo enters cancer cells primarily
through passive diffusion across the plasma membrane [37]. Taking into account that unloaded PECs
are not cytotoxic at the experimental conditions used here, the enhanced cell toxicity observed with
PEC-Doxo should be reasonably due to the enhanced Doxo intracellular concentration. Previously,
other authors have demonstrated the possibility of increasing cell apoptosis by modulating Doxo
intracellular trafficking [37]. On the other hand, the PEGylated nanocarriers have been shown to
reduce drug uptake into the target cells [38]. The IC50 values of free Zol were equal to 17 μM for
wild-type SAOS and 23.4 μM for SAOS DX, whereas they were equal to 15.60 μM for wild-type U-2
OS and superior to 100 μM for U-2 OS DX cells. The encapsulation of Zol in PECs did not potentiate
its antitumor activity; in fact, the IC50 values for PEC-Zol were 16 μM and >200 μM for wild-type
and SAOS DX, respectively, whereas they were 40.40 μM and superior to 100 μM for wild-type and
U-2 OS DX, respectively. These results are in contrast with the authors’ previous finding in which
different lipid-based nanocarriers encapsulating Zol were useful to increase Zol uptake in different
cancer cell lines [20,21]. When incubating wild-type SAOS and U-2 OS with PEC-Zol in this study,
a similar or enhanced cytotoxicity was found, when compared to free Zol. This could be ascribed
to the strong interaction between CHI and Zol that slows down the delivery of the bisphosphonate
into the cytoplasm. Further studies are needed to understand the disappearance of Zol toxicity when
incubating cells with Zol-PEC. However, it is noteworthy that PEC-Doxo-Zol inhibited 50% of cell
growth at a concentration of 0.05 μM and 0.9 μM for Doxo and 0.8 μM and 13.8 μM for Zol for wild-type
and SAOS DX, respectively. On the other hand, it inhibited 50% of cell growth at a concentration
inferior to 0.05 μM and 0.80 μM for Doxo and inferior to 0.78 μM and equal to 13.60 μM for wild-type
and U-2 OS DX, respectively, by significantly enhancing the effects of both the drugs.

3.5. Evaluation of Synergism

The synergism between Doxo and Zol in PECs was calculated by using the dedicated software
CalcuSyn. CI values are shown in Table 7.

Table 7. CIs values between Doxo and Zol on wild-type and Doxo-resistant SAOS and U-2 OS cells.

Cell Lines CI50 Interpretation

SAOS 0.3 Strong Synergism
SAOS DX 0.4 Strong Synergism

U-2 OS 0.7 Synergism
U-2 OS DX 0.3 Strong Synergism

As summarized in Table 7, a synergic effect was found in wild-type U-2 OS cells, whereas a strong
synergism was found in wild-type SAOS, SAOS DX, and U-2 OS DX cells when co-encapsulating
Doxo with Zol. Interestingly, the data on SAOX DX and U-2 OS DX strongly confirm the authors’
previous finding on the association of Doxo and Zol to revert resistance to Doxo. In particular, Zol is a
multi-target chemo-immuno-sensitizing agent, acting on both tumor cell and tumor microenvironment.
In fact, nanoparticles (NPs) encapsulating Zol reversed the resistance towards P-gp substrates by
decreasing the synthesis of cholesterol, which is critical for the activity of P-gp and the activity of
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Ras/ERK1/2/HIF-1α-axis, which mediates the transcription of P-gp [19]. In this study, a synergic
effect was also found in wild-type cells, thus suggesting that other mechanisms, different from the
inhibition of the P-gp, could be produced when associating these two drugs.

4. Conclusions

In this study, CHI-based PECs co-loaded with Doxo and Zol were successfully prepared with
a simple and easily up-scalable method. The results showed that polymer concentration, times of
interaction between polymer/cross-linking agent, and surfactant addiction to the formulation are
crucial for PEC formation and for their technological features. Finally, this study demonstrated two
crucial advantages of PEC-encapsulating Doxo. First, PECs significantly enhance Doxo cytotoxicity,
probably due to an enhanced internalization into the cells. Second, the authors’ hypothesis was
confirmed because PECs co-administrating Zol and Doxo resulted in a significant restoration of cell
sensitivity to Doxo, thus providing a promising approach to overcoming MDR.
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Abbreviations

PECs polyelectrolyte complexes
Doxo doxorubicin
Zol zoledronic acid
MDR multidrug resistance
ABC ATP-binding cassette family
P-gp P-glycoprotein
CHI chitosan
TPP sodium tripolyphosphate
SAOS wild-type human osteosarcoma cells
SAOS DX Doxo-resistant human osteosarcoma cells
U-2 OS wild-type human bone osteosarcoma epithelial cells
U2-OS DX Doxo-resistant human bone osteosarcoma epithelial cells
GPC gel permeation chromatography
PEO polyethylene oxide
PPO polypropylene oxide
PI polydispersity index
EE encapsulation efficiency
UHPLC ultra-high-performance liquid chromatography
IC50 concentration inhibiting 50% of cell growth
CIs indexes of combination
Q precipitation flow rate

References

1. Krishna, R.; Mayer, L.D. Multidrug resistance (MDR) in cancer: Mechanisms, reversal using modulators
of MDR and the role of MDR modulators in influencing the pharmacokinetics of anticancer drugs. Eur. J.
Pharm. Sci. 2000, 11, 265–283. [CrossRef]

2. Liscovitch, M.; Lavie, Y. Cancer multidrug resistance: A review of recent drug discovery research. IDrugs
2002, 5, 349–355. [PubMed]

3. Stavrovskaya, A.A. Cellular mechanisms of multidrug resistance of tumor cells. Biochemistry (Moscow) 2000,
65, 95–106. [PubMed]

26



Pharmaceutics 2018, 10, 180

4. Szakács, G.; Paterson, J.K.; Ludwig, J.A.; Booth-Genthe, C.; Gottesman, M.M. Targeting multidrug resistance
in cancer. Nat. Rev. Drug Discovery 2006, 5, 219–234. [CrossRef] [PubMed]

5. Calcagno, A.M.; Ambudkar, S.V. The molecular mechanisms of drug resistance in single-step and multi-step
drug-selected cancer cells. Methods Mol. Biol. 2010, 596, 77–93. [CrossRef] [PubMed]

6. Thomas, H.; Coley, H.M. Overcoming multidrug resistance in cancer: An update on the clinical strategy of
inhibiting p-glycoprotein. Cancer Control 2003, 10, 159–165. [CrossRef] [PubMed]

7. Choi, C.H. ABC transporters as multidrug resistance mechanisms and the development of chemosensitizers
for their reversal. Cancer Cell Int. 2005, 5, 30. [CrossRef] [PubMed]

8. Gottesman, M.M.; Pastan, I. Biochemistry of multidrug resistance mediated by the multidrug transporter.
Annu. Rev. Biochem. 1993, 62, 385–427. [CrossRef] [PubMed]

9. Gottesman, M.M.; Fojo, T.; Bates, S.E. Multidrug resistance in cancer: Role of ATP-dependent transporters.
Nat. Rev. Cancer 2002, 2, 48–58. [CrossRef] [PubMed]

10. Dean, M.; Rzhetsky, A.; Allikmets, R. The human ATP-binding cassette (ABC) transporter superfamily.
Genome Res. 2001, 11, 1156–1166. [CrossRef] [PubMed]

11. Sharom, F.J. The P-Glycoprotein Efflux Pump: How Does it Transport Drugs? J. Membr. Biol. 1997, 160,
161–175. [CrossRef] [PubMed]

12. Sharom, F.J. The P-glycoprotein multidrug transporter. Essays Biochem. 2011, 50, 161–178. [CrossRef]
[PubMed]

13. Gimpl, G.; Burger, K.; Fahrenholz, F. Cholesterol as modulator of receptor function. Biochemistry 1997, 36,
10959–10974. [CrossRef] [PubMed]

14. Kapse-Mistry, S.; Govender, T.; Srivastava, R.; Yergeri, M. Nanodrug delivery in reversing multidrug
resistance in cancer cells. Front. Pharmacol. 2014, 5, 159. [CrossRef] [PubMed]

15. Ozben, T. Mechanism and strategies to overcame multiple drug resistance in cancer. FEBS Lett. 2006, 580,
2903–2909. [CrossRef] [PubMed]

16. Troost, J.; Lindenmaie, J.; Haefeli, W.E.; Weiss, J. Modulation of cellular cholesterol alters P-glycoprotein
activity in multidrug-resistant cells. Mol. Pharmacol. 2004, 66, 1332–1339. [CrossRef] [PubMed]

17. Caraglia, M.; Marra, M.; Naviglio, S.; Botti, G.; Addeo, R.; Abbruzzese, A. Zoledronic acid: An unending tale
for an antiresorptive agent. Expert Opin. Pharmacother. 2010, 11, 141–154. [CrossRef] [PubMed]

18. Kopecka, J.; Porto, S.; Lusa, S.; Gazzano, E.; Salzano, G.; Giordano, A.; Desiderio, V.; Ghigo, D.; Caraglia, M.;
De Rosa, G.; et al. Self-assembling nanoparticles encapsulating zoledronic acid revert multidrug resistance
in cancer cells. Oncotarget 2015, 6, 31461–31478. [CrossRef] [PubMed]

19. Kopecka, J.; Porto, S.; Lusa, S.; Gazzano, E.; Salzano, G.; Pinzòn-Daza, M.L.; Giordano, A.; Desiderio, V.;
Ghigo, D.; De Rosa, G.; et al. Zoledronic acid-encapsulating self-assembling nanoparticles and doxorubicin:
A combinatorial approach to overcome simultaneously chemoresistance and immunoresistance in breast
tumors. Oncotarget 2016, 7, 20753–20772. [CrossRef] [PubMed]

20. Marra, M.; Salzano, G.; Leonetti, C.; Tassone, P.; Scarsella, M.; Zappavigna, S.; Calimeri, T.; Franco, R.;
Liguori, G.; Cigliana, G.; et al. Nanotechnologies to use bisphosphonates as potent anticancer agents:
The effects of zoledronic acid encapsulated into liposomes. Nanomed.: Nano. Biol. Med. 2011, 7, 955–964.
[CrossRef] [PubMed]

21. Salzano, G.; Marra, M.; Porru, M.; Zappavigna, S.; Abbruzzese, A.; La Rotonda, M.I.; Leonetti, C.; Caraglia, M.;
De Rosa, G. Self-assembly nanoparticles for the delivery of bisphosphonates into tumors. Int. J. Pharm.
(Amsterdam, Neth.) 2011, 403, 292–297. [CrossRef] [PubMed]

22. Lankalapalli, S.; Kolapalli, V.R.M. Polyelectrolyte complexes: A review of their applicability in drug delivery
technology. Indian J. Pharm. Sci. 2009, 71, 481–487. [CrossRef] [PubMed]

23. Patwekar, S.L.; Potulwar, A.P.; Pedewad, S.R.; Gaikwad, M.S.; Khan, S.A.; Suryawanshi, A.B. Review on
polyelectrolyte complex as novel approach for drug delivery system. IJPPR 2016, 5, 97–109.

24. Mayol, L.; De Stefano, D.; Campani, V.; De Falco, F.; Ferrari, E.; Cencetti, C.; Matricardi, P.; Maiuri, L.;
Carnuccio, R.; Gallo, A.; et al. Design and characterization of a chitosan physical gel promoting wound
healing in mice. J. Mater. Sci.: Mater. Med. 2004, 25, 1483–1493. [CrossRef] [PubMed]

25. Fan, W.; Yan, W.; Xu, Z.; Ni, H. Formation mechanism of monodisperse, low molecular weight chitosan
nanoparticles by ionic gelation technique. Colloids Surf. B 2012, 90, 21–27. [CrossRef] [PubMed]

27



Pharmaceutics 2018, 10, 180

26. Gan, Q.; Wang, T.; Cochrane, C.; McCarron, P. Modulation of surface charge, particle size and morphological
properties of chitosan-TPP nanoparticles intended for gene delivery. Colloids Surf. B 2005, 44, 65–73.
[CrossRef] [PubMed]

27. Jonassen, H.; Kjøniksen, A.L.; Hiorth, M. Stability of chitosan nanoparticles cross-linked with
tripolyphosphate. Biomacromolecules 2012, 13, 3747–3756. [CrossRef] [PubMed]

28. Nasti, A.; Zaki, N.M.; Leonardis, P.D.; Ungphaiboon, S.; Sansongsak, P.; Rimoli, M.G.; Tirelli, N.
Chitosan/TPP and chitosan/TPP-hyaluronic acid nanoparticles: Systematic optimisation of the preparative
process and preliminary biological evaluation. Pharm. Res. 2009, 26, 1918–1930. [CrossRef] [PubMed]

29. Ramasamy, T.; Tran, T.H.; Cho, H.J.; Kim, J.H.; Kim, Y.I.; Jeon, J.Y.; Choi, H.G.; Yong, C.S.; Kim, J.O.
Chitosan-Based Polyelectrolyte Complexes as Potential Nanoparticulate Carriers: Physicochemical and
Biological Characterization. Pharm. Res. 2014, 31, 1302–1314. [CrossRef] [PubMed]

30. Serra, M.; Scotlandi, K.; Manara, M.C.; Maurici, D.; Lollini, P.L.; De Giovanni, C.; Toffoli, G.; Baldini, N.
Establishment and characterization of multidrug-resistant human osteosarcoma cell lines. Anticancer Res.
1993, 13, 323–329. [PubMed]

31. Janes, K.A.; Fresneau, M.P.; Marazuela, A.; Fabra, A.; Alonso, M.J. Chitosan nanoparticles as delivery systems
for doxorubicin. J. Controlled Release 2001, 73, 255–261. [CrossRef]

32. Masarudin, M.J.; Cutts, S.M.; Evison, B.J.; Phillips, D.R.; Pigram, P.J. Factors determining the stability,
size distribution, and cellular accumulation of small, monodisperse chitosan nanoparticles as candidate
vectors for anticancer drug delivery: Application to the passive encapsulation of [14C]-doxorubicin.
Nanotechnol. Sci. Appl. 2015, 8, 67–80. [CrossRef] [PubMed]

33. Hosseinzadeh, H.; Atyabi, F.; Dinarvand, R.; Ostad, S.N. Chitosan–Pluronic nanoparticles as oral delivery of
anticancer gemcitabine: Preparation and in vitro study. Int. J. Nanomed. 2012, 7, 1851–1863. [CrossRef]

34. Alberts, D.S.; Garcia, D.J. Safety aspects of pegylated liposomal doxorubicin in patients with cancer. Drugs
1997, 4, 30–35. [CrossRef]

35. Gabizon, A.; Martin, F. Polyethylene glycol-coated (pegylated) liposomal doxorubicin. Rationale for use in
solid tumours. Drugs 1997, 4, 15–21. [CrossRef]

36. Working, P.K.; Newman, M.S.; Sullivan, T.; Yarrington, J. Reduction of the cardiotoxicity of doxorubicin in
rabbits and dogs by encapsulation in long-circulating, pegylated liposomes. J. Pharmacol. Exp. Ther. 1999,
289, 1128–1133. [PubMed]

37. Zeng, X.; Morgenstern, R.; Nyström, A.M. Nanoparticle-directed sub-cellular localization of doxorubicin
and the sensitization breast cancer cells by circumventing GST-Mediated drug resistance. Biomaterials 2014,
35, 1227–1239. [CrossRef] [PubMed]

38. Verhoef, J.J.F.; Anchordoquy, T.J. Questioning the Use of PEGylation for Drug Delivery. Drug Delivery
Transl. Res. 2013, 3, 499–503. [CrossRef]

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

28



pharmaceutics

Article

Intracellular Delivery of Natural Antioxidants via
Hyaluronan Nanohydrogels

Elita Montanari 1, Chiara Di Meo 1,*, Tommasina Coviello 1, Virginie Gueguen 2,

Graciela Pavon-Djavid 2,* and Pietro Matricardi 1

1 Department of Drug Chemistry and Technologies, Sapienza University of Rome, P.le Aldo Moro 5,
00185 Rome, Italy; elita.montanari@uniroma1.it (E.M.); tommasina.coviello@uniroma1.it (T.C.);
pietro.matricardi@uniroma1.it (P.M.)

2 INSERM U1148, Laboratory for Vascular Translational Science, Cardiovascular Bioengineering,
Paris 13 University, Sorbonne Paris Cite 99, Av. Jean-Baptiste Clément, 93430 Villetaneuse, France;
virginie.gueguen@univ-paris13.fr

* Correspondence: chiara.dimeo@uniroma1.it (C.D.M.); graciela.pavon@univ-paris13.fr (G.P.-D.)

Received: 18 September 2019; Accepted: 9 October 2019; Published: 14 October 2019

Abstract: Natural antioxidants, such as astaxanthin (AX), resveratrol (RV) and curcumin (CU),
are bioactive molecules that show a number of therapeutic effects. However, their applications are
remarkably limited by their poor water solubility, physico-chemical instability and low bioavailability.
In the present work, it is shown that self-assembled hyaluronan (HA)-based nanohydrogels (NHs)
are taken up by endothelial cells (Human Umbilical Vein Endothelial Cells, HUVECs), preferentially
accumulating in the perinuclear area of oxidatively stressed HUVECs, as evidenced by flow cytometry
and confocal microscopy analyses. Furthermore, NHs are able to physically entrap and to significantly
enhance the apparent water solubility of AX, RV and CU in aqueous media. AX/NHs, RV/NHs and
CU/NHs systems showed good hydrodynamic diameters (287, 214 and 267 nm, respectively), suitable
ζ-potential values (−45, −43 and −37 mV, respectively) and the capability to neutralise reactive oxygen
species (ROS) in tube. AX/NHs system was also able to neutralise ROS in vitro and did not show
any toxicity against HUVECs. This research suggests that HA-based NHs can represent a kind of
nano-carrier suitable for the intracellular delivery of antioxidant agents, for the treatment of oxidative
stress in endothelial cells.

Keywords: drug delivery; astaxanthin; resveratrol; curcumin; hyaluronan; nanohydrogels; oxidative
stress; intracellular therapy

1. Introduction

Reactive oxygen species (ROS) are highly reactive molecules derived from the molecular
oxygen [1], which are produced as normal by-products of aerobic respiration in eukaryotic cells.
Although physiological concentrations of ROS are crucial for ensuring the cell survival, the loss of
redox equilibrium by over-production of ROS or by failed control systems is detrimental to cells
and leads to oxidative stress (OS) [2]. Many research lines evidenced that OS and inflammation
processes are key-factors for the development of several diseases, such as neurodegenerative diseases,
cardiovascular disorders and cancer [3]. Epidemiological studies suggest that low levels of antioxidants
are associated with an increased risk of disease, whilst an increased consumption seems to be protective.
Targeting the reestablishment of redox homeostasis by stimulation/blocking of endogenous systems
or by administration of exogenous drugs is a strategy followed in several pathologies. In a recent
clinical trial, the association of N-acetylcysteine with metformin revealed good perspectives in the
treatment of non-alcoholic steatohepatitis [4]. The combination of anti-inflammatory drugs, such as
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sulphasalazine [5] with natural antioxidants (e.g. curcumin and quercetin) [6,7], showed significant
antioxidant properties in animal models.

Among natural antioxidants, carotenoids (e.g., astaxanthin, AX) present interesting biological
properties: AX is a potent quencher of oxygen singlets, superoxide anions and hydroxyl radicals [8].
In previous works we showed that natural AX can protect human umbilical vein endothelial cells
(HUVECs) under OS [9]. However, AX is a highly unsaturated molecule and easily decomposes
when exposed to heat, light and oxygen. In addition, the applications of AX and other widely
used antioxidants molecules, such as resveratrol (RV) [10,11] and curcumin (CU) [12,13], are often
limited by their low solubility in water, their physico-chemical instability and their low bioavailability.
Therefore, the use of novel drug delivery systems for enhancing the apparent water-solubility, stability
and release of antioxidant molecules in the site of interest is crucial for the in vivo delivery and the
development of antioxidant-based therapies. In this respect, nanohydrogels (NHs) [14,15], which
are nano three-dimensional networks, are capable to deliver a variety of bioactive molecules at the
target site, such as hydrophobic [16] as well as hydrophilic drugs [17], polypeptides [18] and genetic
materials [19]. In fact, the porosity of the NHs network provides a reservoir for loading molecular
and macromolecular therapeutics as well as protecting them from the environmental degradation.
NHs are usually soft, hydrophilic, biocompatible and are able to absorb a high amount of water
and easily swell and de-swell in aqueous media [20]. NHs can be prepared from natural [21] and/or
synthetic polymers [22] and, based on the type of linkages present in the polymer network, NHs are
subdivided into groups based on either physical or chemical cross-linking. Among the natural polymers,
hyaluronan (HA) [23] is a linear, non-sulfated glycosaminoglycan, a poly-anionic polysaccharide,
which occurs in all living organisms. HA is highly hydrophilic and can interact with a number of
molecules and receptors which are involved in cellular signal transductions [24]. The major HA
receptor is CD44 [25], which is known to be involved in the binding, endocytosis and metabolism of
HA. A considerable number of publications reported that CD44 is up-regulated and plays a crucial role
in a variety of inflammatory diseases [26,27]. However, the real functions of CD44 in inflammation
processes are rather complex and they are still under investigation.

The present study aims to investigate the capability of HA-based NHs to enter healthy or oxidatively
stressed endothelial cells (HUVECs) and to physically encapsulate three different antioxidant molecules,
such as AX, RV and CU. AX/NHs, RV/NHs and CU/NHs systems were characterised in terms of size,
polydispersity, ζ-potential and loading efficiency, while their antioxidant activity was investigated in
tube. Moreover, the cellular antioxidant activity of AX/NHs and its toxicity were studied in oxidatively
stressed HUVECs.

2. Materials and Methods

2.1. Chemicals

Hyaluronan (HA, Mw = 2.2 × 105) was purchased from Contipro (Dolní Dobroucˇ, Czech
Republic) and was modified in the tetrabutylammonium salt (HA−TBA+) by using a Dowex
cation exchange resin (Merck, Milan, Italy). Natural curcumin (CU, purity > 97.0% HPLC)
and resveratrol (RV, purity > 99.0% HPLC) were purchased from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). Natural astaxanthin from Haematococcus pluvialis (AX, purity
> 97.0% HPLC), cholesterol (CH), 4-bromobutyric acid, N-methyl-2-pyrrolidone (NMP), N-(3-
dimethylaminopropyl)-N′-(ethylcarbodimide hydrochloride) (EDC·HCl), 4-(dimethylamino) pyridine
(DMAP), dimethyl sulfoxide (DMSO, American Chemical Society (ACS) grade reagent ≥ 99.9%),
rhodamine B isothiocyanate (Rhod), 2,2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS) solution
and potassium persulfate (K2S2O8) were purchased from Sigma-Aldrich (Milan, Italy).

Human umbilical vein endothelial cells (HUVECs, ATCC CRL 1730) were purchased from
LGC Standards S.a.r.l. (Molsheim, France). Antimicyn A (Streptomyces sp., AM), phalloidin,
4′,6-diamidino-2-phenylindole (DAPI), Triton, paraformaldehyde (PFA), dihydroethidium dye (DHE),
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N-acetyl cysteine (NAC) were purchased from Sigma-Aldrich (Sigma Aldrich Chemie S.a.r.l., L’Isle
d’Abeau Chesnes, France). Phosphate buffer saline (PBS), trypsin, Hank’s Balanced Salt Solution
(HBSS) and all reagents for cell culture were purchased from Invitrogen, ThermoFisher Scientific
(Villebon sur Yvette, France). Culture plates were from Costar (Fisher Scientific SAS, Illkirch Cedex,
France). CellTiter 96®AQueous One Solution Cell Proliferation Assay (MTS) was purchased from
Promega (Charbonnières-les-Bains, France).

2.2. Methods

2.2.1. Synthesis of Empty and Fluorescent NHs

The methods for the synthesis of hyaluronan-cholesterol (HA-CH) derivative and the preparation
of empty nanohydrogels formed by the self-assembling of HA-CH molecules (NHs) were extensively
described in previous works [18,20] and will be not explained in detail here.

To obtain fluorescent NHs, the Rhod dye was covalently linked to the hydroxyl groups of NHs as
previously reported [17].

2.2.2. Cell Culture

Cells were grown to 70–80% confluence, according to each experimental setting. In all experiments,
untreated cells (which received PBS) were used and processed in parallel for an appropriate comparison.

Healthy HUVECs

HUVECs were cultured in complete low glucose Dulbecco’s Modified Eagle Medium
(DMEM, 1X GlutamaxTM-I) supplemented with 10% Foetal Calf Serum and 1% (v/v)
Penicillin-Streptomycin-Amphotericin (PSA) solution, at 37 ◦C in a humidified atmosphere with 5% CO2.

Oxidatively Stressed HUVECs

HUVECs were seeded in well plates and incubated for 48 h in complete DMEM. Cells were
washed with PBS and, after the addition of fresh complete DMEM, cells were incubated with a suitable
volume of 150 μM AM to obtain the final AM concentration of 11 μM, for 1 h at 37 ◦C in the dark, thus
obtaining oxidatively stressed HUVECs.

2.2.3. Cell Binding/Uptake of NHs in HUVECs

The cell binding/uptake kinetics of fluorescent and empty NHs (Rhod-NHs) was studied in
healthy or oxidatively stressed HUVECs, with a BD Accuri C6, BD 254 Bioscences (Erembodegem,
Belgium) flow cytometer equipped with a 488 nm excitation laser beam and a 585/40 nm bandpass
filter (FL2 channel). For each sample 50,000 events were collected. 300,000 cells/well (1.5 mL of cell
suspension in complete DMEM) were seeded in a six-well plate and incubated for 48 h. Cell monolayers
were then washed with 1 mL PBS, added by 1.5 mL of fresh complete DMEM and incubated with
0.35 mL of Rhod-NHs in PBS, at the final concentration of 0.1 mg mL−1, for 3, 6 or 24 h at 37 ◦C.
As negative control, cells received 0.35 mL PBS. Medium was removed, HUVECs were washed three
times with PBS, allowed to detach with 0.7 mL trypsin and finally added to 2 mL complete DMEM.
Cell suspensions were centrifuged for 5 min at 1200 rpm at 25 ◦C. Supernatants were removed and
pellets were washed with 1 mL HBSS solution and centrifuged again. Pellets were re-suspended
in 0.5 mL HBSS and the red fluorescence (due to the presence of Rhod) was detected with the flow
cytometer. For the study of the binding/uptake kinetics in oxidatively stressed HUVECs, prior to the
incubation with 0.35 mL, Rhod-NHs cells were added by 0.11 mL of AM solution (150 μM), for 1 h
at 37 ◦C in the dark (AM final concentration = 11 μM), washed with 1 mL PBS and added by 1.5 mL
of fresh complete DMEM. For the negative control, HUVECs received 0.35 mL PBS. Results were
expressed as median fluorescence intensity (MFI). The dot plot was reported by plotting forward
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scattering (FSC-H) versus side scattering (SSC-H) and the gate was defined excluding cell debris.
Each experiment was performed in triplicate (n = 3).

2.2.4. Cell Imaging: Confocal Microscopy

Immunofluorescence signal of Rhod-NHs was analysed by recording stained images using the
Carl Zeiss®LSM 780, objective ×10, confocal microscope. Digital images were processed with ZEN
software or Fiji-win 32 (ImageJ). 20,000 cells/well (400 μL of cell suspension in complete DMEM) were
seeded in a Lab-Tek (Thermo Fisher Scientific, Milan, Italy) and incubated for 48 h. Cell monolayers
were then washed with 400 μL PBS, added by 400 μL of fresh complete DMEM and incubated with
29 μL of PBS (healthy HUVECs) or 29 μL of 150 μM AM (oxidatively stressed HUVECs) for 1 h at
37 ◦C in the dark. Cells were washed with 400 μL PBS, added by 400 μL of fresh complete DMEM and
incubated with 100 μL of 500 μg mL−1 Rhod-NHs in PBS (corresponding to a final concentration of
100 μg mL−1) for 3 h and 24 h. As negative control, cells received 100 μL PBS. HUVECs were then
washed with 400 μL PBS, fixed with 200 μL 2% PFA for 10 min at 4 ◦C, washed twice with 400 μL PBS
and added by 200 μL DAPI (dilution 1:50,000) for 5 min at 25 ◦C. Cells were finally washed twice with
400 μL PBS and slides were mounted with 10 μL Dako and checked with the confocal microscope.

2.2.5. Preparation and Characterisation of AX-Loaded NHs

For the preparation of AX-loaded NHs samples of HA-CH (1.5 mg mL−1, degree of functionalisation
(Df) = 15%, mols of CH/mols of HA repeating units) were left under magnetic stirring in bi-distilled
water overnight, at 25 ◦C. The suspensions were then placed in an autoclave (121 ◦C, 1.1 bar for
20 min) where NHs were formed. AX was solubilised in DMSO (concentration = 9 mg mL−1) and
then added to NHs suspension (24 μL for 1 mg of HA-CH), corresponding to a weight ratio of 0.216
(mg of AX/mg of NHs). The nano-suspensions of AX/NHs were left for 5 h at 25 ◦C in the dark,
dialysed against water for 6 h (MW cut-off: 12,000–14,000) and then centrifuged at 4000 rpm for 20 min
at 25 ◦C. Pellets (unloaded AX) were discarded and the supernatants (AX/NHs) were freeze-dried.
Mean hydrodynamic diameter (dh), polydispersity index (PDI) and ζ-potential (ζ-pot) of AX/NHs
were measured by Dynamic Light Scattering (DLS) at 25 ◦C by using a Zetasizer Nano ZS instrument
(Model ZEN3690, Malvern Instruments) equipped with a solid state HeNe laser (λ = 633 nm) at a
scattering angle of 173◦. The electrophoretic mobility of the samples was converted in ζ-pot by using the
Smoluchowski equation. Empty NHs were also tested for an appropriate comparison. Each experiment
was performed in triplicate (n = 3).

2.2.6. Preparation and Characterisation of RV or CU-Loaded NHs

Samples of HA-CH (1.0 mg mL−1, Df of 15%) were left under magnetic stirring in bi-distilled water
overnight, at 25 ◦C. The suspensions were then placed in an autoclave (121 ◦C, 1.1 bar for 20 min) where
NHs were formed. RV or CU were solubilised in acetone at the concentration of 2 mg mL−1; 0.5 mL
of each drug solution were allowed to evaporate with Heidolph Hei-VAP rotary evaporator (Buchi,
Schwabach, Germany) and the drug film was then added by 3 mL of NHs, corresponding to a weight
ratio of 0.33 (mg of RV or CU /mg of NHs). The mixtures were kept under magnetic stirring for 14 h at
25 ◦C in the dark and then centrifuged at 4000 rpm for 10 min at 20 ◦C. Pellets (unloaded RV or CU)
were discarded and the supernatants (RV/NHs or CU/NHs) were analysed with DLS. Each experiment
was performed in triplicate (n = 3).

2.2.7. Quantification of Entrapped AX into NHs

The amount of AX entrapped into NHs was estimated using a Perkin-Elmer double beam
“Lambda 3A” model Ultraviolet-Visible (UV-Vis) spectrometer (Milan, Italy). Freeze-dried AX/NHs
were previously dispersed in few μL of water and then solubilised in a large excess of DMSO,
by vortexing for few minutes. Samples were analysed at 25 ◦C, using 1 mm quartz cuvettes (Hellma
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Analytics, Milan, Italy). The AX calibration curve was evaluated at the concentration range of
6.25–100 μg mL−1 (R2 = 0.999, λ = 490 nm, n = 5). Each experiment was performed in triplicate (n = 3).

2.2.8. Quantification of Entrapped RV or CU into NHs

RV or CU pellets (free drugs) were solubilised in EtOH and quantified in order to obtain,
by difference, the amount of entrapped drug into NHs. Analyses were performed by HPLC using
a KnauerAzura instrument equipped with a binary pump (Azura P 6.1L) and a UV-Vis detector
(190–750 nm, Azura UVD 2.1L), controlled by Clarity software. Samples (20 μL) were injected into a
KnauerEurospher II C18 column (5 μm, 4.6 × 250 mm); the samples were injected at 1 mL min−1 in
mixtures of water: acetonitrile (gradient mode) from 70:30 to 0:100 for RV and in water (+ 0.1% v/v of
TFA): acetonitrile (+ 0.1% v/v of TFA) from 50:50 to 0:100 for CU. The unloaded RV was quantified at λ
= 306 nm using a calibration curve previously recorded with RV standard solutions in ethanol in the
range 6.25–50 μg mL−1 (R2 = 0.999, n = 5); CU was detected at λ = 425 nm using a calibration curve in
ethanol (0.39–50 μg mL−1, R2 = 0.999, n = 8) by integrating the three signals related to CU (~79 %),
demethoxycurcumin (~18%) and bisdemethoxycurcumin (~3%).

Encapsulation Efficiency (EE) and Drug Loading (DL) of AX/NHs, RV/NHs and CU/NHs were
calculated using the Equations (1) and (2):

%EE =
concentration o f loaded drug
concentration o f added drug

× 100 (1)

%DL =
concentration o f loaded drug

polymer concentration
× 100 (2)

2.2.9. Antioxidant Activity of AX/NHs, RV/NHs and CU/NHs in Tube

ABTS assay: 5 mL of 3.8 mg mL−1 ABTS solution in bi-distilled water were added to 88 μL of
38 mg mL−1 K2S2O8 solution in bi-distilled water, corresponding to a molar ratio of 2.3 (mol of ABTS
per mol of K2S2O48). The mixture (containing ABTS•+) was left overnight at 25 ◦C in the dark and
diluted ~1:80 with bi-distilled water. 2.9 mL of the diluted ABTS•+ solution were added by 0.1 mL
of nano-suspensions in bi-distilled water (AX/NHs, RV/NHs or CU/NHs and their controls) and the
absorbance (Abs) was detected at λ = 730 nm between 12 s and 10 min, at 25 ◦C. The final concentration
of all the antioxidant drugs was 13 μM. For an appropriate comparison, the ABTS assay was also tested
on the free drugs: 2.9 mL of the diluted ABTS•+ solution in bi-distilled water were added by 0.1 mL of
AX, RV or CU solutions in DMSO and the Abs was detected at λ = 730 nm. The final concentration of
the free antioxidant drugs was the same as the loaded ones (13 μM). The antioxidant activity (AA) was
calculated at 6 min, by using the following equation:

% AA =
Abs ABTS−Abs sample

Abs ABTS
× 100

2.2.10. Cell Viability

MTS Test: 10,000 cells/well (175 μL of cell suspension in complete DMEM) were seeded in a
96-well plate and incubated for 48 h. HUVECs were then washed with 100 μL PBS, added by 175 μL
of fresh complete DMEM and treated with 13 μL of PBS (healthy HUVECs) or 13 μL of 150 μM AM
(oxidatively stressed HUVECs) for 1 h at 37 ◦C in the dark. Cells were washed with 100 μL PBS, added
by 175 μL of fresh complete DMEM and incubated with 25 μL of samples (AX/NHs or NHs in PBS) at
specific final concentrations (ranging from 31 to 500 μg mL−1, dilution factor (df) = 1:2) and incubated
for 24 h. The highest concentration of AX in AX/NHs was 10 μg mL−1 (corresponding to 16.5 μM, df =
1:2). For an appropriate comparison, cells received 25 μL of PBS. The medium was then removed,
cells were gently washed with 100 μL PBS and added by 100 μL of complete DMEM. 20 μL MTS were
added to each well and the number of viable cells was measured by reading the Abs at 490 nm with
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the TECAN Infinite 200PRO plate reader (Mannedorf, Switzerland). Results were processed by using
i-Control 1.10 software. Each experiment was performed on 8 wells (n = 3).

2.2.11. Cell Morphology

10,000 cells/well (400 μL of cell suspension in complete DMEM) were seeded in a Lab-Tek and
incubated for 48 h. HUVECs were then washed with 100 μL PBS, added by 175 μL of fresh complete
DMEM and treated with 13 μL of PBS (healthy HUVECs) or 13 μL of 150 μM AM (oxidatively stressed
HUVECs) for 1 h at 37 ◦C in the dark. Cells were washed with 100 μL PBS, added by 175 μL of
fresh complete DMEM and incubated with 25 μL of samples (AX/NHs or NHs in PBS) at the final
concentration of 250 μg mL−1 and incubated for 24 h. For an appropriate comparison, cells received
25 μL of PBS. HUVECs were washed with 400 μL PBS, fixed with 200 μL 4% PFA for 30 min at 4 ◦C,
washed twice with 400 μL PBS and added by 200 μL of 0.1% Triton for 5 min at 25 ◦C. Cells were washed
again twice with 400 μL PBS and then treated with 200 μL DAPI (dilution 1:1000) and phalloidin
(dilution 1:200) solution for 30 min at 25 ◦C. Cells were finally washed twice with PBS (400 μL), slides
were fixed and then digital images were obtained and analysed using Nanozoomer digital pathology
software (Hamamatsu, Japan).

2.2.12. Cellular Antioxidant Activity of AX/NHs

Cellular antioxidant activity (CAA) test: 10,000 cells/well (175 μL of cell suspension in complete
DMEM) were seeded in 96 well plates and incubated for 48 h. HUVECs were then washed with 100 μL
PBS, added by 175 μL of fresh complete DMEM and treated with 25 μL of samples (AX/NHs or NHs in
PBS) at the final concentrations of 250 and 500 μg mL−1) and incubated for 6 h at 37 ◦C. The highest
concentration of AX in AX/NHs was 10 μg mL−1, corresponding to 16.5 μM. As negative control, cells
received 25 μL of PBS, whilst as positive control cells received 15 μL of 300 mM NAC (corresponding
to a final concentration of 22 μM). The medium was then removed, cells were carefully washed with
100 μL PBS and added by 130 μL of 5 μM DHE dye and incubated for 30 min in the dark at 37 ◦C.
Then 10 μL of 150 μM AM were added and HUVECs were incubated for 1 h at 37 ◦C in the dark.
Cells were washed with PBS, added by 100 μL PBS and fluorescence was red with the TECAN Infinite
200PRO plate reader, using an excitation wavelength at 500 nm and an emission wavelength at 600 nm.
Results were processed by using i-Control 1.10 software. Each experiment was performed on 4 wells
(n = 3).

2.2.13. Statistical Analysis

CAA of AX/NHs or NHs: viable cell counts were calculated using four biological replicate
count data (each derived from three technical replicate data). All data are normalised to the negative
control (untreated cells that received PBS) and are expressed as the mean value ± standard deviation.
Statistical significance was determined using four biological replicate data (n= 3) with a Mann–Whitney
test by using SPSS 20 Software. Values of p < 0.05 were considered significant. Asterisk denotes
statistically significant differences (*p < 0.05).

Cell Viability: viable HUVECs (MTS test) were calculated using three biological replicates (each
derived from 8 wells). All data are normalised to the negative control (untreated cells that received
PBS) and are expressed as the mean value ± standard deviation. Statistical significance was determined
using 8 wells (n = 3) with One-way ANOVA analysis in Prism (GraphPad 5.0 Software, Inc., La Jolla,
CA, USA). Differences between the two groups were determined by a Turkey’s multiple comparison
test. Asterisks denote statistically significant differences (*p < 0.05; **p < 0.01; ***p < 0.005).
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3. Results

3.1. Cell Binding/Uptake Kinetics of NHs in Healthy or Oxidatively Stressed HUVECs

Rhod dye was covalently linked to the hydroxyl groups of NHs [17] and the obtained fluorescent NHs
were used for the binding/internalization kinetics study in healthy or oxidatively stressed HUVECs by
flow cytometry (Figure 1A) and confocal microscopy (Figure 1B). Flow cytometry analysis evidenced that
both, healthy and oxidatively stressed HUVECs, incubated for 3 h with Rhod-NHs, showed a significant
increase in fluorescence intensity, indicating an evident binding/uptake of NHs within the cells, followed
by a plateau up to 6 h; after 24 h the fluorescence intensity of HUVECs increased again (Figure 1A).
Interestingly, the fluorescent intensity of oxidatively stressed HUVECs was almost two-fold higher than
that of healthy HUVECs, at all the tested time points, suggesting that HUVECs are able to bind/take
up more NHs in stress conditions. According to confocal microscopy analysis, NHs are located into
vesicle-like structures in the perinuclear area, suggesting an intracellular location of NHs (Figure 1B).
A similar outcome was already obtained, by incubating human keratinocytes (HaCaT) with Rhod-NHs [17].
Moreover, micro-graphs of oxidatively stressed cells showed a higher red fluorescence than that observed
for healthy cells, confirming that HUVECs take up more NHs in stress conditions.

Figure 1. (A) Flow cytometry analysis of healthy or oxidatively stressed Human Umbilical Vein
Endothelial Cells (HUVECs) incubated with rhodamine B isothiocyanate-nanohydrogels (Rhod-NHs).
Cells were cultured in complete Dulbecco’s Modified Eagle Medium (DMEM) for 48 h and then
incubated from 3 to 24 h with 100 μg mL−1 Rhod-NHs. (B) Confocal micro-graphs (scale bars: 30 μm)
of healthy (left) or oxidatively stressed (right) HUVECs, incubated with 100 μg mL−1 Rhod-NHs for
3 or 24 h. Blue colour refers to nuclei incubated with 4′,6-diamidino-2-phenylindole (DAPI), whilst red
colour refers to Rhod-NHs. Untreated cells received PBS.
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3.2. Preparation and Characterisation of AX/NHs, RV/NHs and CU/NHs Systems

AX, RV and CU, which are three natural antioxidant molecules poorly soluble in water, were
loaded into NHs with the aim to enhance their solubilisation in aqueous environments, their
intracellular accumulation as well as their therapeutic efficacy. NHs aqueous suspensions, obtained by
autoclaving [28], were added by AX, RV or CU (according to the experimental procedures described
in Sections 2.2.5 and 2.2.6), for drug encapsulation. The obtained AX/NHs, RV/NHs and CU/NHs
(Figure 2A) were purified from the free antioxidant drugs by centrifugation (4000 rpm for 10 or 20 min)
and the EE% and the DL% were evaluated with HPLC (RV/NHs and CU/NHs) or with a UV-Vis
spectrometer (AX/NHs). The amounts of entrapped drugs are reported in Figure 2D: RV loading (%EE,
32.6 ± 1.1) was similar to that of CU (%EE, 27.0 ± 5.0) and higher than that of AX (%EE, 12.3 ± 0.6).
This may be due to the lower MW (smaller size) of RV or CU compared to AX. AX/NHs, RV/NHs and
CU/NHs were characterised in terms of dh, PDI and ζ-pot, as summarised in Figure 2B–D, showing
average sizes of 287 nm (AX/NHs), 214 nm (RV/NHs) and 267 nm (CU/NHs), which appear to be
dependent on the MW of the drugs (AX > CU > RV). The ζ-pot net values of loaded-NHs (ranging
from ≈ |45| to |37|mV) were lower than those of unloaded NHs (≈ |49|mV), but high enough to ensure
a good stability of the nano-formulations.

 
Figure 2. (A) Pictures of NHs, astaxanthin/nanohydrogels (AX/NHs), resveratrol/nanohydrogels
(RV/NHs) and curcumin/nanohydrogels (CU/NHs) samples. (B) mean hydrodynamic diameter (dh)
and polydispersity index (PDI) and (C) ζ-potential (ζ-pot) of free NHs, AX/NHs, RV/NHs and
CU/NHs. Samples were characterised with dynamic light scattering (DLS) (D) Table summarising
the physico-chemical properties (dh, PDI and ζ-pot), the encapsulation efficiency (EE%) and the drug
loading (DL%) of AX/NHs, RV/NHs and CU/NHs.

3.3. Antioxidant Activity of AX/NHs, RV/NHs and CU/NHs Samples in Tube and in Vitro

Once loaded into NHs, the AA of AX, RV and CU were checked with the ABTS test [29] and
compared to that of the free drugs. ABTS assay measures the ability of the antioxidant molecules to
scavenge the ABTS•+, which is generated by the reaction of ABTS salt with a strong oxidising agent,
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such as potassium persulfate. The reduction of the blue-green ABTS•+ coloured solution (due to the
presence of hydrogen-donating antioxidant molecules) is due to the suppression of its characteristic
absorption spectrum at λ = 730 nm. Results evidenced that free NHs do not show any AA, whilst RV
has the highest AA, followed by CU and finally by AX. The AA of AX molecules did not change when
they were loaded into NHs (Figure 3A,B); conversely, loaded molecules of RV and CU lost 23 and 27%
of AA, respectively, compared to those of the starting drugs. This result may be due to the longer
encapsulation process (14 h for RV and CU and 5 h for AX), needed to obtain stable nano-formulations
with suitable physico-chemical properties. The highest AA was evidenced by RV/NHs (60%), whilst
AX/NHs and CU/NHs showed similar AA (38 and 40%, respectively).

Figure 3. (A) Normalised Abs (λ = 730 nm) of AX/NHs, RV/NHs, CU/NHs and their controls versus
2,2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS). AX, RV and CU (loaded into NHs) were
studied at the final concentration of 13 μM, respectively. Their absorbance (Abs) was compared to that
of the free drugs at the same concentration. (B) Antioxidant activity (AA, %) of AX/NHs, RV/NHs,
CU/NHs and their controls at 6 min. Data are expressed as the mean value ± standard deviation;
experiments were performed in triplicate (n = 3). (C) Cell antioxidant activity (CAA) of AX/NHs
and free NHs in oxidatively stressed HUVECs at two different concentrations (corresponding to NHs
concentration of 500 and 250 μg mL−1 and AX concentration of 5 μg mL−1 (8 μM) and 10 μg mL−1

(16 μM). Experiments were performed on 4 wells (n = 3). Statistical significance was determined with
Mann-Whitney test and asterisk denotes statistically significant differences (*p < 0.05).

According to the obtained results, AX/NHs sample was chosen for the in vitro test. In HUVECs,
ROS were generated with AM, which is a molecule able to inhibit succinate oxidase, NADH oxidase
and the mitochondrial electron transport between cytochrome b and c [30]. The inhibition of electron
transport causes both the collapse of the proton gradient across the mitochondrial inner membrane and
the production of ROS. DHE dye was employed for monitoring the ROS production. Results show the
OS occurs when HUVECs are incubated with AM (final concentration 11 μM), such ROS production is
reduced by NAC, which is the antioxidant typically employed as a positive control. When HUVECs
were incubated with AX/NHs, the nano-formulation showed a similar CAA as NAC, thus confirming
the capability of AX/NHs to inhibit the ROS production in oxidatively stressed HUVECs, at all tested
concentrations (Figure 3C). In contrast, unloaded NHs did not show any CAA in these conditions
(Figure 3C).
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3.4. Cell Viability and Morphology

To determine the effects of AX/NHs and free NHs on cell viability, healthy or oxidatively stressed
HUVECs (Figure 4A) were incubated with AX/NHs or free NHs over 24 h, at several concentrations
(ranging from 31 to 500 μg mL−1 (NHs) and from 1 to 16 μM (AX)). Both cell morphology (Figure 4B)
and MTS (Figure 4C) showed that nano-formulations were not toxic to healthy or oxidatively stressed
HUVECs, as neither HUVECs morphology nor metabolism was significantly affected by any of the
tested concentrations after 24 h (Figure 4B,C). However, stressed HUVECs appear to be slightly smaller
and a bit less metabolically active (18%) than healthy HUVECs.

Figure 4. (A) Light microscopy micro-graphs of healthy or oxidatively stressed HUVECs.
(B) Fluorescence microscopy micro-graphs (cell morphology) of healthy or oxidatively stressed
HUVECs incubated with AX/NHs or free NHs at the concentration of 250 μg mL−1 (NHs) and 8 μM
(AX) for 24 h. Nuclei were stained with DAPI (blue), whilst actin filaments were stained with phalloidin
(red). (C) Cell metabolism (MTS test) of healthy or oxidatively stressed HUVECs. Cells were incubated
with AX/NHs or free NHs over 24 h, at several concentrations (ranging from 31 to 500 μg mL−1 (NHs)
and from 1 to 16 μM (AX)). Data were normalised to the negative control (HUVECs that received
PBS). Statistical significance was determined with Mann-Whitney test and asterisk denote statistically
significant differences (*p < 0.05). Statistical significance was determined with One-way ANOVA
analysis and differences between the two groups were not detected. Results are expressed as the mean
value ± standard deviation and experiments were performed on 8 wells (n = 3).

4. Discussion

In order to prepare NHs, the carboxyl groups of HA were covalently linked to the functionalised
cholesterol (CH-Br), leading to the amphiphilic HA-CH polymer (Df = 15, mol%) [18]. HA-CH
macromolecules are able to self-assemble into nano-sized structures (NHs) after a suitable treatment
(i.e., autoclaving at 121 ◦C for 20 min) [28]. Such nanoparticles are formed by internal hydrophobic
domains and by external hydrophilic layers.

A detailed characterisation of NHs systems, their dimensions and spherical shape, their soft
nature and their swelling capability, was already reported in previous works [18,20].

Furthermore, the ability of NHs to entrap hydrophilic antibiotics (e.g., gentamicin and levofloxacin)
and to enhance their antimicrobial activity against intracellular pathogens was evidenced in
keratinocytes (HaCaT) [17] and HeLa cells [31].

In the present work, NHs were physically loaded with natural and poorly water-soluble antioxidant
compounds. The NHs capability to accumulate into healthy or oxidatively stressed endothelial cells
(HUVECs) and to entrap AX, RV and CU molecules, as well as to retain/enhance their antioxidant
activity, both in tube and in vitro, was investigated. Flow cytometry and confocal microscopy data
(Figure 1) showed that NHs enter HUVECs and accumulate in their perinuclear area; a similar result
was obtained in keratinocytes and reported in a previous work [17]. Moreover, the experiments clearly
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show that NHs were taken up by oxidatively stressed HUVECs more than by the healthy ones (~
two-fold). Such results suggest NHs may deliver antioxidants inside the cells and preferentially to
endothelial cells that are under oxidative stress. However, additional studies are necessary to elucidate
the internalisation mechanism with which NHs bind/enter HUVECs.

AX, RV and CU molecules were successfully loaded into NHs, leading to nano-formulations with
suitable size, PDI and ζ-pot values (Figure 2) for biomedical applications. Furthermore, as expected,
the apparent water solubility of AX, RV and CU was significantly enhanced when loaded into NHs,
offering the opportunity to improve the administration, bioavailability and therapeutic efficacy of
these compounds. The encapsulation time of RV and CU (14 h) was longer than that of AX (5 h),
as RV/NHs and CU/NHs did not show suitable physico-chemical properties at shorter encapsulation
time points. On the other hand, it was observed that the longer encapsulation time negatively affected
the AA of the molecules. In fact, once loaded into NHs, the AA of AX (AX/NHs) was fully retained,
whereas the AA of RV/NHs and CU/NHs decreased of 23 and 27%, respectively, when compared to the
starting drugs (Figure 3A). Hence, the shortest encapsulation time was chosen for each nano-system,
to obtain both suitable physico-chemical and antioxidant properties. Since RV and CU evidenced
the loss of the AA after loading (possibly due to the partial oxidation of the molecules after the long
encapsulation process), AX/NHs was selected as the best nano-system for the in vitro studies. In order
to test the CAA of AX/NHs, HUVECs were oxidatively stressed with AM, a molecule able to enhance
the ROS production at the mitochondrial level. The ROS increase can be studied by DHE, a compound
commonly used for detecting cytosolic superoxide [32]. Upon reaction with the ROS species, DHE
forms a red fluorescent product with maximum excitation and emission peaks at 500 and 580 nm,
respectively. After incubation with AM, HUVECs showed a significant increase in fluorescence (~
1.5-fold), thus confirming the oxidative stress (Figure 3B) occurred. The stressed HUVECs were
incubated with AX/NHs or free NHs in order to investigate their CAA capability; NAC was tested
as a positive control. Results show AX/NHs were able to inhibit the oxidative stress in HUVECs as
much as NAC, at all the tested concentrations suggesting that I) NHs can effectively deliver AX into
HUVECs; II) AX retains its antioxidant activity after encapsulation. Free NHs did not show any AA
inside the cells. Promising results were also obtained by loading AX into cyclodextrins and lipid
nanoparticles as reported by other researchers [9,33,34]. Cyclodextrins/AX complexes were found to
be efficient in delivering AX from the PVA cardiac patches [35] as well as from the pullulan-dextran
natural matrix, in an ischemia reperfusion rat model [33]. Both AX/NHs and free NHs did not evidence
any significant toxicity against healthy or oxidatively stressed HUVECs, at all tested concentrations
(Figure 4), as shown by cell metabolism data (MTS test) and morphology micro-graphs.

These results suggest self-assembled HA-based NHs may represent a suitable candidate for the
delivery of natural antioxidants. Furthermore, it is worth noting that HA is among the most widely
used biopolymers in cosmetics. Hence, formulations based on antioxidants-loaded HA NHs may be
developed and tested both in pharmaceutical and cosmetic fields [36].

5. Conclusions

HA-based NHs are capable to entrap natural and poorly water-soluble antioxidants, such as
AX, RV and CU and to significantly enhance their apparent water solubility in aqueous media.
The nano-formulations are able to neutralise ROS species, as evidenced by in tube and in vitro (AX/NHs
only) studies and do not show any toxicity against HUVECs cells. Since previous results suggest NHs
are highly taken up by oxidatively stressed HUVECs, they may represent a suitable nano-carrier for
delivering antioxidant molecules intracellularly. In vivo studies will help to evaluate the potential use
of these systems for the medical treatment of OS pathologies, particularly in cardiovascular diseases
such as ischemia/reperfusion (I/R) injuries.

Author Contributions: Data curation, T.C. and V.G.; Funding acquisition, G.P.-D. and P.M.; Investigation, E.M.
and C.D.M.; Methodology, E.M. and G.P.-D.; Project administration, C.D.M., G.P.-D. and P.M.; Supervision, C.D.M.
and G.P.-D.; Writing—original draft, E.M.; Writing—review and editing, T.C. and V.G.

39



Pharmaceutics 2019, 11, 532

Funding: This research was funded by the EMBO short-term fellowship STF_7564 and the Sapienza University of
Rome (“Finanziamenti di Ateneo per la Ricerca Scientifica—RP116154C2EF9AC8 and RM11715C1743EE89”).

Acknowledgments: The authors are grateful to Valeria Rocchi, Madalina Nistorescu and Marisole Zuluaga,
Pauline Di Luise and Marialuisa Di Bari for their contribution to the work. Our thanks to Teresa Simon-yarza,
Marie Noelle Labour and Marie Le Borgne for their technical support.

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

References

1. Halliwell, B. Reactive oxygen species in living systems: Source, biochemistry, and role in human disease.
Oxid. Antioxid. Pathophysiol. Determ. Ther. Agents 1991, 91, S14–S22. [CrossRef]

2. Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. CB 2014, 24,
R453–R462. [CrossRef] [PubMed]

3. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]
4. Oliveira, C.P.; Cotrim, H.P.; Stefano, J.T.; Siqueira, A.C.G.; Salgado, A.L.A.; Parise, E.R. N-acetylcysteine

and/or ursodeoxycholic acid associated with metformin. Arq. Gastroenterol. 2019, 56, 184–190. [CrossRef]
5. Soliman, N.A.; Keshk, W.A.; Rizk, F.H.; Ibrahim, M.A. The possible ameliorative effect of simvastatin versus

sulfasalazine on acetic acid induced ulcerative colitis in adult rats. Chem. Biol. Interact. 2019, 298, 57–65.
[CrossRef]

6. Kusuhara, H.; Furuie, H.; Inano, A.; Sunagawa, A.; Yamada, S.; Wu, C.; Fukizawa, S.; Morimoto, N.; Ieiri, I.;
Morishita, M.; et al. Pharmacokinetic interaction study of sulphasalazine in healthy subjects and the impact
of curcumin as an in vivo inhibitor of BCRP. Br. J. Pharmacol. 2012, 166, 1793–1803. [CrossRef]

7. Osawe, S.O.; Farombi, E.O. Quercetin and rutin ameliorates sulphasalazine-induced spermiotoxicity,
alterations in reproductive hormones and steroidogenic enzyme imbalance in rats. Andrologia 2018, 50,
e12981. [CrossRef]

8. Xue, X.-L.; Han, X.-D.; Li, Y.; Chu, X.-F.; Miao, W.-M.; Zhang, J.-L.; Fan, S.-J. Astaxanthin attenuates total body
irradiation-induced hematopoietic system injury in mice via inhibition of oxidative stress and apoptosis.
Stem Cell Res. Ther. 2017, 8, 7. [CrossRef]

9. Zuluaga, M.; Barzegari, A.; Letourneur, D.; Gueguen, V.; Pavon-Djavid, G. Oxidative Stress Regulation on
Endothelial Cells by Hydrophilic Astaxanthin Complex: Chemical, Biological, and Molecular Antioxidant
Activity Evaluation. Oxid. Med. Cell. Longev. 2017, 2017, 8073798. [CrossRef]

10. Francioso, A.; Mastromarino, P.; Masci, a.; d’Erme, M.; Mosca, L. Chemistry, Stability and Bioavailability of
Resveratrol. Med. Chem. 2014, 10, 237–245. [CrossRef]

11. Gokce, E.H.; Korkmaz, E.; Dellera, E.; Sandri, G.; Bonferoni, M.C.; Ozer, O. Resveratrol-loaded solid
lipid nanoparticles versus nanostructured lipid carriers: Evaluation of antioxidant potential for dermal
applications. Int. J. Nanomed. 2012, 7, 1841–1850. [CrossRef] [PubMed]

12. Nagpal, M.; Sood, S. Role of curcumin in systemic and oral health: An overview. J. Nat. Sci. Biol. Med. 2013,
4, 3–7.

13. Fan, Y.; Yi, J.; Zhang, Y.; Yokoyama, W. Fabrication of curcumin-loaded bovine serum albumin (BSA)-dextran
nanoparticles and the cellular antioxidant activity. Food Chem. 2018, 239, 1210–1218. [CrossRef] [PubMed]

14. Kabanov, A.V.; Vinogradov, S.V. Nanogels as Pharmaceutical Carriers: Finite Networks of Infinite Capabilities.
Angew. Chem. 2009, 48, 5418–5429. [CrossRef] [PubMed]

15. Soni, K.S.; Desale, S.S.; Bronich, T.K. Nanogels: An overview of properties, biomedical applications and
obstacles to clinical translation. J. Control. Release 2016, 240, 109–126. [CrossRef] [PubMed]

16. Choi, K.Y.; Min, K.H.; Na, J.H.; Choi, K.; Kim, K.; Park, J.H.; Kwon, I.C.; Jeong, S.Y. Self-assembled hyaluronic
acid nanoparticles as a potential drug carrier for cancer therapy: Synthesis, characterization, and in vivo
biodistribution. J. Mat. Chem. 2009, 19, 4029–4280. [CrossRef]

17. Montanari, E.; Oates, A.; Di Meo, C.; Meade, J.; Cerrone, R.; Francioso, A.; Devine, D.; Coviello, T.;
Mancini, P.; Mosca, L.; et al. Hyaluronan-Based Nanohydrogels for Targeting Intracellular S. Aureus in
Human Keratinocytes. Adv. Healthcare Mater. 2018, 7, e1701483. [CrossRef]

18. Montanari, E.; Capece, S.; Di Meo, C.; Meringolo, M.; Coviello, T.; Agostinelli, E.; Matricardi, P.
Hyaluronic Acid Nanohydrogels as a Useful Tool for BSAO Immobilization in the Treatment of Melanoma
Cancer Cells. Macromol. Biosci. 2013, 13, 1185–1194. [CrossRef]

40



Pharmaceutics 2019, 11, 532

19. Ganguly, K.; Chaturvedi, K.; More, U.A.; Nadagouda, M.N.; Aminabhavi, T.M. Polysaccharide-based
micro/nanohydrogels for delivering macromolecular therapeutics. J. Control. Release 2014, 193, 162–173.
[CrossRef]

20. Montanari, E.; Di Meo, C.; Sennato, S.; Francioso, A.; Marinelli, A.L.; Ranzo, F.; Schippa, S.; Coviello, T.;
Bordi, F.; Matricardi, P. Hyaluronan-cholesterol nanohydrogels: Characterisation and effectiveness in carrying
alginate lyase. New Biotechnol. 2017, 37, 80–89. [CrossRef]

21. Akiyoshi, K.; Deguchi, S.; Moriguchi, N.; Yamaguchi, S.; Sunamoto, J. Self-aggregates of hydrophobized
polysaccharides in water. Formation and characteristics of nanoparticles. Macromolecules 1993, 26, 3062–3068.
[CrossRef]

22. Vinogradov, S.V.; Batrakova, E.; Kabanov, A.V. Poly(ethylene glycol)–polyethyleneimine NanoGel™ particles:
Novel drug delivery systems for antisense oligonucleotides. Colloid Surf. B-Biointerfaces 1999, 16, 291–304.
[CrossRef]

23. Laurent, T.C.; Fraser, J.R. Hyaluronan. FASEB J. 1992, 99, 2397–2404. [CrossRef]
24. Day, A.J.; Prestwich, G.D. Hyaluronan-binding Proteins “Tying up the Giant”. J. Biol. Chem. 2002, 277,

4585–4588. [CrossRef] [PubMed]
25. Ponta, H.; Sherman, L.; Herrlich, P.A. CD44: From adhesion molecules to signalling regulators. Nat. Rev.

Mol. Cel. Biol. 2003, 4, 33–45. [CrossRef] [PubMed]
26. Pure, E.; Cuff, C.A. A crucial role for CD44 in inflammation. Trends Mol. Med. 2001, 7, 213–221. [CrossRef]
27. Rafi-Janajreh, A.Q.; Chen, D.; Schmits, R.; Mak, T.W.; Grayson, R.L.; Sponenberg, D.P.; Nagarkatti, M.;

Nagarkatti, P.S. Evidence for the involvement of CD44 in endothelial cell injury and induction of vascular
leak syndrome by IL-2. J. Immunol. 1999, 163, 1619–1627.

28. Montanari, E.; De Rugeriis, M.C.; Di Meo, C.; Censi, R.; Coviello, T.; Alhaique, F.; Matricardi, P. One-step
formation and sterilization of gellan and hyaluronan nanohydrogels using autoclave. J. Mater. Sci. Mater. Med.
2015, 26, 32–37. [CrossRef]

29. Miller, N.J.; Rice-Evans, C.A. Factors influencing the antioxidant activity determined by the ABTS+ radical
cation assay. Free Radic. Res. 1997, 26, 195–199. [CrossRef]

30. Campo, M.L.; Kinnally, K.W.; Tedeschi, H. The effect of antimycin A on mouse liver inner mitochondrial
membrane channel activity. J. Biol. Chem. 1992, 267, 8123–8127.

31. Montanari, E.; D’Arrigo, G.; Di Meo, C.; Virga, A.; Coviello, T.; Passariello, C.; Matricardi, P. Chasing bacteria
within the cells using levofloxacin-loaded hyaluronic acid nanohydrogels. Eur. J. Pharm. Biopharm. 2014, 87,
518–523. [CrossRef] [PubMed]

32. Gomes, A.; Fernandes, E.; Lima, J.L. Fluorescence probes used for detection of reactive oxygen species.
J. Biochem. Biophys. Methods 2005, 65, 45–80. [CrossRef] [PubMed]

33. Zuluaga Tamayo, M.; Choudat, L.; Aid-Launais, R.; Thibaudeau, O.; Louedec, L.; Letourneur, D.; Gueguen, V.;
Meddahi-Pellé, A.; Couvelard, A.; Pavon-Djavid, G. Astaxanthin Complexes to Attenuate Muscle Damage
after In Vivo Femoral Ischemia-Reperfusion. Mar. Drugs 2019, 17, 354. [CrossRef] [PubMed]

34. Rodriguez-Ruiz, V.; Salatti-Dorado, J.Á.; Barzegari, A.; Nicolas-Boluda, A.; Houaoui, A.; Caballo, C.;
Caballero-Casero, N.; Sicilia, D.; Bastias Venegas, J.; Pauthe, E.; et al. Astaxanthin-Loaded Nanostructured
Lipid Carriers for Preservation of Antioxidant Activity. Molecules 2018, 23, 2601. [CrossRef] [PubMed]

35. Zuluaga, M.; Gregnanin, G.; Cencetti, C.; Di Meo, C.; Gueguen, V.; Letourneur, D.; Meddahi-Pelle, A.;
Pavon-Djavid, G.; Matricardi, P. PVA/Dextran hydrogel patches as delivery system of antioxidant astaxanthin:
A cardiovascular approach. Biomed. Mater. Bristol Engl. 2017, 13, 015020. [CrossRef]

36. Montanari, E.; Zoratto, N.; Mosca, L.; Cervoni, L.; Lallana, E.; Angelini, R.; Matassa, R.; Coviello, T.; Di Meo, C.;
Matricardi, P. Halting hyaluronidase activity with hyaluronan-based nanohydrogels: Development of
versatile injectable formulations. Carbohydr. Polym. 2019, 221, 209–220. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

41



pharmaceutics

Article

Syringeable Self-Organizing Gels that Trigger Gold
Nanoparticle Formation for Localized
Thermal Ablation

Sonia Cabana-Montenegro 1, Silvia Barbosa 2, Pablo Taboada 2, Angel Concheiro 1 and

Carmen Alvarez-Lorenzo 1,*
1 Departamento de Farmacología, Farmacia y Tecnología Farmacéutica, R+D Pharma Group (GI-1645),

Facultad de Farmacia and Health Research Institute of Santiago de Compostela (IDIS), Universidade de
Santiago de Compostela, 15782 Santiago de Compostela, Spain; scabmon@gmail.com (S.C.-M.);
angel.concheiro@usc.es (A.C.)

2 Área de Física de la Materia Condensada, Facultad de Física, Universidade de Santiago de Compostela,
15782 Santiago de Compostela, Spain; silvia.barbosa@usc.es (S.B.); pablo.taboada@usc.es (P.T.)

* Correspondence: carmen.alvarez.lorenzo@usc.es; Tel.: +34-881-815-239

Received: 1 January 2019; Accepted: 22 January 2019; Published: 26 January 2019

Abstract: Block copolymer dispersions that form gels at body temperature and that additionally
are able to reduce a gold salt to nanoparticles (AuNPs) directly in the final formulation under mild
conditions were designed as hybrid depots for photothermal therapy. The in situ gelling systems may
retain AuNPs in the application zone for a long time so that localized elevations of temperature can be
achieved each time the zone is irradiated. To carry out the work, dispersions were prepared covering
a wide range of poloxamine Tetronic 1307:gold salt molar ratios in NaCl media (also varying from
pure water to hypertonic solution). Even at copolymer concentrations well above the critical micelle
concentration, the reducing power of the copolymer was maintained, and AuNPs were formed in
few hours without extra additives. Varying the copolymer and NaCl concentrations allowed a fine
tuning of nanoparticles’ shape from spherical to triangular nanoplates, which determined that the
surface plasmon resonance showed a maximum intensity at 540 nm or at 1000 nm, respectively. The
information gathered on the effects of (i) the poloxamine concentration on AuNPs’ size and shape
under isotonic conditions, (ii) the AuNPs on the temperature-induced gelling transition, and (iii) the
gel properties on the photothermal responsiveness of the AuNPs during successive irradiation cycles
may help the rational design of one-pot gels with built-in temperature and light responsiveness.

Keywords: in situ gelling systems; photo-thermal therapy; gold reduction; localized heating effect;
irradiation cycles; syringeable implant

1. Introduction

Gold nanoparticles (AuNPs) are receiving a great deal of attention because of their capability
to perform as theranostic agents [1–5]. Their localized surface plasmon resonance (LSPR) allows for
efficient conversion of radiation energy into heat, increasing the temperature of the surroundings
remarkably but reversibly. Tuning the shape of AuNPs’ selective light absorption in the wavelength
range of the first biological window is possible [6]. Moreover, AuNPs can be easily decorated
with therapeutic molecules, shielding coatings, and specific cell ligands to combine passive and
active targeting [7]. All of these properties are particularly suitable to provide chemotherapy and
phototherapy (including thermal ablation) synergisms in the eradication of tumor cells and pathogen
microorganisms [8–11].

Most research in the field has been focused on the intravenous administration of AuNPs for cancer
therapy. However, relatively rapid clearance of AuNPs from the bloodstream and accumulation in
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the liver and spleen hampers the distribution towards the target site and obligates the administration
of repeated injections [12,13]. Intratumoral injection of AuNPs has been also proposed as a way to
solve some physiological barriers and concentrate the nanoparticles in the affected tissue [14]. In this
case, precise positioning of the AuNPs nearby the affected cells is difficult, which, in turn, hinders
the attainment of predictable/reproducible levels of attached therapeutic agents and temperature.
To overcome this problem, implantable solid depots with dimensions similar to those of brachytherapy
seeds were designed recently [15]. In that case, poly(ethylene oxide) (PEO)-coated spherical AuNPs
(ranging from 5 to 50 nm) were encapsulated in calcium alginate rods (0.8 mm diameter × 4 mm length)
to be administered using a pre-loaded needle approach. The calcium alginate rods provided sustained
release of the AuNPs in the tumor tissue. Also, lately, it has been demonstrated that integration of
AuNPs in polymer systems that cause the AuNPs to assembly in vivo forming large supramolecular
structures allows the LSPR peaks to be tuned towards the near-infrared (NIR) window in biological
tissue (650–1350 nm) for more efficient cancer photothermal therapy and imaging [16,17].

The aim of the present work was to design in situ gelling systems from block copolymers that can
transform a gold salt into AuNPs directly in the final injectable formulation and then self-assemble
under physiological conditions to render a gel depot that allows repeated photothermal therapy cycles
in the injection site. The overall purpose is to simplify the development (in one step under mild
conditions) of gel depots containing AuNPs that can fully develop their photothermal properties
without loss of efficiency after several light irradiations. Relevantly, since there is no covalent grafting
of the composite components, gel erosion in vivo after treatment would cause the dissociation of
the assemblies and thus the release of single AuNPs avoiding compromise their clearance from the
body [16,17]. Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide), PEO–PPO–PEO, block
copolymers (namely poloxamers) have been shown able to trigger gold reduction under certain
conditions without the need for strong reductant agents and providing a stabilizing shell [18,19].
The size of the obtained AuNPs can be tuned by changing the molecular weight and concentration
of the poloxamer, preferably below the critical micelle concentration (CMC). The reducing power
of PEO blocks causes nuclei formation to occur quite rapidly, while the stabilizing contribution of
PPO blocks adsorbed on the nuclei makes the subsequent growth more slowly [20]. Compared to
the linear poloxamer copolymers, the X-shaped poloxamines formed by four arms of PEO–PPO
blocks linked by an ethylenediamine group may offer additional features [21–23]. The presence of
the tertiary amines cause the copolymer to exhibit both temperature and pH responsiveness [24–27].
Moreover, the amine groups may contribute to further binding and reduction of gold ions, while the
looser self-assembly of the copolymer may expedite the growth of the nanoparticles. These features
may allow for more precise regulation of the kinetic and thermodynamic parameters involved in
AuNP formation, which, in turn, should facilitate fine tuning of the shape of the nanoparticles [21].
So far, most studies have been carried out with low molecular weight PEO–PPO–PEO copolymers at
concentrations below or close to those typical of micelle formation, where the predominant species
are unimers or single micelles. Differently, the purpose of our work was to use a biocompatible
poloxamine of relatively high molecular weight (Tetronic 1307, T1307) covering concentrations up to
those suitable for forming aqueous micellar dispersions that, once injected, can undergo the sol-to-gel
transition at the physiological temperature. T1307 is formed by four arms of PEO–PPO blocks (72 EO
units and 23 PO units, each arm) connected to a central ethylenediamine group [24]. A gold salt was
added to the poloxamine dispersions at two different concentrations, and the spontaneous formation
of nanoparticles without the addition of other reagents was monitored. Since syringeable formulations
should be isotonic, the effects of the ionic strength on the size and shape of the AuNPs formed were
also investigated. Compared to solid depots, in situ gelling systems can perfectly fill gaps in tumor
resection areas (covering tumor borders) or form soft depots in tumor or infected tissues. Thus, it can
be hypothesized that the obtained in situ formed gold-reductant gels may retain the AuNPs in the
application site for a prolonged amount of time for full exploitation of their light-induced heating.
Rational design requires an insight to be gained into the effects of (i) the poloxamine concentration
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on AuNPs’ size and shape, (ii) AuNPs on the temperature-induced gelling transition, and (iii) the gel
properties on the responsiveness of the AuNPs. All these issues were investigated herein in detail.

2. Materials and Methods

2.1. Materials

Tetronic 1307 (T1307; molecular weight 18,000; PEO content 70 wt%) was supplied by BASF
Corporation (Mount Olive, NJ, USA) and used as received. Hydrogen tetrachloroaurate(III) (HAuCl4)
and sodium chloride (NaCl) were from Sigma Aldrich (St Louis, MO, USA) and used without further
purification. Distilled water was used for all experiments. All other reagents were analytical grade.

2.2. Gel Preparation and Nanoparticles Formation

T1307 solutions (0.25, 1, 5, 10, 15, 20, and 30 mM) were prepared in water and in 0.154 or 1.0 M
NaCl aqueous medium by mixing under magnetic stirring in an ice-water bath. Aliquots of each
T1307 solution (2 mL) in every medium were placed in glass vials. Then, HAuCl4 aqueous solution
(0.2 mL; 0.5 or 5 mM) was added to the vials and mixed with vortex for 2 min. After that, solutions
were kept in the fridge for 4 hours. The final HAuCl4 concentration was 0.05 or 0.5 mM. The systems
were designed as T1307(x)/Au(y), where x and y represent the concentration (mM) of each component.
Before measurements, all T1307/Au dispersions were stored for 24 h at 20 ◦C. The pH was recorded
for all dispersions.

2.3. Nanoparticle Characterization

The UV-Vis spectra of T1307/Au dispersions were recorded in the 400 to 1100 nm range (Agilent
8453, Frankfurt am Main, Germany). The morphology of the nanoparticles was visualized in a
scanning transmission electron microscope (STEM). Drops (5 μL) of T1307 dispersions with AuNPs
were placed on grids covered with Fomvar film. After 30 s, the excess was carefully removed with a
tip of filter paper. The samples were observed both with and without staining (with phosphotungstic
acid) using a ZEISS UltraPlus FESEM apparatus fitted with a STEM detector (Oberkochen, Germany).
Hydrodynamic particle size and zeta potential were measured in triplicate at room temperature using a
Malvern Nano ZS (Worcestershire, UK) instrument. Before measurements, all solutions were sonicated
for three minutes at room temperature to break up weak agglomerates. Thermal gravimetric analysis
(TGA) was performed using a Discovery TGA 55 (TA Instruments, New Castle, DE, USA) and the
sample dispersion was heated up to 450 ◦C at 10 ◦C/min and then was kept isothermal at 450 ◦C for
1 min.

2.4. Rheology

The storage or elastic (G’) and the loss or viscous (G”) moduli of T1307 (10, 15, and 20 mM)/Au
(0.05 or 0.5 mM) dispersions in water and in 0.154 and 1 M NaCl aqueous medium were evaluated,
at least in duplicate, using a Rheolyst AR-1000N rheometer equipped with an AR2500 data analyzer,
a Peltier plate, and a cone with 6 cm diameter (TA Instruments, Hertfordshire, UK). To determine the
influence of temperature on both moduli, tests were carried out at 5 rad/s from 15 to 45 ◦C with a
heating rate of 2 ◦C/min.

2.5. Photothermal Measurements

Aliquots (2.2 mL) of T1307 (10, 15, and 20 mM)/Au (0.05 or 0.5 mM) dispersions were placed
in 24-well plates and kept at 37 ◦C (using a temperature-controlled plate). The wells were irradiated
with a 980 nm laser (Apollo Instruments, Inc. S10-976-1, Irvine, CA, USA) with a spot size of 1 cm2

and power of 0.5, 1, and 2 W/cm2 for 20 min at a distance of 8 cm from the laser. Temperature
elevation was registered in the dispersion with a thermocouple (XS Instruments 3JKT, Carpi MO,
Italy). Two independent experiments were carried out for each composition. Additionally, T1307

45



Pharmaceutics 2019, 11, 52

(15 and 20 mM)/Au (0.05 or 0.5 mM) dispersions were subjected to three successive irradiation cycles
(8–12 min) at power densities of 0.5 and 2 W/cm2, and the temperature was recorded during the
whole process.

3. Results and Discussion

3.1. Reduction of AuCl4− Ions and Formation of Gold Nanoparticles

A first aim of this work was to elucidate whether the high molecular weight poloxamine
T1307 is able to induce the reduction of gold ions under mild conditions, even when the copolymer
concentration is well above the CMC and in the absence of any other chemicals, in order to preserve
the previously demonstrated high biocompatibility of this block copolymer dispersions [25,28,29].
In the case of poloxamers, it has been shown that both the size and shape of metal nanoparticles
are determined by competition between nucleation (metal ion reduction in bulk) and growth (metal
ion reduction on nuclei) processes, which are controlled by the amphiphilic character of the block
copolymer [19]. PEO blocks form crown ether-like domains that bind and reduce AuCl4− ions, which
triggers the formation of AuNPs. PPO blocks mediate copolymer adsorption onto the nanoparticles’
surfaces. This results in competition between AuCl4− ion reduction in the bulk solution and on the
particle surface, which, in turn, leads to an enhancement of the number of particles or an increase in
particle size, respectively [18].

The formation of AuNPs in the presence of T1307 in media of different NaCl concentrations
was monitored by recording the UV-visible spectrum. The gold salt was added at two different
concentrations (0.05 and 0.5 mM final concentration) to T1307 (0.25, 1, 5, 10, 15, 20, and 30 mM)
dispersions prepared in water and in 0.154 and 1.0 M NaCl aqueous mediums. The NaCl concentration
was chosen to be the isotonic value (0.154 M) or a hypertonic value (1.0 M) that is still tolerable if small
volumes are injected [30]. We have previously shown that increasing the NaCl concentration from
0 to 1 M notably decreases the CMC of T1307 (from 1% to 0.1%, i.e., from 0.55 to 0.05 mM); namely,
the salt facilitates the copolymer self-assembly and also diminishes the gelling temperature [31].
Therefore, the use of NaCl may also help to elucidate whether the reducing power of the copolymer
after self-assembly in micelles is similar to that of the unimers free in the medium.

Interestingly, mixing T1307 and gold salt caused the initially yellowish dispersions (the color of
the starting HAuCl4 solution) to begin to exhibit the typical pink-red characteristic color of AuNP
formation after few hours of incubation (Figure 1). Nevertheless, relevant differences were observed
as a function of T1307, gold, and NaCl concentrations. It should be noted that a further increase in
HAuCl4 up to 10 mM prevented AuNP formation, probably because the strongly acidic pH of the
system (∼=2.0) and the lack of sufficient T1307 to trigger the reduction process. Interestingly, when
T1307 (1 and 10 mM) containing 10 mM HAuCl4 dispersions were diluted with the corresponding
T1307 solution, the reduction phenomenon was triggered similarly to the systems initially prepared
with less gold salt. This opens the possibility of preparing the T1307/gold salt dispersions in advance,
and then the moment at which the reduction (i.e., AuNPs\ formation) should occur may be regulated
by adding more copolymer. Relevantly, poloxamine dispersions in water had slightly alkaline pH,
and when mixed with the diluted HAuCl4 solutions, the pH of the dispersions was in the 6.3 to 7.6
range, which is perfectly suitable for injectable systems.
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Figure 1. Appearance of T1307/HAuCl4 dispersions in water (a1,a2) or NaCl 0.154 M (b1,b2) and
1.0 M (c1,c2) medium after incubation for 4 h at 4 ◦C. The systems were designed as T1307 (x)/Au (y)
where x and y represent the concentration (mM) of each component.

Diluted T1307 dispersions (concentration < 10 mM) in water prepared with the lower
concentration in gold salt (0.05 mM) showed LPSR peaks centered at ~540 nm, which is typical
of the LSPR of spherical AuNPs (Figure 2a1). Differently, after increasing the T1307 concentration,
the LSPRs were centered at ~1000 nm, which corresponds to the in-plane resonance of the triangular
planar objects [21]; namely, gold nanoplates had been formed (as confirmed below with STEM images).
A similar result was observed when the gold salt was added at a ten times higher concentration
(Figure 2a2). Spherical gold nanoparticles predominated in dispersions with a T1307 concentration
below 10 mM; meanwhile, the LSPR of gold nanoplates was evident for higher T1307 concentrations.
The T1307 10 mM concentration seems to be a threshold value; namely, this concentration triggered
the rapid formation of nanoplates when 0.05 mM HAuCl4 was added, but it was insufficient in the
presence of 0.5 mM HAuCl4. Indeed, nanosphere LSPR predominated, and only a minor shoulder
typical of nanoplates was recorded for T1307 (10 mM)/Au (0.5) in water (Figure 2a2). In a previous
work, spherical AuNPs (6–7 nm in diameter) were also reported to be formed using Pluronic L121
(10 mM)/Au (0.25 mM) in water, but nanoplate formation did not occur [19]. In contrast, a low
molecular weight poloxamine T904 (MW 6700 Da) triggered the formation of gold triangular and
hexagonal nanoplates (174 nm size) at low molar ratio (e.g., T904 (1.5)/Au (0.5)), but after increasing the
copolymer concentration, there was a decrease in the number of nanoplates and for T904 (6–140)/Au
(0.5), nearly perfect Au nanospheres (up to 40 nm in size) were formed [21]. These shape and size
changes recorded for T904 were attributed to the fact that the nanoplate formation benefit from a
slow Au (III) to Au (0) reduction rate, which is favored under mild reducing conditions. It has been
hypothesized that the selective adsorption of the poloxamine on {111} crystallographic planes of
the growing AuNPs due to their lowest energy hinders the growth on these planes and promotes
anisotropic growth along the {110} plane, which favors the formation of (111) bounded structures as
thin nanoplates [21]. In the case of T1307/Au dispersions, the formation of nanoplates may be favored
by the fact that the reaction rate occurred at 4 ◦C, differently to the incubation at room temperature,
or even at a higher temperature, as applied in other protocols [19,21]. Indeed, it was previously
observed that heating at up to 70 ◦C favors rapid and full conversion in spherical nanoparticles [19,21].
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Figure 2. Absorption spectrum of T1307 (0.25, 1, 5, 10, 15, 20, and 30 mM)/Au (0.05 and 0.5 mM)
dispersions prepared in (a) water, (b) 0.154 M NaCl, and (c) 1.0 M NaCl aqueous medium. Plots on the
left refer to systems prepared with 0.05 mM HAuCl4, and plots on the right refer to those prepared
with 0.5 mM HAuCl4.

Interestingly, the LSPR spectra provided evidence that the addition of NaCl favors nanosphere
formation in detriment of nanoplates. In 0.154 M NaCl medium, all T1307 dispersions mixed with
the lowest HAuCl4 concentration tested led to nanospheres (absorption peak centered in ~540 nm)
and the presence of nanoplates was also evident at 15 to 30 mM for T1307 (absorption peak at
~1000 nm) (Figure 2b1). A further increase in HAuCl4 concentration (Figure 2b2) revealed that the
lowest T1307 concentrations (0.25 and 1 mM) did not trigger significant reduction (as also observed in
Figure 1b2); an intermediate T1307 concentration (5–10 mM) favored nanosphere formation; and a
further increase in T1307 (15–30 mM) facilitated the coexistence of both nanospheres and nanoplates.
Similar results were obtained in 1.0 M NaCl medium, but the LSPR peak of nanoplates attenuated even
more (Figure 2c1,c2). It has been previously shown that NaCl causes poloxamers and poloxamines
(including T1307) to become more hydrophobic and thus more prone to self-assemble into unimodal
micelles [31,32]. Therefore, although Cl− ions have been reported to favor nanoplate formation because
of specific adsorption onto crystal facets [33], the decrease in T1307 CMC should result in less unimers
being available for reduction and a faster transfer of gold ions into the micelles with the subsequent
formation of spherical nanoparticles [21].
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3.2. AuNP Morphology: STEM and DLS

Scanning transmission electron microscopy (STEM) images allowed visualization of both micelles
and AuNPs (Figure 3). Phosphotungstic acid staining provided evidence that the micelles become
larger when the NaCl concentration increases (as observed, e.g., for T1307 (10)/Au (0.05) in 1M NaCl) as
confirmed by DLS. Both spherical particles and nanoprisms or triangular plates coexisted in the T1307
(10)/Au (0.05) in 0.154 M NaCl, in good agreement with the LSPR spectrum recorded. Interestingly,
the AuNPs seem to be encapsulated in the copolymer aggregates and different morphologies of gold
particles even coexisted close each other (see insert showing triangles and spheres). Increasing the
copolymer and HAuCl4 concentration led to gold nanoprisms with sizes predominantly between 140
and 200 nm, also in good agreement with the LSPR spectrum.

Figure 3. STEM micrographs of T1307 (x mM)/Au (y mM) dispersions prepared in different media
and observed using various detectors (micrographs on the left were recorded using phosphotungstic
acid staining, while those on the right were taken without staining).

The values of hydrodynamic particle size obtained from DLS measurements for T1307/Au
dispersions in water and in salt solutions are listed in Table 1. In general terms, the size of the
copolymer–AuNP aggregates increased when the copolymer and/or NaCl concentration increased.
As observed before, poloxamine aggregation is favored in the presence of NaCl due to a salting-out
effect that makes the copolymer become more hydrophobic [31]. This increase in size was particularly
evident for T1307 concentrations close to the CMC (0.25–1 mM). The larger sizes recorded for T1307
10 mM systems prepared in 0.154 and 1 M NaCl may be due to the combination of several AuNPs in
each copolymer aggregate, as suggested by the STEM images.
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Table 1. Hydrodynamic diameter (nm) recorded at room temperature using DLS for copolymer/gold
aggregates formed in T1307/Au dispersions in water or NaCl medium.

[AuCl4] mM [T1307] mM Ø (nm) in H2O
Ø (nm) in 0.154 M

NaCl
Ø (nm) in 1 M

NaCl

0.05

0.25 2.34 (0.24) 75.8 (21.2) 12.95 (1.63)
1 35.99 (2.47) 83.6 (21.5) 113.6 (31.2)
5 68.43 (7.01) 125.9 (23.9) 238.6 (60.5)
10 116.5 (15.57) 325.8 (65.0) 742.1 (81.9)

0.5

0.25 14.28 (1.01) 102.0 (19.3) 94.5 (20.0)
1 36.07 (7.93) 194.1 (44.5) 268.5 (58.1)
5 94.46 (20.02) 284.0 (61.7) 157.3 (62.0)
10 187.6 (19.89) 466.6 (72.3) 725.8 (98.1)

3.3. Photothermal Measurements

To evaluate the hyperthermia potential of the AuNPs spontaneously formed in the gelling
dispersions, the temperature increase generated during NIR laser irradiation (980 nm) was recorded
while maintaining the dispersions in a pre-tempered environment of 37 ◦C to mimic physiological
conditions. The photothermal efficiency was tested using T1307 (10, 15, and 20 mM)/Au (0.05 and
0.5 mM) dispersions in water, and in 0.154 M and 1 M NaCl media, a few hours after the in situ
formation of the nanoparticles (i.e., after 4 h storage at 4 ◦C). These dispersions were irradiated for
20 min at 0.5, 1, and 2 W/cm2 power densities. Previously, 20 mM T1307 dispersions (without gold
salt) in water and in 0.154 M and 1 M NaCl media were irradiated at 0.5 and 2 W/cm2 in order to
record the temperature increase of the background, which was 0.4 ◦C in the first 5 min and 1.1 ◦C after
30 min of irradiation. Increases of temperature recorded for the systems containing the nanoparticles
are shown in Figures 4 and 5 without correction of the background temperature.

After modifying the concentration of the block copolymer in the dispersion, the photothermal
responsiveness varied. T1307 (10 mM)/Au (0.5 mM) dispersions in water achieved the maximum
temperature elevation when the laser was applied for 20 min at 0.5, 1, and 2 W/cm2 (Figure 4a).
An increase in the copolymer concentration gave rise to a modification in the photothermal
responsiveness. The increase in temperature after 20 min of irradiation at 2 W/cm2 in T1307
(15 mM)/Au (0.5 mM) dispersions in 1 M NaCl medium was 8.4 ◦C higher (i.e., up to 23.4 ◦C) than
that achieved in the dispersions of the same composition prepared in water (i.e., 15 ◦C) (Figure 4b).
The temperature of T1307 (20 mM)/Au (0.5 mM) dispersions in 0.154 M NaCl increased to 18.9 ◦C after
5 min of irradiation with the highest power density, and it increased to 23.6 ◦C after 20 min (Figure 4c).
After irradiating for 5 min at the maximum power density, all dispersions achieved a temperature that
surpasses the required threshold for the thermal ablation of cancer cells with temperature elevations
above 42 ◦C [34].

Overall, the increases in temperature (with respect a basal value of 37 ◦C) of 15–20 ◦C in isotonic
medium when irradiated with NIR light of very mild intensity (1 W/cm2; typical power densities
tested are in 1 to 100 W/cm2 range [35,36]) can be considered remarkable and are in good agreement
with the formation of non-spherical gold nanostructures. It should be noted that assuming 100%
conversion of gold salt into AuNPs, the concentration in gold nanostructures in the T1307/Au 0.05 and
0.5 M dispersions would be 9.85 and 98.5 μg/mL, respectively. These values are in good agreement
with the chart residue of the systems recorded by TGA at 450 ◦C.

It has been previously reported that hybrid polymer AuNPs (15.6 μg/mL) in the form of spheres
(12 nm), stars (50 nm), and rods (50 nm) caused increases in temperature of 5, 13, and 18 ◦C, respectively,
upon 1.34 W/cm2 light irradiation (continuous wave, λ = 725–2500 nm), which was explained by the
progressive shift of the LSPR spectra towards the NIR region [6]. A temperature increase of 10 ◦C
has been reported for pH-induced aggregated gold nanospheres (individual size 33 nm) at 20 μg/mL
upon 13.9 W/cm2 light irradiation (808 nm) [16]. The increase in thermal efficiency observed when
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the T1307 concentration increased from 10 to 30 mM for a fixed power density (e.g., 1 W/cm2) could
be related to the fact that, as discussed below, the T1307 10 mM dispersions did not form gels in this
range of temperatures, or the gels formed were weak, whereas T1307 15 mM underwent gelling when
heating, and T1307 20 mM were already gels at the basal temperature of the study. In this regard, it has
been previously observed that temperature-responsive hybrid elastin-like polypeptide/AuNPs at
120 μg/mL did not show photothermal effects at low temperatures (individual size 30 nm), but caused
an increase in temperature of 20–30 ◦C (irradiation conditions: 808 nm, 1.0 W/cm2, 4 min) when they
were previously heated (at 30 ◦C) to form aggregates (940 nm) [17]. Similarly, a clustering effect may
be involved in T1037 dispersions under gelling conditions.

Δ
Δ

Δ

Figure 4. NIR-induced temperature increase (from a basal value of 37 ◦C) as a function of time for
T1307/Au dispersions prepared with (a) 10 mM, (b) 15 mM, and (c) 20 mM T1307, and a final Au
concentration of 0.05 (open symbols) or 0.5 (full symbols) mM in water (blue symbols) and in 0.154 M
(pink symbols) and 1 M (green symbols) of NaCl aqueous media. The dispersions were exposed to
NIR light irradiation using a 980 nm laser at 0.5, 1, and 2 W/cm2 for 20 min.
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Figure 5. Effect of the temperature on the storage (G’, full symbols) and loss (G”, open symbols)
moduli of (a) 10 mM, (b) 15 mM, and (c) 20 mM T1307 dispersions prepared with 0.05 (1) or 0.5 (2)
mM gold salt in water (blue symbols) and in 0.154 M (pink symbols) and 1 M (green symbols) NaCl
aqueous solutions.

3.4. Rheological Behavior

Once confirmed that the spontaneously formed AuNPs in the T1307 dispersions are sensitive to
NIR, the next step was to investigate whether the dispersions can still undergo sol-to-gel transitions in
the presence of the AuNPs and behave as gel depots at body temperature. Rheological characterization
of T1307 (10, 15 and 20 mM) dispersions in water and in 0.125 M and 1 M NaCl media with and
without gold was carried out in the 15–45 ◦C range (Figure 5).

Ten millimole T1307 dispersions prepared in water did not form gels, and the presence of AuNPs
did not modify that behavior. This finding is in good agreement with previous reports and means that
this hydrophilic copolymer in a good solvent, such as water, requires a higher concentration or further
increase in temperature to trigger the micelle self-association [25]. Differently, in 0.154 M and 1 M
NaCl media, the sol-to-gel transition of T1307 (10 mM)/Au (0.05 mM) was observed at 36.8 ◦C and
36.4 ◦C, respectively, while the transition of T1307 (10 mM)/Au (0.5 mM) occurred at 40.3 and 39.3 ◦C,
respectively (Figure 5a). The shift in the gelling temperature observed in the presence of the highest
Au concentration tested (0.5 mM) suggests that some copolymer unimers involved in the stabilization
of the AuNPs may be not available to contribute to the micellization and subsequent in situ gelling.

The sol-to-gel transitions of T1307 (15 mM)/Au (0.05 mM) dispersions in water and 0.154 M
NaCl and 1 M NaCl media were recorded at 33.9, 37.5, and 33.2 ◦C, respectively (Figure 5b). These
results suggest that the salting-out effect caused by NaCl at a low concentration may cause the PEO
corona to be in a less extended conformation, making the contact among micelles more difficult.
It should be noted that 0.154 M NaCl caused a minor decrease in the CMC of T1307 compared to that
recorded in water [31]. Differently, the CMC was one order of magnitude lower in 1 M NaCl, and thus
more unimers are participating in micelle formation and also in the gelling process, which explains
the decrease in the gelling temperature. As observed for the less concentrated T1307 dispersions,
increasing the Au concentration led to an increase in the gelling temperature. The sol-to-gel transition

52



Pharmaceutics 2019, 11, 52

of T1307 (15 mM)/Au (0.5 mM) dispersions in water and 0.154 M NaCl and 1 M NaCl media occurred
at 35.7, 41.1, and 35.0 ◦C, respectively.

A further increase in T1307 concentration up to 20 mM did not modify the pattern of behavior
of the dispersions, but a decrease in the gelling temperature was recorded. T1307 (20 mM)/Au
(0.05 mM) dispersions in water and 0.154 M NaCl and 1 M NaCl media underwent the sol-to-gel
transition at 30.3, 32.8, and 30.7 ◦C, respectively, while the gelling temperatures of T1307 (20 mM)/Au
(0.5 mM) dispersions in the same media were 33.9, 33.2, and 28.5 ◦C (Figure 5c). Therefore, in terms of
temperature-induced in situ gelling, T1307 (15 mM)/Au (0.05 or 0.5 mM) systems either formulated
in water or in 1 M NaCl may be valid as well as any combination of T1307 (20 mM) with Au (0.05 or
0.5 mM). Relevantly, it has been previously shown that similarly highly concentrated T1307 gels
(without AuNPs) exhibit a good balance between syringeability, depot consistency, and erosion rate
under in vivo conditions [28], which make them suitable for the pursued purpose.

3.5. Performance under Irradiation Cycles at 37 ◦C

Once the hyperthermia capability of the formulations after a single shot of NIR light was
demonstrated, the next step was to elucidate whether the formulations could be useful as depots of
gold nanoparticles that provide localized elevations of temperature each time the zone is irradiated.
The reproducibility of the photothermal effects has been barely reported in literature [37] and for some
materials, irreversible changes and inactivation after the first shot of radiation have been observed [38].
Therefore, for a biomedical application, the reproducibility of the NIR-induced heating should be
verified. Consequently, T1307/Au dispersions were subjected to irradiation cycles. The irradiation was
maintained until a temperature plateau was achieved. The highest increase in temperature, applying
2 W/cm2, was recorded for T1307 (15 mM)/Au (0.5 mM) prepared in 1 M NaCl medium (Figure 6a).
In the case of T1307 (20 mM)/Au (0.5 mM) dispersions, the highest increase in temperature was 20 ◦C
when prepared in the isotonic 0.154 M NaCl medium (Figure 4b). The maximum temperature was
achieved after 10 min of irradiation. When the laser was switched off, the temperature progressively
decreased until near the basal level. Successive laser switch on and off allowed a reproducible response
to be recorded. The photothermal effect of all systems tested was maintained after being exposed to
three irradiation cycles, which means that the formed AuNPs did not degrade after the first irradiation
shot and that they can provide superimposable heating responses (when the laser was on or off).

ΔΤ
 

Figure 6. Temperature increase as a function of time under NIR irradiation during three cycles of
12 min irradiation and 8 min of non-irradiation with a 980 nm laser at 0.5 and 2 W/cm2 on (a) 15 mM
T1307 and (b) 20 mM T1307 dispersions.
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4. Conclusions

Tetronic 1307 systems have been demonstrated to be able to transform gold salt into AuNPs
directly in the final formulation under mild conditions, providing injectable systems with built-in
temperature and light responsiveness. Adequate gold salt concentrations are in the 0.05 to 0.5 mM
range; higher gold salt proportions may hinder the reduction, probably due to an extremely acid pH
and insufficient copolymer. The information gathered points out that (i) the poloxamine concentration
plays a key role on AuNPs’ size and shape under isotonic conditions; the typical LSPR of gold
nanoplates was recorded for T1307 concentrations equal to or above 10 mM. Interestingly, different
morphologies of AuNPs (e.g., triangles, nanoprisms, and spheres) coexist in the same dispersion
and seem to be encapsulated in the copolymer aggregates. (ii) The AuNPs cause minor shifts in the
temperature-induced gelling transition of T1307 towards slightly higher temperatures, which may
be related to the consumption of some copolymer unimers in the stabilization of the AuNPs and,
therefore, less unimers are available for the micellization and subsequent in situ gelling. (iii) The
spontaneously formed AuNPs exhibit remarkable photothermal responsiveness using a NIR laser
of relatively low power, causing increments in temperature which surpass the required threshold
for thermal ablation when needed. The gelling of the copolymer dispersion seems to facilitate the
efficiency of the responsiveness, probably because of the larger size of the copolymer–AuNP aggregates.
Similarly, an increase in NaCl concentration also enhances the photothermal effect. Remarkably,
isotonic dispersions of T1307 (15–20 mM) containing AuNPs can undergo the sol-to-gel transition
under physiological conditions and may retain the AuNPs for exploitation of the photothermal effects
under successive NIR light irradiation cycles. The reproducible photoresponsiveness of the obtained
T1307/AuNPs systems may be exploited for ablation of tumor cells or bacteria, but also for other
applications such as the photo-controlled release of therapeutic substances.
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Abstract: Two decades since the discovery of the RNA interference (RNAi) pathway, we are now
witnessing the approval of the first RNAi-based treatments with small interfering RNA (siRNA) drugs.
Nevertheless, the widespread use of siRNA is limited by various extra- and intracellular barriers,
requiring its encapsulation in a suitable (nanosized) delivery system. On the intracellular level,
the endosomal membrane is a major barrier following endocytosis of siRNA-loaded nanoparticles
in target cells and innovative materials to promote cytosolic siRNA delivery are highly sought
after. We previously identified the endogenous lung surfactant protein B (SP-B) as siRNA delivery
enhancer when reconstituted in (proteo) lipid-coated nanogels. It is known that the surface-active
function of SP-B in the lung is influenced by the lipid composition of the lung surfactant. Here,
we investigated the role of the lipid component on the siRNA delivery-promoting activity of SP-B
proteolipid-coated nanogels in more detail. Our results clearly indicate that SP-B prefers fluid
membranes with cholesterol not exceeding physiological levels. In addition, SP-B retains its activity
in the presence of different classes of anionic lipids. In contrast, comparable fractions of SP-B did not
promote the siRNA delivery potential of DOTAP:DOPE cationic liposomes. Finally, we demonstrate
that the beneficial effect of lung surfactant on siRNA delivery is not limited to lung-related cell types,
providing broader therapeutic opportunities in other tissues as well.

Keywords: siRNA delivery; nanoparticles; pulmonary surfactant

1. Introduction

Over the last two decades, research in the field of RNAi therapeutics has gained attention as
it allows to address diseases at the transcriptome level [1]. Once they reached the cytosol, small
interfering RNAs (siRNAs) activate the RNAi machinery, leading to post-transcriptional gene silencing
through sequence-specific degradation of mRNA [2,3]. High target specificity and versatility of this
emerging class of therapeutics represent some of the main advantages compared to conventional
small molecule drugs and monoclonal antibodies, providing a wide range of biomedical uses [1,3].
However, their application in the clinic is limited by many extra- and intracellular delivery barriers.
Most importantly, negatively charged hydrophilic macromolecules like siRNAs cannot cross biological
membranes, making cellular delivery challenging [1,4].

Viral vectors are often applied carriers to guide cellular delivery of nucleic acids. However,
labor-intensive large-scale production and safety issues remain important drawbacks, hence encouraging
research for non-viral alternatives [4–6]. Encapsulation of siRNA into synthetic nanoparticles (NPs)
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allows its internalization by cells through endocytosis followed by release of the encapsulated RNA
into the cytosol (i.e., endosomal escape). Among the vast number of NPs under investigation, cationic
lipid nanoparticles (LNPs) currently are the preferred material for RNA delivery [7]. To date, many
cationic lipid materials have been synthetized for LNP production [8–13]. However, the endosomal
escape efficiency often remains poor [4,14–16]. Moreover, concerns remain regarding their safety and
immunogenicity [12,17]. As such, to expedite clinical translation of this highly promising class of
therapeutics, lipid-based siRNA formulations are needed to merge efficient cellular delivery with
acceptable toxicity.

As synthetic polymer-and lipid-based NPs often fail to combine biocompatibility and efficacy,
there is a growing interest in using bio-inspired materials [18]. We recently reported on a bio-inspired
nanocomposite, composed of a siRNA-loaded polymeric matrix core surrounded by a shell of clinical
pulmonary surfactant, i.e., poractant α (Curosurf®) (Figure 1) [19].

 

Figure 1. Visual representation of the core-shell surfactant-coated nanogel structure. SiRNA-loaded
dextran nanogels (siNGs) were coated with Curosurf® (poractant α; porcine derived clinical pulmonary
surfactant (PS)) or with a PS-inspired lipid coating containing the surfactant protein B (SP-B) and an
anionic lipid mixture. PC = phosphatidylcholine, PG = phosphatidylglycerol.

Pulmonary surfactant (PS) is a surface-active material that is produced and secreted into the
alveolar space by specialized alveolar type II epithelial cells. PS covers the entire alveolar surface
and its main physiological role is to maintain low surface tension upon expiration to prevent alveolar
collapse [20]. Natural human PS has a complex composition of lipids (~90 wt%) and proteins (~10 wt%).
The lipid fraction mainly contains zwitterionic phosphatidylcholine (PC) (~60–70 wt%) as well as
anionic phosphatidylglycerol (PG) (~10 wt%) species and neutral lipids, of which cholesterol is the
most abundant (~8–10 wt%). The protein fraction consists of two major classes of specialized surfactant
proteins (SPs), i.e., the larger and hydrophilic SP-A and SP-D, as well as the smaller hydrophobic SP-B
and SP-C [21,22]. PS has been extensively studied mainly because of its functional role in mammalian
breathing [22,23]. In the context of inhalation therapy with nanomedicines, PS is primarily regarded
as one of the extracellular barriers in the deep lung that needs to be overcome to gain access to
underlying target cells upon inhalation therapy [21]. Its current therapeutic use is limited to the
treatment of respiratory distress syndrome in premature infants, where modified PS from animal origin
(e.g., Curosurf®) is approved for so-called surfactant replacement therapy [23].

Unexpectedly, we observed that the PS outer layer in the above mentioned nanocomposites
significantly enhanced intracellular siRNA delivery in lung epithelial cells and (primary) alveolar
macrophages [21,24]. Although it constitutes only a minor fraction in PS, surfactant protein B (SP-B)
was identified as a key component for the improved RNA delivery (Figure 1) [25]. The beneficial
effect of PS and the PS-associated SP-B on RNA delivery is a very recent finding and therefore remains
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largely unexplored in the literature. Qiu and colleagues reported on the cationic amphiphilic peptide
KL4, a synthetic SP-B mimic, as siRNA carrier for lung delivery, reaching efficient delivery in vitro [26].
The Anderson group covalently conjugated the truncated cationic domain of SP-B to the surface of
lipidoid NPs to improve siRNA delivery [27].

Hence, many questions remain on this unique function of PS and native SP-B. First, given its
natural origin, proof-of-concept on SP-B promoted siRNA delivery has been limited to lung-related cell
types. Here, we sought to confirm this specific activity of SP-B on other cell types as well. In addition,
our earlier data suggest that the type of lipid with which the SP-B is associated, can influence its siRNA
delivery efficiency. In this report, we therefore investigated the importance of the lipid composition on
the siRNA delivery activity of SP-B in more detail. In particular, the impact of cholesterol, membrane
fluidity and anionic lipid type in the SP-B inspired proteolipid shell of the nanocomposites is probed.
Finally, we sought to reconstitute the cationic amphiphilic SP-B in DOTAP:DOPE cationic liposomes
with the aim to promote their cellular siRNA delivery efficiency.

2. Materials and Methods

2.1. Small Interfering RNAs

Twenty-one nucleotide small interfering RNA (siRNA) duplexes targeting Enhanced Green
Fluorescent Protein (siEGFP), non-targeting negative control duplexes (siCTRL), protein tyrosine
phosphatase receptor type C (siCD45) and pGL3 firefly luciferase (siLuc) were purchased from
Eurogentec (Seraing, Belgium). For cellular uptake experiments, the siCTRL duplex was labeled
with a Cy5® dye at the 5′ end of the sense strand (siCy5). The fluorescent labeling was performed
and verified by Eurogentec. The concentration of the siRNA stock solutions in nuclease-free water
(Ambion®-Life Technologies, Ghent, Belgium) was calculated from absorption measurements at 260 nm
(1 OD260 = 40 μg/mL) with a NanoDrop 2000c UV-Vis spectrophotometer (Waltham, MA, USA).
For siEGFP: sense strand = 5′-CAAGCUGACCCUGAAGUUCtt-3′; antisense strand = 5′-GAACUU
CAGGGUCAGCUUGtt-3′. For siCTRL: sense strand = 5′-UGCGCUACGAUCGACGAUGtt-3′;

antisense strand= 5′-CAUCGUCGAUCGUAGCGCAtt-3′. For siCD45: sense strand= 5′-GAA-GAA-
UGC-UCA-CAG-AUA-A-3′; antisense strand= 5′-UUA-UCU-GUG-AGC-AUU-CUU-C-3′ (capital

letters represent ribonucleotides; lower case letters represent 2′-deoxyribonucleotides). The sequence
of siLuc is confidential and not available to be listed.

2.2. Synthesis of Dextran Nanogels and siRNA Complexation

Dextran hydroxyethyl methacrylate (dex-HEMA) or dextran methacrylate (dex-MA) [18,28–30]
was copolymerized with a cationic methacrylate monomer [2-(methacryloyloxy)ethyl]-trimethyl-
ammonium chloride (TMAEMA) to produce cationic dex-HEMA-co-TMAEMA (degree of substitution
(DS) of 5.2) and dex-MA-co-TMAEMA (DS of 5.9) nanogels (hereafter abbreviated as respectively
dex-HEMA NGs and dex-MA NGs), using an inverse miniemulsion photopolymerization method
as previously reported [24,25,31–33]. The synthetized NGs were lyophilized and stored desiccated
to ensure long term stability. To make siRNA-loaded nanogels (siNGs), 2 mg/mL of NG stock
solutions were prepared by dispersing a weighed amount of the lyophilized nanoparticles in ice-cooled
nuclease-free water, followed by brief sonication (Branson Ultrasonics Digital Sonifier®, Danbury,
CT, USA). To allow siRNA complexation, equal volumes of siRNA and NGs in (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (HEPES) buffer (20 mM, pH 7.4) were mixed and incubated for
≥10 min at 4 ◦C.

2.3. Preparation of Proteolipid-Coated Nanogels

The commercially available clinical lung surfactant derived from minced porcine lungs, Poractant
α (Curosurf®) (Chiesi Pharmaceuticals, Parma, Italy), was used to form the pulmonary surfactant
(PS) outer layer on siNGs. To prepare the PS-inspired proteolipid coating the following lipids were

59



Pharmaceutics 2019, 11, 431

used: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3- phosphocholine
(DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), l-α-phosphatidyl- glycerol from egg yolk
(egg PG), l-α-phosphatidyl-l-serine (soy PS) and l-α-phosphatidylinositol from soy (soy PI). Soy PS
was purchased from Sigma-Aldrich, all other lipids were obtained from Avanti Polar Lipids (Alabaster,
AL, USA). SP-B was isolated from native porcine pulmonary surfactant following a procedure described
earlier by Pérez-Gil and coworkers [34]. The lipids with or without SP-B (0.4 wt%) were mixed at
the required weight ratios in chloroform and a (proteo) lipid film was obtained via nitrogen flow or
rotary evaporation. The resulting lipid film was hydrated using HEPES buffer (20 mM, pH 7.4) and
subsequently mixed with equal volumes of the previously formed siNGs (15 mg lipid/mg nanogel) [25].
The formation of the proteolipid coat was obtained by ≥ 10 min incubation at 4 ◦C and three 10”
cycles of high-energy sonication (amplitude 10%), using a probe sonicator (Branson Ultrasonics Digital
Sonifier®, Danbury, CT, USA). To obtain Curosurf-coated siNGs (CS-NGs), the Curosurf® dispersion
(80 mg/mL) was diluted in HEPES buffer and mixed in equal volumes with the previously formed
siNGs (15 mg lipid/mg nanogel), following an identical incubation and sonication protocol as detailed
above. Hydrodynamic diameter, dispersity (Ð) and ζ-potential of all formulations were measured via
Dynamic Light Scattering (DLS) (Zetasizer Nano, Malvern Instruments, Worcestershire, UK).

2.4. Preparation of Cationic Liposomes

To prepare cationic liposomes, 1,2-dipalmitoyl-3-trimethylammonium-propane (DOTAP) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased from Avanti Polar Lipids
(AL, USA). DOTAP:DOPE liposomes (50:50 molar ratio) were prepared by mixing appropriate amount
of the mentioned lipids in chloroform in a round bottom flask. In the case of DOTAP:DOPE:SP-B
liposomes, 1 wt% of SP-B was added to the lipid mixture in chloroform. A lipid film was obtained
via rotary evaporation and subsequently hydrated with HEPES buffer (20 mM, pH 7.4). The lipid or
lipid-protein dispersion was sonicated using a probe sonicator (Branson Ultrasonics Digital Sonifier®,
Danbury, CT, USA) for 30” via a pulsed program using 10% amplitude. DOTAP:DOPE liposomes
were complexed with siRNA at a charge ratio (nitrogen/phosphate ratio) equal to 8, to obtain the
formation of the so-called lipoplexes (LPX). Hydrodynamic diameter, dispersity (Ð) and ζ-potential
of all formulations were measured via Dynamic Light Scattering (DLS) (Zetasizer Nano, Malvern
Instruments, Worcestershire, UK).

2.5. Cell Lines and Culture Conditions

Cell culture experiments were performed using a human non-small cell lung cancer cell line stably
expressing EGFP (H1299_eGFP) [25], a human ovarian cancer cell line stably expressing luciferase
(SKOV3_LUC) [35], a human hepatoma cell line stably expressing eGFP (Huh-7_eGFP) [36] and a
murine alveolar macrophage cell line (MH-S). The H1299_eGFP and SKOV-3_LUC were respectively
obtained from the lab of Prof. Foged (Department of Pharmacy, University of Copenhagen, Copenhagen,
Denmark) and the lab of Prof. Aigner (Institute of Pharmacology, Pharmacy and Toxicology, University
of Leipzig, Leipzig, Germany). The Huh-7 cell line was obtained from the lab of Prof. Lahoutte, (VUB,
Brussels, Belgium). Huh-7_eGFP were generated by transfecting Huh-7 cells with the pEGFP-N2
plasmid (Clontech, Palo Alto, CA, USA). The MH-S cell line was provided by VIB-UGent. H1299_eGFP
cells were cultured in RPMI 1640, supplemented with 10% fetal bovine serum, 2 mM glutamine and
100 U/mL penicillin/streptomycin. Cells were treated with medium containing 1 mg/mL Geneticin®

once per month. SKOV-3_LUC were cultured in McCoy’s 5A medium, supplemented with 10% FBS
and 100 U/mL penicillin/streptomycin. Huh-7_eGFP cells were cultured in DMEM:F12 supplemented
with 10% fetal bovine serum, 2 mM glutamine and 100 U/mL penicillin/streptomycin. MH-S were
cultured in RPMI 1640 supplemented with 2 mM glutamine, 10% fetal bovine serum, 100 U/mL
penicillin/streptomycin, 10 mM HEPES, 1 mM sodium pyruvate and 0.05 mM 2-mercaptoethanol.
All cells were cultured at 37 ◦C in a humidified atmosphere containing 5% CO2 and were passed
every 3 days using a 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) solution to maintain
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subconfluency. All cell culture materials were purchased from Gibco®-Life Technologies, except for
the serum, which was delivered by Hyclone™ (Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Quantification of In Vitro Cellular siRNA Uptake by Flow Cytometry

To quantify the cellular internalization of siRNA via flow cytometry, H1299_eGFP cells
(2 × 104 cells/cm2 in 24-well plates), MH-S cells (4 × 104 cells/cm2 in 12-well plates), Huh-7_eGFP cells
(4 × 104 cells/cm2 in 24-well plates) or SKOV-3_LUC cells (1.85 × 104 cells/cm2 in 24-well plates) were
plated (Greiner Bio-One GmbH, Kremsmünster, Austria) and allowed to settle overnight. NGs were
loaded with siCTRL:siCy5 (100:0.75 mol%) and coated with a proteolipid mixture using the procedure
described above. The particles were diluted 5 times in Opti-MEM to a final concentration of 30 μg/mL
and incubated with the cells for 4 h (37 ◦C, 5% CO2). Next, the cells were washed with dextran sulfate
sodium salt (0.1 mg/mL in PBS) to remove cell surface-bound fluorescence prior to flow cytometric
quantification. To quantify uptake percentage, the mean fluorescence intensity (MFI) of cells treated
with coated NGs were normalized to the ones of cells treated with uncoated NGs (representing 100%).
For cationic liposomes, H1299_eGFP cells were seeded in 96-well plates (SPL Lifesciences Co. Ltd.,
Gyeonggi-do, South Korea) at a density of 2 × 104 cells/cm2 and allowed to settle overnight. Liposomes
were used for complexation of a mixture of siCTRL:siCy5 (90:10 mol%), diluted in Opti-MEM, and
incubated with the cells for 4 h (37 ◦C, 5% CO2), followed by flow cytometric analysis as mentioned
above. Data analysis was performed using the FlowJoTM analysis software (Treestar, Costa Mesa,
CA, USA).

2.7. Quantification of eGFP Gene Silencing by Flow Cytometry

To quantify gene knockdown efficiency, H1299_eGFP cells (2 × 104 cells/cm2) or Huh-7_eGFP
(4 × 104 cells/cm2) were plated in 24-well plates (Greiner Bio-One GMBH) and allowed to settle
overnight. Particles were prepared in Opti-MEM as described above and incubated with the cells (4 h
at 37 ◦C and 5% CO2). Next, cells were washed with PBS and incubated with 1 mL fresh cell culture
medium for 48 h. At this point, cells were prepared for flow cytometry as described above and a
minimum of 104 cells were analyzed for each sample. The eGFP expression percentage was calculated
normalizing the MFI of cells treated with siEGFP to the MFI of cells treated with siCTRL. Data analysis
was performed using the FlowJoTM analysis software (Version 10.5.3, Treestar, Costa Mesa, CA, USA,
1997–2018).

2.8. Luciferase Silencing in Human Ovarian Carcinoma Cells

SKOV-3_LUC were seeded in 24-well plates at a density of 1.85 × 104 cells/cm2 and allowed
to attach overnight. Particles were prepared as described above and diluted in Opti-MEM before
incubation with the cells (4 h at 37 ◦C and 5% CO2). Next, cells were washed with PBS and incubated
with 1 mL fresh cell culture medium for 24 h. At this time point, cell culture medium was removed
and the cells were washed with PBS. Subsequently, luminescence was measured using the Luciferase
Reporter Assay Kit, following the optimized Promega protocols and reagents. Luciferase activity of
each sample was assayed in a GloMax™ 96 Luminometer (Promega, Madison, WI, USA).

2.9. Quantification of In Vitro CD45 Silencing in MH-S by Flow Cytometry

MH-S cells were seeded in 12-well plates and allowed to settle overnight. Particles were prepared
as described above and diluted in Opti-MEM (final NG concentration of 30 μg/mL; final siRNA
concentration of 100 nM) before incubation with the cells (4 h at 37 ◦C and 5% CO2). Afterwards,
the cells were washed with PBS and 1 mL of culture medium was added. Forty-eight hours after
transfection, the cells were detached with a non-enzymatic cell dissociation buffer (10 min incubation
at 37 ◦C). After centrifugation (7 min, 300 g), the cell pellet was resuspended in staining buffer (PBS
supplemented with 5% FBS). High-affinity Fc receptors were blocked by incubation with purified
anti-mouse CD16/CD32 (BD Biosciences, Erembodegem, Belgium) for 15 min at 4 ◦C. Subsequently,
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the cells were incubated with PerCP-Cy® 5.5 rat anti-mouse CD45 (BD Biosciences) diluted in staining
buffer and put on a rotary shaker for 45 min at room temperature for incubation. Following three
washing steps with 1 mL staining buffer, the cell pellet was resuspended in 500 μL flow buffer and
placed on ice until flow cytometry analysis. Subsequently cells were analyzed using a FACSCaliburTM

flow cytometer (BD Biosciences, Erembodegem, Belgium). The fluorescence for the Cy® 5.5-label was
measured at 488/690 nm. Data analysis was performed using the FlowJo™ analysis software (Treestar,
Costa Mesa, CA, USA).

2.10. Statistical Analysis

All experiments were performed in technical triplicate and with≥ 2 independent biological repeats
(≥ n = 2), unless otherwise stated. All data are presented as mean ± standard deviation (SD). Statistical
analysis was performed via one way ANOVA, unless otherwise stated, followed by a Bonferroni
multiple comparison test, using GraphPad Prism software version 8.

3. Results and Discussion

3.1. Pulmonary Surfactant (PS) Potentiates siRNA Delivery in Non-Pulmonary Cell Lines

As mentioned above, earlier work has demonstrated improved siRNA delivery and targeted
gene silencing with PS-coated nanocomposites in both non-small cell lung cancer cells (H1299) and
alveolar macrophages [21,24,25]. Corroborating these results, as shown in Figure 2a, layering cationic
siNGs with a negatively charged PS bilayer (i.e., Curosurf®) strongly reduces cellular uptake in the
H1299 cell line. Importantly, despite the lower intracellular siRNA dose, the same level of targeted
gene knockdown is obtained (Figure 2b), indicating that the CS coat enhances the fraction of the
internalized siRNA dose that is delivered into the cytosol. A comparable outcome was obtained for
the murine alveolar macrophage cell line MH-S, targeting the CD45 gene (Figure 2c,d). To evaluate
if PS can likewise promote siRNA delivery in cell lines derived from other organs, human ovarian
carcinoma cells (SKOV-3) and human hepatoma cells (Huh-7) were treated with CS-coated siNGs
(Figure 2e–h). Consistent with earlier reports, the anionic CS outer layer significantly inhibited cellular
internalization of siNGs in both cell types. However, despite the ≥4-fold reduction in intracellular
siRNA dose, also in these cell lines a comparable knockdown of the targeted reporter genes relative
to the uncoated siNGs was observed, albeit that the Huh-7 reporter cell line in general appeared to
be more difficult to transfect. These data support the notion that although the lungs constitute the
natural habitat of lung surfactant, its beneficial effect on intracellular siRNA delivery is not limited to
lung-related cell types and that PS-inspired drug delivery should not be restricted to the lungs as main
target tissue.
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Figure 2. Biological efficacy of surfactant-coated nanogels on (non-)pulmonary cell lines. (a,c,e,g)
Flow cytometric quantification of cellular uptake of siCy5-loaded nanogels (siNGs) with and without
Curosurf® (CS) coating. (b,d,f,h) Gene silencing potential of siNGs and Curosurf®- coated NGs
(siNGs-CS). Despite the strongly reduced cellular uptake of siNGs following Curosurf® coating,
both formulations reach comparable levels of gene knockdown on the different cell lines studied.
Experiments were performed with a fixed NG concentration (30 μg/mL) and siRNA concentration
(50 nM), except for the MH-S cell line, for which we used a final siRNA concentration of 100 nM.
Experiments on H1299_eGFP and silencing of MH-S cell lines are the result of three independent
biological repeats (n = 3), other experiments are performed in technical triplicate.
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3.2. The Activity of SP-B Is Dependent on Its Lipid Microenvironment

In recent work, Merckx et al. revealed that surfactant protein B (SP-B) is a key component in lung
surfactant that dictates cellular siRNA delivery [25]. However, the activity of SP-B was proven to be
strongly dependent on the type of lipids with which it is combined, with the more fluid lipid mixture
DOPC:PG (85:15 wt%) clearly outperforming its more rigid counterpart DPPC:PG (85:15 wt%) in terms
of in vitro siRNA delivery efficiency. It is postulated that less resistance against lateral movement in a
less rigid proteolipid coat could promote SP-B-mediated intermembrane interactions [34,37]. To extend
our understanding, siNGs were coated with DSPC:PG (85:15 wt%) of which the main lipid has a
substantially higher phase transition temperature (Tc) of 55 ◦C, compared to DPPC (41 ◦C). The absence
of SP-B in the lipid coat inhibited siNG-mediated gene silencing, independent of the type of lipid
used. Supplementation of the DOPC:PG and DPPC:PG lipid coat with SP-B did result in reduced
eGFP expression levels, albeit that the improvement in gene silencing was statistically significant
solely for the more fluid DOPC-containing lipid bilayer (Figure 3a). Importantly, with DSPC as main
phospholipid, no gene silencing could be observed anymore. Of note, using an identical coating
protocol, the use of DSPC as main lipid component resulted in micrometer sized nanocomposites
(Table 1). These data altogether suggest that the Tc of the lipid coat influences both the colloidal stability
of the core-shell formulation as well as its intracellular siRNA delivery potential.

Table 1. Representative DLS data and ζ-potential of different formulations used in this study.

Sample Hydrodynamic Diameter (nm) Ð ζ -Potential (mV)

NGs DOPC:PG 168 ± 2 0.24 −23 ± 1
NGs DPPC:PG 257 ± 2 0.45 −20 ± 1
NGs DSPC:PG 5480 ± 2700 1 −16 ± 0

Dex-HEMA NGs 195 ± 3 0.18 17 ± 0
Dex-HEMA NGs LIP 160 ± 1 0.24 −29 ± 1

Dex-HEMA NGs LIP SP-B 158 ± 3 0.26 −35 ± 0
Dex-MA NGs 203 ± 1 0.26 15 ± 3

Dex-MA NGs LIP 117 ± 1 0.26 −35 ± 0
Dex-MA NGs LIP SP-B 114 ± 2 0.39 −40 ± 1

DOTAP:DOPE LPX 132 ± 3 0.40 56 ± 4
DOTAP:DOPE LPX SP-B 114 ± 2 0.38 48 ± 2

Nanogels (NGs); Dextran hydroxyethyl methacrylate (dex-HEMA); dextran methacrylate
(dex-MA); lipid coating DOPC:PG (LIP); Surfactant Protein B (SP-B); lipoplexes (LPX); polydispersity
(Ð). Samples were measured in HEPES buffer 20 mM pH 7.4.

Natural PS contains a substantial fraction of neutral lipids, mainly cholesterol (~8 wt%), which
modulate surfactant activity [38]. However, excessive cholesterol levels are known to interfere
with normal surfactant function, possibly contributing to respiratory insufficiency [39,40]. As the
manufacturing of Curosurf® involves depletion of neutral lipids, including cholesterol and cholesteryl
esters, the data shown in Figure 2 and in earlier reports seem to indicate that the presence of cholesterol
is not strictly required for the siRNA delivery-promoting effect of SP-B. However, state-of-the-art lipid
formulations often contain high fractions of cholesterol (up to 40 wt%) as a stabilizing component for
in vivo application. Therefore, we sought to probe the impact of cholesterol on SP-B mediated siRNA
delivery (Figure 4). While supplementation of the DOPC:eggPG lipid mixture with physiological
cholesterol levels did not negatively influence siRNA delivery efficiency, gene silencing efficiency was
slightly impaired when further increasing the cholesterol fraction to ~25 wt%. Overall, we conclude
that cholesterol levels exceeding the endogenous PS fractions by far, partially hamper SP-B’s beneficial
effect on siRNA delivery.
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Figure 3. Impact of lipid phase transition temperature on formation and delivery efficiency of
SP-B containing proteolipid-coated nanogels. (a) Evaluation of eGFP silencing in H1299_eGFP
cells by uncoated or (proteo)lipid-coated siNGs with different lipid mixtures, supplemented with
0.4 wt% SP-B. All experiments were performed with a fixed NG concentration (30 μg/mL) and siRNA
concentration (50 nM). The SP-B effect is strongly influenced by the type of lipid with which it is
combined, highlighting the importance of a fluid lipid membrane in the formulation of the core-shell
nanocomposites. (b) Chemical structures and phase transition temperatures (Tc) of the different PC
lipids tested. Statistical analysis was performed via an unpaired t-test. Data are represented as the
mean ± SD (n = 2) and statistical significance is indicated (**** p < 0.0001, ns = not significant).

While anionic phospholipids are generally present in rather low concentrations in mammalian
tissues, PS represents an exception with its PG content of 7–12% by mass [41]. As mentioned above,
SP-B is a cationic amphipathic protein, of which the positive charges are believed to interact with
the head groups of anionic phospholipid species like PG. As previously reported, this interaction
could orchestrate the distribution of SP-B in the more disordered phases of PS membranes [42,43]. It is
conceivable that SP-B likewise connects electrostatically with the PG fraction in the nanocomposite
proteolipid coat, mimicking the natural interaction of SP-B with lipid bilayers. However, PG does not
constitute the only negative phospholipid in PS, where phosphatidylinositol (PI) and phosphatidylserine
(PhS) also play a role. Of note, PI represent the main negative phospholipid in lung surfactant of
other species, while in humans only fetal surfactant shows higher PI content relative to PG, which is
reversed with ageing [41]. The less abundant PhS seems to be mainly involved in surfactant metabolism
processes, although its exact role is still unclear [41]. Here, we aimed to evaluate the compatibility of
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SP-B with other anionic lipids by replacing the PG fraction with PhS or PI in the SP-B supplemented
DOPC:PG proteolipid coat of the nanocomposites (Figure 5). As expected, all coated formulations
substantially reduced the cellular uptake of the siNGs (>10-fold). PI containing nanocomposites
reached the highest knockdown levels, which could in part be explained by the relatively higher
intracellular siRNA dose. Most importantly, independent of the type of anionic lipid, the presence of
SP-B in the lipid coat significantly promotes gene silencing efficiency, indicating that the nature of the
negative phospholipid is not critical for the cellular effect of SP-B (Figure 5).

Figure 4. Impact of cholesterol on biological efficacy of proteolipid-coated nanogels. Evaluation of
(a) cellular uptake and (c) gene silencing potential in H1299_eGFP cells of siRNA-loaded nanogels
(siNGs) coated with lipid mixtures containing physiological cholesterol (CHOL) levels (2.5, 5 to 10 wt%).
Data show one representative (technical triplicate) of two independent experiments; formulations with
different siRNA concentrations showed the same trend (data not shown). Evaluation of (b) cellular
uptake and (d) gene silencing potential of siNGs coated with increased cholesterol fraction in the outer
layer (~25 wt%) (n = 3). Cholesterol exceeding physiological levels partially hinder SP-B promoted
siRNA delivery. All experiments were performed with a fixed NG concentration (30 μg/mL) and
siRNA concentration (50 nM). LIP = DOPC:PG (85:15); LIP SP-B = DOPC:PG (85:15) + SP-B 0.4 wt%;
LIP SP-B CHOL = DOPC:CHOL:PG (60:25:15) + SP-B 0.4 wt%. Data are represented as the mean
± SD and statistical significance is indicated (* p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001,
ns = not significant).
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Figure 5. Role of the anionic lipid in biological efficacy of proteolipid-coated nanogels. (a) Cellular
uptake and (b) gene silencing evaluated on H1299_eGFP cells via flow cytometry. SiRNA-loaded
nanogels (siNGs) were coated with a mixture of DOPC:PG, DOPC:PhS or DOPC:PI (weight ratio
85:15). The presence of negatively charged lipids is required to allow the formation of the core-shell
structure via electrostatic interactions. The replacement of the anionic phosphatidylglycerol (PG) with
phosphatidylserine (PhS) or phosphatidylinositol (PI) does not abrogate SP-B’s beneficial effect on
siRNA delivery. All experiments were performed with a fixed NG concentration (30 μg/mL) and siRNA
concentration (50 nM). Statistical analysis was performed via an unpaired t-test. Data are represented
as the mean ± SD (n = 3) and statistical significance is indicated (* p < 0.05, ** p < 0.01, **** p < 0.0001,
ns = not significant).

3.3. Degradability of the Nanogel Core Does Not Influence SP-B Activity

To date, the effect of SP-B on siRNA delivery has only been demonstrated using PS-inspired
proteolipid nanocomposites with a biodegradable hydrogel core (Figure 1). To evaluate whether the
degradation of the core contributes to the activity of SP-B, the hydrolysable dex-HEMA NG core
was replaced by its stable dex-MA counterpart with comparable physicochemical characteristics
(Figure 6) [28–30]. In line with earlier data from our group [31,44], dex-MA siNGs show a slightly
reduced intrinsic siRNA delivery potential relative to dex-HEMA siNGs (due to the absence of the
hydrolysable carbonate ester in the crosslinks), albeit similar uptake levels are achieved (data not
shown). However, coating of the former with a SP-B proteolipid bilayer also strongly promoted siRNA
delivery and target gene knockdown, indicating that degradability of the core material is not essential
for SP-B’s activity (Figure 6a).

In addition, intentionally degrading the dex-HEMA NG core (4 h incubation at 37 ◦C) after
proteolipid coating but prior to transfection did not seem to affect the gene knockdown efficiency
(Figure 6b). These results indicate that an intact polymeric core material in the core-shell nanocomposites
is likewise not essential to the delivery-promoting effect of SP-B.
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Figure 6. Impact of dextran nanogel core structure on SP-B mediated siRNA delivery. (a) Gene silencing
potential of (proteolipid-coated) siRNA-loaded NGs (siNGs) constructed with the hydrolysable
dex-HEMA or the stable dex-MA. Both formulations were coated with a mixture of DOPC:PG
(85:15 wt%) here abbreviated as LIP, with or without SP-B. Although the stable dex-MA shows a less
pronounced eGFP knockdown, SP-B promotes siRNA delivery equal to the degradable dex-HEMA.
Data are a summary of two independent experiments. Data are represented as the mean ± SD (n = 2)
and statistical significance is indicated (** p < 0.01, *** p < 0.005, ns = not significant). (b) Gene silencing
of (proteo)lipid-coated dex-HEMA NGs with an intact or degraded NG core. All experiments were
performed with a fixed NG concentration (30 μg/mL) and siRNA concentration (5 nM). Data show
one representative graph of two independent experiments; formulations with increased SP-B fraction
showed the same trend (data not shown).

3.4. Integration of SP-B into Cationic Liposomes Does Not Enhance siRNA Delivery

To form a stable core-shell nanocomposite, electrostatic interaction of a negatively charged lipid
shell with the cationic NG core is required [19,24]. Here, the NG enables siRNA encapsulation in the
nanocomposite and at the same time serves as a solid support for the deposition of the surfactant
shell. However, as the integrity of the core material is not essential for SP-B’s effect on siRNA delivery,
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we aimed to evaluate the impact of SP-B supplementation in cationic liposomes in which the siRNA
complexation is directly achieved by the positively-charged lipids. To date, cationic lipid nanoparticles
(LNPs) remain the most advanced nanoformulation for siRNA delivery [45]. LNPs are typically
composed of a cationic lipid and one or more helper lipids, in which the cationic lipid is the dominant
component as it enables both electrostatic complexation of the oppositely charged RNA as well as
cellular delivery by facilitating cellular uptake and endosomal escape, albeit that the latter step in
general lacks efficiency for the majority of siRNA nanomedicines [46]. Increasing the cytosolic delivery
potential of such formulations could reduce the dose of both carrier and cargo, thus mitigating the
risk of off-target effects. Here, we aimed to exploit the amphiphilic properties of SP-B to reconstitute
SP-B in the bilayer of a commercially available cationic liposomal formulation (i.e., DOTAP:DOPE
50:50 mol%). To obtain the lipoplexes (LPX), the formed liposomes were incubated with siRNA
solutions to obtain a charge ratio equal to 8 [47]. Adding 1 wt% of SP-B to the lipid composition
seemed to slightly reduce both hydrodynamic diameter as well as surface charge (Table 1). Likewise,
also the cellular internalization in the H1299 cell model was decreased when SP-B was present in the
DOTAP:DOPE bilayer, albeit without reaching statistical significance. Most importantly, although
higher SP-B fractions were applied here, no beneficial effect on intracellular siRNA delivery and
resulting target gene silencing could be noted in the presence of SP-B (Figure 7). It is hypothesized that
the high intrinsic cationic charge density of the DOTAP:DOPE liposomes might obscure the more subtle
membrane destabilizing effects of the cationic amphiphilic SP-B protein. On the other hand, it cannot
be excluded that electrostatic repulsion between cationic lipids and positively-charged SP-B molecules
could result in a less optimal distribution of the protein to enable intracellular siRNA delivery. More
detailed experiments are required to fully elucidate the contrasting effects of SP-B when reconstituted
in DOTAP:DOPE cationic liposomes.

Figure 7. Evaluation of SP-B effect on DOTAP:DOPE liposomes for siRNA delivery in H1299_eGFP
cells. (a) Cellular uptake and (b) gene silencing potential of DOTAP:DOPE LPXs (final concentrations
siRNA are 0.5, 1 and 5 nM) with and without SP-B (1 wt%). The inclusion of SP-B in the cationic
liposomal formulation does not result in any enhanced delivery effect. For uptake data, statistical
analysis was performed using a one sample t-test. Data are represented as the mean ± SD (n = 2) and
statistical significance is indicated (ns = not significant).

4. Conclusions

Previous studies have identified the endogenous surfactant protein B (SP-B) as siRNA delivery
enhancer when reconstituted in lipid-coated nanogels (NGs). The mechanism of action of SP-B at
the alveolar air-liquid interface has been investigated in detail, providing essential knowledge of the
impact of the lipid microenvironment on SP-B’s activity and, consequently, on surfactant dynamics.
Contrarily, the way SP-B is able to promote intracellular delivery of siRNA and how this activity might
be influenced by the lipid environment has not yet been described in detail. Here, we evaluated the
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influence of the main constituents of SP-B proteolipid-coated NGs, namely the lipid composition of the
proteolipid coat and the degradability of the NG core, on the activity of SP-B. While the inner core
degradability did not seem to be essential for SP-B promoted siRNA delivery, we showed a crucial
role of the surrounding lipid membranes. Specifically, we described the importance of membrane
fluidity and appropriate cholesterol levels, in analogy with the physiological interactions between
SP-B and lipids occurring at the alveolar air-liquid interface. In addition, the adjuvant effect of SP-B on
cellular siRNA delivery was supported by different types of anionic lipid species in the proteolipid
coat. On the other hand, a formulation of commonly used DOTAP:DOPE cationic liposomes with SP-B
did not result in an improved gene silencing effect. Importantly, we also showed the SP-B promoted
siRNA delivery in other pulmonary cell lines, suggesting its suitability to boost siRNA delivery in
extrapulmonary tissues as well. Altogether, these results provide useful insights that will support
future rational design of lipid-based SP-B nanoplatforms for siRNA delivery.
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Abstract: Stimuli-responsive polymeric micelles (PMs) have shown great potential in drug
delivery and controlled release in cancer chemotherapy. Herein, inspired by the features
of the tumor microenvironment, we developed dual pH/redox-responsive mixed PMs which
are self-assembled from two kinds of amphiphilic diblock copolymers (poly(ethylene glycol)
methyl ether-b-poly(β-amino esters) (mPEG-b-PAE) and poly(ethylene glycol) methyl ether-grafted
disulfide-poly(β-amino esters) (PAE-ss-mPEG)) for anticancer drug delivery and controlled release.
The co-micellization of two copolymers is evaluated by measurement of critical micelle concentration
(CMC) values at different ratios of the two copolymers. The pH/redox-responsiveness of PMs is
thoroughly investigated by measurement of base dissociation constant (pKb) value, particle size,
and zeta-potential in different conditions. The PMs can encapsulate doxorubicin (DOX) efficiently,
with high drug-loading efficacy. The DOX was released due to the swelling and disassembly
of nanoparticles triggered by low pH and high glutathione (GSH) concentrations in tumor cells.
The in vitro results demonstrated that drug release rate and cumulative release are obviously
dependent on pH values and reducing agents. Furthermore, the cytotoxicity test showed that
the mixed PMs have negligible toxicity, whereas the DOX-loaded mixed PMs exhibit high cytotoxicity
for HepG2 cells. Therefore, the results demonstrate that the dual pH/redox-responsive PMs
self-assembled from PAE-based diblock copolymers could be potential anticancer drug delivery
carriers with pH/redox-triggered drug release, and the fabrication of stimuli-responsive mixed PMs
could be an efficient strategy for preparation of intelligent drug delivery platform for disease therapy.

Keywords: mixed polymeric micelles; pH/redox-responsive; drug delivery; controlled release; anticancer

1. Introduction

With the rapid development of nanotechnology, a series of drug delivery systems (DDSs) such
as liposomes [1], gels [2], polymeric micelles (PMs) [3,4], and nanoparticles (NPs) [5], etc., have been
reported in cancer therapy [6]. However, major clinical barriers such as low accumulation at the tumor
site, uncontrolled drug release, severe adverse effects, and high multidrug resistance still limit the
efficacy of anticancer drugs and obstruct the step towards better cancer treatment [7–9]. To overcome
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these obstacles, efficient nanovehicles, which can efficiently deliver anticancer drug to tumor site with
controlled drug release performance and enhanced therapeutic efficacy, urgently need to be developed.
Among the aforementioned nanocarriers, PMs, which are self-assembled from amphiphilic copolymers,
have shown great potential in anticancer drug-targeted delivery and controlled release due to superior
advantages of technical ease, high drug-loading efficacy and biocompatibility, low cytotoxicity, and
reduced side-effects [10–12].

The tumor metabolic profile is different from that of normal tissues, resulting in lots of features
which are used as important hallmarks. For example, the pH value in the tumor microenvironment
(TME) is generally lower than that in normal sites due to the elevated levels of lactic acid caused
by poor oxygen perfusion [13,14]. Besides the weakly acidic conditions in the TME, the reductive
characteristics of tumoral cytoplasm have attracted more and more attention in recent years [15–18].
As reported, the cellular glutathione (GSH) levels in solid tumors are much higher (~1000-times) than
in normal cells [19,20]. Inspired by these specific features in the TME, a series of multi-functional
stimuli-responsive PMs have been designed and prepared for drug targeted delivery and controlled
release in cancer treatment [21–25]. For instance, Silva et al. reported a novel PM based on an
amphiphilic derivative of chitosan-containing quaternary ammonium and myristoyl groups that
might be a potential nanocarrier for curcumin in cancer therapy [26]. Zhang et al. designed and
synthesized a novel pH-sensitive amphiphilic copolymer which could self-assemble into PMs together
with a hydrophobic anticancer drug for targeted delivery and controlled release. The in vitro results
demonstrated that the pH-responsive PMs may be a promising nanocarrier for encapsulated anticancer
drug in cancer chemotherapy [14]. Lee’s group developed redox/pH-responsive PMs self-assembled
from amphiphilic copolymer poly(β-amino ester)-grafted disulfide methylene oxide poly(ethylene
glycol) (PAE-g-DSMPEG), used as anticancer drug carriers in cancer chemotherapy [19]. Johnson and
co-workers synthesized a series of bioreducible and pH-responsive zwitterionic/amphiphilic block
copolymers bearing a degradable disulfide linker used as dual-stimuli-responsive drug delivery
vehicle for a chemotherapeutic drug [27]. In addition, various stimuli-responsive PMs which
can respond to other specific cues, such as dual pH/thermal-responsiveness [28,29] and dual
photo/redox-responsiveness [30] in the TME, have also been thoroughly investigated and used as
drug nanocarriers in cancer chemotherapy.

Herein, we design and prepare dual pH- and redox-responsive PMs which are self-assembled
from two diblock copolymers: (1) pH-responsive copolymer poly(ethylene glycol) methyl
ether-b-poly(β-amino esters) (mPEG-b-PAE); and (2) redox-responsive copolymer poly(ethylene glycol)
methyl ether-grafted disulfide-poly(β-amino esters) (PAE-ss-mPEG). pH-sensitive segments form the
polymeric micellar core, and the PEG shells are surrounded on the surface. Disulfide bonds are able
to respond to reduction cues in the TME, such as GSH. Doxorubicin (DOX), which has been used
extensively in various cancers as chemotherapy, is used as the model anticancer drug. As shown
in Figure 1, two kinds of diblock copolymers are able to self-assemble into PMs, and DOX could be
efficiently encapsulated into the core of mixed PMs (called DOX-PMs). The DOX-PMs are able to
respond to the acid and GSH in the TME because of deprotonation/protonation (in acid conditions) of
tertiary amine residues in the PAE segment and cleavage of disulfide bonds, respectively, resulting
in rapid drug release from the PMs due to swelling and demicellization of the system. Furthermore,
the other physicochemical characteristics of systems with different ratios of two kinds of diblock
copolymers, including particle size, zeta-potential, loading efficacy, and cytotoxicity, are evaluated.
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Figure 1. Co-micellization of pH/redox-responsive diblock copolymers for drug delivery and
controlled release triggered by pH and glutathione (GSH). DOX: doxorubicin; PMs: polymeric micelles.

2. Materials and Methods

2.1. Material

Poly(ethylene glycol) methyl ether-grafted disulfide-poly(β-amino esters) (PAE3100-ss-mPEG2000)
and poly(ethylene glycol) methyl ether-b-poly(β-amino esters) (mPEG5000-b-PAE4090) were
synthesized as reported in our previous works [15,31]. Doxorubicin hydrochloride (DOX-HCl)
was purchased from Wuhan Yuan Cheng Gong Chuang Co. Ltd. (Wuhan, China). Triethylamine
(TEA, >99%), pyrene (99%), DL-dithiothreitol (DTT, which was used to replace GSH in this study),
dichloromethane (DCM), dimethyl sulfoxide (DMSO), chloroform, and all other chemical reagents were
used as received. Methylthiazoltetrazolium (MTT) was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s modified eagle media (DMEM) growth media, fetal bovine serum (FBS), trypsin,
penicillin, and streptomycin were all purchased from Invitrogen (Carlsbad, NM, USA); HepG2 cell lines
were obtained from the American Type Culture Collection (ATCC, Manassas, MA, USA) and all other
reagents were used as received.

2.2. Preparation of Mixed PMs and DOX-PMs

The mixed PMs self-assembled from pH-sensitive and redox-responsive diblock copolymers
were prepared using a dialysis method. In a typical experiment, the diblock copolymers
(mPEG-b-PAE:PAE-ss-mPEG at mass ratios of 2:1, 1:1, or 1:2, here referred to as PMs-1, PMs-2, and
PMs-3, respectively) were dissolved in 40 mL of DMSO with vigorous stirring for 2 h. The resulted
copolymer solution was then transferred to a dialysis bag (Molecular weight cut-off MWCO 3500–4000)
and dialyzed against 1 L deionized water at pH 7.4 for 48 h at room temperature. The deionized water
was replaced every 2 h for the first 12 h and then every 6 h. After filtration using 0.45-μm filter and
lyophilization, the mixed PMs were obtained in powder and stored at −20 ◦C for further experiments.

The DOX-loaded PMs (called DOX-PMs) were prepared similarly. In brief, 40 mg of mixed two
diblock copolymers at different ratios and DOX (10 mg, 20 mg, or 40 mg) were dissolved in 40 mL
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DMSO, and the solution was transferred to a dialysis bag. The dialysis process was carried out as
aforementioned. After filtration and lyophilization as aforementioned, the DOX-PMs were obtained
and stored at −20 ◦C for further experiments.

2.3. Characterization

The hydrodynamic diameter of PMs or DOX-PMs was measured by dynamic light scattering (DLS,
Malvern Zetasizer Nano S, Malvern, UK). Briefly, the PMs were dissolved in phosphate buffer solution
(PBS) at pH 8.0, 7.4, 6.5, 6.0, or 5.0 with or without DTT (10 mM) at a concentration of 1.0 mg/mL.
As reported, a buffer solution with the addition of 10 mM DTT is commonly used to simulate the
reductive microenvironment in tumor cells [32–35]. The samples were measured in a 1.0 mL quartz
cuvette using a diode laser of 670 nm at room temperature. To evaluate the serum stability, the PMs
were re-suspended into PBS with 20% FBS at a concentration of 1 mg/mL. After incubation at 37 ◦C
for different time, the particle size of the sample was measured.

The morphology of PMs was determined by transmission electron microscopy (TEM, Hitachi
H-7650, Hitachi-Science&Technology, Tokyo, Japan) with an acceleration voltage of 80 kV. The samples
were prepared from PM solution at a concentration of 1 mg/mL onto copper grids coated with carbon.
Briefly, the PM solution was re-suspended and dropped on the copper grid at atmospheric pressure
and room temperature for 2 h. After drying, the sample was observed by TEM.

2.4. Drug Loading Efficacy

The drug loading content (LC) and entrapment efficiency (EE) were confirmed by a UV-vis
spectrophotometer (UV-2450, Shimadzu, Japan) at 480 nm. In brief, 1 mg of DOX-PM powder
was dissolved into 10 mL of dimethyl formamide (DMF) with vigorous stirring for 1 h. The DOX
concentration of sample was measured and calculated according to the standard curve of pure
DOX/DMF solution. The LC was defined as the weight ratio of encapsulated DOX to the DOX-PMs.
The EE was defined as the weight ratio of encapsulated DOX to DOX in feed when preparation
of DOX-PMs.

2.5. Critical Micelle Concentration (CMC) Measurement

The CMC values of the system (mixed diblock copolymers) were determined by the fluorescence
probe technique using pyrene as a fluorescence probe. The two diblock copolymer mixtures at different
ratios were first dissolved into acetone and then diluted by deionized water at a final concentration
of 0.1 mg/mL. The acetone was removed using rotary evaporation with stirring for 4 h at room
temperature. A series of copolymer solutions at concentrations from 0.0001 to 0.1 mg/mL were
prepared. Pyrene/acetone solution (0.1 mL) was added to every vial and the acetone was allowed
to evaporate to form a thin film at the bottom of the vial. The final concentration of pyrene was
6 × 10−7 M in water. The mixed solution was equilibrated at room temperature for 24 h in dark.
And then, the fluorescence spectra of samples were obtained using a fluorescence spectrophotometer
(F-4500, Hitachi-Science&Technology, Hitachi, Japan) with an emission wavelength of 373 nm.

2.6. Potentiometric Titration

To measure the base dissociation constant (pKb) of system, potentiometric titrations were operated
as reported. In brief, the mixed diblock copolymers were dissolved in deionized water, and the pH
was adjusted to 3.0 with dilute hydrochloric acid. Then, NaOH solution (0.1 mol/L) was added
dropwise in the mixed solution, and the real-time pH values were recorded by an automatic titration
titrator (Hanon T-860, Jinan Hanon Instruments Co., Ltd., Jinan, China). The pKb value of system was
determined according to the plots of pH value against the volume of NaOH solution.

76



Pharmaceutics 2019, 11, 176

2.7. pH and Redox Responsiveness

To evaluate the pH- and redox-responsiveness of system, the PMs were firstly re-suspended
in PBS at different pH values with or without DTT (10 mM). After incubation for 4 h at 37 ◦C,
the hydrodynamic diameter of sample was measured by DLS as aforementioned.

2.8. In Vitro Release of DOX from PMs

The in vitro release of DOX from DOX-PMs was recorded using UV-vis spectrophotometer.
To acquire sink conditions, in vitro drug release test was performed at low drug concentrations.
In brief, 5 mg DOX-PMs were dissolved into 5 mL in PBS at pH 7.4 or 6.0 with or without the addition
of DTT (10 mM), and the solution was transferred into a cellulose dialysis bag (MWCO 3500–4000).
Then, the dialysis bag was placed in corresponding buffer (45 mL) in a beaker. The experiment was
carried out at 37 ◦C with stirring at 110 rpm. At the desired time, 1 mL of solution was taken for
measurement using UV-vis spectrophotometry, and 1 mL of fresh PBS was added. The cumulative
drug release percent (Er) was calculated according to our previous work [14]. Equation (1) is shown
as follows:

Er(%) =

Ve
n−1
∑
1

Ci + V0Cn

mDOX
× 100% (1)

where mDOX is the amount of encapsulated drug in PMs, Ve is the volume of buffer in the dialysis
bag, V0 is the total volume of buffer in the beaker (50 mL), and Ci is the DOX concentration in the
ith sample.

2.9. Cell Culture

The HepG2 cells were cultured in DMEM supplemented with 10% FBS, 100 units/mL penicillin,
and 100 μg/mL streptomycin. The cells were incubated at 37 ◦C in a CO2 (5%) incubator.

2.10. Cytotoxicity Test

The cytotoxicity of free DOX, blank PMs, and various DOX-PMs against HepG2 cells were
evaluated by standard MTT assay [36–39]. In brief, HepG2 cells were seeded into a 96-well plate at
an initial density of 1 × 104 cells/well in 200 μL DMEM medium and cultured in incubator for 24 h.
The medium was removed, and 200 μL/well of free DOX, blank PMs, and DOX-PMs with different
concentrations of DOX were added and cultured for 24 h. The wells without cells were used as blank,
and the wells with cells but without treatment were used as control. After addition of 20 μL of MTT
solution, the plate was shaken for 5 min at 150 rpm and then cultured for 4 h in incubator. After
discarding the culture supernatants, 200 μL of DMSO were added to each well. The plate was gently
agitated for 15 min, and the absorbance of sample was recorded by a microplate reader (Multiskan
Spectrum, Thermo Scientific, Vantaa, Finland) at 490 nm. The cell viability (%) was defined as the
absorbance ratio of difference between sample and blank and difference between control and blank.

2.11. Statistical Analysis

The experimental data were presented with an average values, expressed as the mean ± standard
deviation (S.D.). Statistical analysis was conducted using two-sample Student’s t-test of origin 8.5,
and considered to be significant when p < 0.05.

3. Results and Discussions

3.1. Preparation and Chacracterization of PMs and DOX-Loaded PMs

Blank mixed PMs and DOX-loaded mixed PMs were prepared by the dialysis method. The particle
size and morphology were measured and characterized by DLS (Figure 2A) and TEM (Figure 2B),
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respectively. As shown in Figure 2A, the particle sizes of mixed PMs-1, PMs-2, and PMs-3 were
160.7 nm, 138.6 nm, and 115.1 nm, respectively. The reason could be the much larger polymeric
micellar core with increasing PAE segment in the system when the ratios of the linear diblock copolymer
mPEG-b-PAE were enhanced. The particle size of DOX-PMs-2 (mixed copolymers:DOX = 2:1, mass
ratio) was slightly higher (148.0 nm) than that of PMs-2 due to the loading of hydrophobic DOX
molecules in the micellar core. In addition, the stability of three types of PMs in PBS containing
20% FBS at pH 7.4 was evaluated via the change of particle size, as shown in Figure S1 (Supporting
Information). The results demonstrated that all of three mixed PMs showed high serum stability
after incubation for 5 days. That indicated three mixed PMs possessed the potential to prolong
the circulation time, thereby improving the accumulation of PMs in the site of tumor by enhanced
permeability and retention (EPR) effect. Figure 2B presents the TEM images of DOX-PMs-2 after
incubation in PBS at pH 7.4 for 2 h. The particle size was approximately 143.4 nm, and DOX-PMs-2
exhibited a uniformly spherical in shape with good dispersibility. The particle size measured by
TEM was slightly lower compared with that determined by DLS, resulting from the shrinking of the
polymeric micelles during drying process prior to TEM imaging. The TEM images of DOX-PMs-1 and
DOX-PMs-3 are shown in Figure S2 (Supporting Information), and similar results were observed.

The particle size, polydispersity index (PDI), LC, and EE of the three types of DOX-PMs at
different mass ratios of drug and carriers are shown in Table 1. As expected, the particle sizes of
DOX-loaded PMs were increased compared with those of blank PMs. With increasing DOX in feed,
the particle size was also enhanced due to more DOX molecules being encapsulated in the micellar
core. When the mass ratio of drug and carriers was increased from 1:4 to 1:1, the LC was enhanced
sharply and then tended to be gentle, while the EE was enhanced firstly and then reduced rapidly
caused by the limitation of drug-loading capability of mixed PMs. Besides, at the same mass ratio
of drug and carriers, the mixed PMs-1 had the highest drug loading efficacy, attributed to the much
bigger micellar core. Therefore, DOX-PMs at the drug:carrier mass ratio of 1:2 for the three types of
mixed PMs were selected for further study.

 
Figure 2. (A) Hydrodynamic diameter of different mixed PM and DOX-loaded PMs-2 measured by
dynamic light scattering (DLS). (B) TEM image of DOX-PMs-2 after incubation in PBS at pH 7.4 for 2 h.
Scale bar, 100 nm.
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Table 1. Particle size, polydispersity index (PDI), loading content (LC), and entrapment (EE) of
DOX-PMs at different mass ratios of drug and carriers.

PMs (40 mg) DOX (mg) Size (nm) a PDI a LC (%) b EE (%) b

PMs-1
10 165 0.25 13.60 61.18
20 171 0.22 27.71 73.45
40 178 0.35 28.67 53.76

PMs-2
10 143 0.21 14.21 60.43
20 148 0.23 26.85 77.64
40 155 0.33 29.11 55.70

PMs-3
10 121 0.23 12.77 59.08
20 125 0.31 23.90 71.54
40 130 0.33 25.69 52.77

a measured by DLS, b measured by UV-vis.

3.2. CMC Measurement

The CMC value is related to the thermodynamic stability of polymeric micelles and affects
the initial release of the drug when introduced into the bloodstream by intravenous administration.
The low CMC value indicated the system could self-assemble easily into polymeric micelles. The CMC
values of three types of mixed systems were measured by fluorescence spectroscopy using pyrene as
the probe, as shown in Figure 3. The CMC values of mixed PMs-1, PMs-2, and PMs-3 were determined
as 3.1 mg/L, 4.2 mg/L, and 6.4 mg/L, respectively, which were values much lower than those of
PMs self-assembled from single amphiphilic copolymer [40], indicating the much higher stability.
Furthermore, the result showed that the stability of mixed PMs-1 is slightly superior to PMs-2 and
PMs-3. The reason could be that a lower CMC value was resulted from the more hydrophobic PAE
segment in mixed diblock copolymer. In summary, the three types of mixed copolymers were able to
self-assemble into mixed polymeric micelles with low CMC values, indicating that these PMs could be
potential efficient hydrophobic drug carriers with high stability.

Figure 3. Plot of intensity ratios (I338/I336) as a function of logarithm of the mixed copolymers at
various concentrations (mg/mL).

3.3. pH Sensitivity of Three Types of PMs

The pKb value of mixed PMs was defined as the pH value at 50% neutralization of protonated
amine groups according to the reference [41]. Here, the pKb values of the three types of system
were measured by acid–base titration, and the corresponding titration curves are shown in Figure 4.
As expected, the pH value increased sharply with the addition of NaOH solution, then reached a
plateau, and then increased rapidly again. The reason could be that the tertiary amine residues in the
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PAE segment were protonated in acidic environment and were transferred to deprotonation in basic
environment. As shown in Figure 4, the pKb values of PMs-1, PMs-2, and PMs-3 were measured as
6.45, 6.57, and 6.72, respectively, owing to different amount of pH-sensitive PAE segment in the system.
PMs-1 showed the lowest pKb value due to the ratio of diblock copolymer mPEG-b-PAE in the mixed
system. With the increase of diblock copolymer PAE-ss-mPEG, the pKb value of sysem increased from
6.45 to 6.72. The results suggested that pKb values of three types of mixed PMs were in the range of
weakly acidic range, indicating the suitable and potential pH-responsiveness of mixed PMs used as
anticancer drug carriers.

Figure 4. The potentiometric titration of the mixed copolymer solution with the mass ratios
of mPEG-b-PAE and PAE-ss-mPEG at 2:1, 1:1, and 1:2. PAE-ss-mPEG: poly(ethylene glycol)
methyl ether-grafted disulfide-poly(β-amino esters); mPEG-b-PAE: poly(ethylene glycol) methyl
ether-b-poly(β-amino esters).

3.4. pH- and Redox-Responsiveness

Next, the pH- and redox-responsiveness of mixed PMs were evaluated through measurement of
size and zeta-potential change of system at different pH conditions, as shown in Figure 5. Figure 5A
shows the particle size of three mixed PMs depended on the pH value. When the pH of the mixed
diblock copolymer solution was higher than 7.0, the particle sizes of the three mixed PMs increased
slightly with the pH increase. The reason could be the few tertiary amine residues in the PAE segment
with protonation, resulting in slight swelling of PMs. When the pH value decreased to the range
of 7.0–5.5, the particle sizes of three mixed PMs increased sharply. The reason may be that the
tertiary amine residues in PAE segment were fully protonated in acidic conditions, leading to the
transition from hydrophobic PAE to a hydrophilic one that transformed the PMs from dense to swollen
structures, so that the particle size was increased. The PMs-1 with the most tertiary amine residues
were the biggest and exhibited the most dramatic size change compared with the other two mixed
PMs. As expected, the PMs-3 with the lowest segment ratio of PAE had the smallest particle size
and change, consistent with the results in Figure 2. Thus, the more pH-sensitive and hydrophobic
PAE content, the greater the micelle particle size and the greater the size change when pH decreased
from base to acid. The reason could be that the tertiary amine residues in the PAE segment were
transferred from deprotonated to protonated, resulting in a hydrophilic PAE segment in the system
and swollen nanoparticles. When the pH value decreased below pH 6.0 sequentially, the particle sizes
of three types of mixed PMs were reduced slightly because of disassembly of few polymeric micelles.
Figure 5B shows the zeta-potential of PMs at different pH conditions. The zeta-potential of three mixed
PMs increased significantly with pH value decrease as a result of the tertiary amine residues in the
PAE segment being transferred from deprotonation to protonation. The zeta-potential was positive,
indicating the high cellular uptake due to the charge interactions, as reported in references [42,43].
When the pH was higher than 7.0, the zeta-potential was decreased with the pH increase due to the
uncharged PEG shield on the surface of the polymeric micelles. In summary, three types of mixed PMs
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showed effective pH sensitivity. The redox-responsiveness of PMs was next investigated, as shown in
Figure 5C. After incubation in PBS with DTT (10 mM) for 2 h, particle sizes of three types of mixed PMs
were obviously increased, attributed to the cleavage of disulfide bonds which resulted in detachment
of hydrophilic PEG segment that might lead to the aggregation of nanoparticles. Furthermore, the left
hydrophobic PAE segment was entrapped into the micellar core, which led to the increase of particle
size. PMs-3 with the most diblock copolymer brush PAE-ss-mPEG, including disulfide bonds, showed
much greater size changes compared to the other mixed PMs. In conclusion, the prepared three mixed
PMs showed pH- and redox-responsiveness.

Figure 5. Particle size (A) and zeta-potential (B) of the mixed PM dependence on pH value in PBS.
(C) Particle size of the mixed PMs in PBS with or without DTT (10 mM) after incubation for 2 h.

3.5. pH- and Redox-Triggered DOX Rlease In Vitro

After effective accumulation of drug-loaded system at the targeted site, the controlled drug release
from carries triggered by specific microenvironmental cues are of great importance. Next, the in vitro
DOX release from mixed PMs in different conditions (pH 7.4, pH 6.0, pH 7.4 with DTT and pH 6.0
with DTT) was investigated, as shown in Figure 6. It could be observed that the release rates of DOX
from PMs were markedly influenced by pH values and DTT. At pH 7.4, the mixed PMs were tight and
compact; the release rates of DOX were very slow for the three DOX-PMs. The cumulative release of
DOX was less than 30% after 48 h for DOX-PMs-1, DOX-PMs-2, and DOX-PMs-3, indicating that the
DOX molecules could be well protected in the micellar core and with reduced burst release. When the
pH decreased to 6.0, the DOX release rate was obviously accelerated, and the cumulative release
of DOX was approximately 70%, 67%, and 60% after 48 h for DOX-PMs-1 (Figure 6A), DOX-PMs-2
(Figure 6B), and DOX-PMs-3 (Figure 6C), respectively, due to the swelling of polymeric micelles
caused by deprotonation/protonation (in acid conditions) of tertiary amine residues in PAE segment.
The cumulative release of DOX for DOX-PMs-3 was the highest, attributed to the greater PAE segment
in the system compared to the others. At pH 7.4 with DTT, the drug release rates and cumulative
release were also significantly improved, resulting from the cleavage of disulfide bonds and the
detachment of the PEG segment which led to the increase in porosity. Moreover, the cumulative release
of DOX at 48 h for DOX-PMs-3 (75%, Figure 6C) was higher compared to DOX-PMs-1 (63%, Figure 6A)
and DOX-PMs-2 (65%, Figure 6B), due to the higher mass ratio of diblock copolymer PAE-ss-mPEG
in the system. At pH 6.0 with DTT, the DOX release rates of three DOX-loaded PMs were obviously
enhanced, and the cumulative release of DOX was almost 100% for three DOX-PMs, caused by the acid
and DTT in the solution. In summary, the DOX was of controlled release from the mixed PMs triggered
by the pH and DTT, indicating the DOX might have controlled release in the tumor microenvironment
by responding to the acid and reducing agent glutathione (GSH).
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Figure 6. In vitro drug release profiles of DOX-loaded PMs-1 (A), DOX-loaded PMs-2 (B),
or DOX-loaded PMs-3 (C) in PBS at pH 7.4, pH 6.0, pH 7.4 with 10 mM DTT, and pH 6.0 with
10 mM DTT (n = 3, mean ± SD).

3.6. Cytotoxicity Assay

Next, the cytotoxic effects of the blank PMs, free DOX, and DOX-PMs for HepG2 cells were
evaluated using MTT assay, as shown in Figure 7. Since their cytotoxic effect increased slightly with the
increasing PM concentration after incubation of 24 h, the cell viability for treatment of PMs-1, PMs-2,
and PMs-3 was higher than 95% even at the highest concentration of PMs (400 mg/L) (Figure 7A).
The result demonstrated that all of three types of mixed PMs had negligible cytotoxicity for HepG2
cells. Figure 7B shows the cytotoxicity of free DOX and three DOX-PMs against HepG2 cells for
24 h. The half maximal inhibitory concentration (IC50) values of free DOX, DOX-PMs-1, DOX-PMs-2,
and DOX-PMs-3 were measured as 1.85 mg/L, 1.50 mg/L, 0.91 mg/L, and 0.75 mg/L, respectively.
The cytotoxicity of DOX-PMs for HepG2 cells was higher than that of free DOX, possibly resulting from
the enhanced cellular uptake and reduced active efflux of DOX molecules. Compared with the other
DOX-PMs, the DOX-PMs-3 showed the highest cytotoxicity against HepG2 cells due to the rapid drug
release rate and high cumulative release at 24 h, as shown in Figure 6. Conclusively, the three mixed
PMs had very low cytotoxicity and the DOX-PMs could efficiently inhibit the suppressed HepG2
cell growth.

Figure 7. In vitro cytotoxicity of blank three PMs (A) and DOX-loaded PMs (B) at different
concentrations in HepG2 cells after incubation for 24 h.

4. Conclusions

Three types of PMs were self-assembled from mixture of two kinds of diblock copolymers.
The particle sizes of three PMs were in the range of 100–200 nm with a spherical shape. The three
types of PMs showed low CMC values, indicating the self-assembly and high stability of system in
aqueous solution. DOX, one of the most effective drugs against a wide range of cancers, was efficiently
encapsulated into the micellar core via the hydrophobic interaction. The pH- and redox-responsiveness
of mixed PMs were thoroughly investigated by recording the particle size and zeta-potential at
different conditions. In vitro drug release profiles and cytotoxicity assay demonstrated that the DOX
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was released from mixed PMs triggered by acidic pH and high concentration of DTT, and the released
DOX molecules were able to inhibit the HepG2 cell growth. Furthermore, the structure–activity
relationship of mixed PMs based on different mass ratios of two diblock copolymers were preliminarily
studied. These results suggested that the dual pH- and redox-responsive polymeric micelles might be
promising as a potential efficient drug delivery carrier for cancer chemotherapy, and mixed polymeric
micelles self-assembled from two or more kinds of stimuli-responsive copolymers could be an effective
method to prepare multi-functional drug delivery vehicles.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/4/176/s1.
Figure S1: Serum stability of three mixed PMs in the presence of 20% FBS in PBS at room temperature (n = 3,
mean ± SD). Figure S2: TEM image of DOX-PMs-1 (left) and DOX-PMs-3 (right) after incubation in PBS at pH 7.4
for 2 h. Mixed copolymers: DOX = 2:1, mass ratio. Scale bar, 100 nm.
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Abstract: The development and application of novel nanospheres based on cationic and
anionic random amphiphilic polypeptides with prolonged stability were proposed. The random
copolymers, e.g., poly(L-lysine-co-D-phenylalanine) (P(Lys-co-DPhe)) and poly(L-glutamic
acid-co-D-phenylalanine) (P(Glu-co-DPhe)), with different amount of hydrophilic and hydrophobic
monomers were synthesized. The polypeptides obtained were able to self-assemble into nanospheres.
Such characteristics as size, PDI and ζ-potential of the nanospheres were determined, as well as their
dependence on pH was also studied. Additionally, the investigation of their biodegradability and
cytotoxicity was performed. The prolonged stability of nanospheres was achieved via introduction of
D-amino acids into the polypeptide structure. The cytotoxicity of nanospheres obtained was tested
using HEK-293 cells. It was proved that no cytotoxicity up to the concentration of 500 μg/mL was
observed. C-peptide delivery systems were realized in two ways: (1) peptide immobilization on the
surface of P(Glu-co-DPhe) nanospheres; and (2) peptide encapsulation into P(Lys-co-DPhe) systems.
The immobilization capacity and the dependence of C-peptide encapsulation efficiency, as well as
maximal loading capacity, on initial drug concentration was studied. The kinetic of drug release was
studied at model physiological conditions. Novel formulations of a long-acting C-peptide exhibited
their effect ex vivo by increasing activity of erythrocyte Na+/K+-adenosine triphosphatase.

Keywords: polypeptides; amphiphilic random copolymers; nanoparticles; C-peptide;
encapsulation; diabetes

1. Introduction

Diabetes is one of the most common socially significant and chronic diseases worldwide. Diabetes
and its complications are a major cause of morbidity and mortality. In this regard, the development
of new approaches to prevent and treat the diabetic complications is one of the urgent problems
of modern pharmacology and biomedical chemistry. In recent years, it has been reported that
C-peptide (connecting peptide) can be used for the treatment of diabetic complications and therefore
this biologically active peptide has attracted worldwide attention [1,2].

C-peptide, 31-amino acid peptide (EAEDLQVGQVELGGGPGAGSLQPLALEGSLQ), is a
byproduct of proinsulin proteolysis in which it connects A and B chains of insulin [2]. The C-peptide
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provides the correct spatial assembly and packing of proinsulin molecule into the endoplasmic
reticulum of insulin-secreting beta cells of pancreatic Langerhans islets. The newly synthesized
insulin and C-peptide are stored in equimolar amounts in secretory granules and are released into
the systemic blood stream as the blood glucose concentration increases. The role of insulin in the
control of carbohydrate-fat metabolism is well known, whereas the role of C-peptide in the regulation
of microvascular blood flow has been recognized relatively recently [3,4]. The C-peptide also has an
anti-inflammatory effect, it is involved in the repair of lesions of smooth muscle cells; on the models
of animals with type 1 diabetes it was shown that the administration of C-peptide normalized the
function of nervous and excretory systems [5–7]. A decrease in the concentration of C-peptide or
its complete absence is associated with the development and progression of severe complications
of diabetes mellitus (strokes, heart attacks, blindness, limb amputation, renal failure) [8]. C-peptide
replacement together with the classic insulin therapy may prevent, retard or ameliorate diabetic
complications in patients with type-1 diabetes [9].

First results on the C-peptide efficacy were demonstrated in the end of 1990s [10]. It was
established that twice a day C-peptide injections to rats with type 1 diabetes during 1.5–3 months at
dose 400 μg/kg prevented to a large extent the development of renal, sciatic nerve and aortic vascular
disorders and partially restored nerve conduction in muscles. To explore neuroprotective activity of
C-peptide on type 1 diabetic neuropathy in rats Zhang et al. tested a range of day doses equal to 10,
100, 500 and 1000 μg/kg during 2 months administration [11]. It was established that 100 μg/kg was
enough to prevented the nerve conduction defect.

However, as many other peptide drugs, C-peptide has low stability in vivo and demonstrates
also rapid inactivation upon storage. It is known that the half-life of C-peptide in plasma is about 30
min in healthy humans and about 40 min in those with diabetes [12]. Therefore, to maintain plasma
concentrations for as long as possible in clinical trials it has been necessary to administer the C-peptide
for several times daily. Recently, the positive example on preparation of a long-acting form of C-peptide
has been reported by Wahren et al. [13,14]. In the developing medicinal formulation, the authors
used well-known approach to increase the resistance of peptide drug via its conjugation with PEG.
The treatment of mice with a type 1 diabetic model twice a week for 20 weeks with PEG-C-peptide
conjugate at a dose of 0.1–1.3 mg/kg was more efficient comparatively to the control treatment of
animals with a native C-peptide. It is important that experiment with native C-peptide required more
frequent treatment (twice a day) during the same period and at the same dose [14]. Once-weekly
subcutaneous administration of PEG-C-peptide at doses of 0.8 mg and 2.4 mg during 12 months
(tested for 250 patients) resulted in marked improvement of VPT (vibration perception threshold) in
comparison to placebo injections [15].

Besides the preparation of PEG-peptide conjugates to improve the peptide circulation half-life
in vivo and, consequently, to diminish the dose necessary for efficient administration, the application
of polymer particles for peptide drug delivery can be also matter of choice [16–18]. Despite the
fact that the works devoted to the development of efficient delivery systems of C-peptide were not
discovered, several examples on preparation of encapsulated forms of insulin can be found in the
current literature [19–23]. The polymer particles of different nature were applied to encapsulate
insulin. Microspheres based on Eudragit S-100 copolymer [19], self-assembled chitosan-pectin nano-
and microparticles [20], polymersomes based on dextran-b-poly(lactic acid-co-glycolic acid) [22],
microspheres prepared from poly(glycolic acid) [24] were described as successful systems for the
development of insulin delivery systems. The efficiency of insulin encapsulation was varied from
32 to 90%. The release explorations in model physiological conditions (PBS, pH 7.4) showed the fast
release profiles. For example, insulin release from Eudragit S-100 particles was finished in 8 h and
reached almost 100% [19]. In turn, insulin release from dextran-b-poly(lactic acid-co-glycolic acid)
polymersomes took about 9 h to reach the level of 70–85% depending on the polymer composition [22].

The development of novel prospective C-peptide delivery systems undoubtedly represents an
actual research goal, firstly, because of high great potential of C-peptide in the treatment of diabetes
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complications and, secondly, because of absence of commercially available long-acting C-peptide
formulations that allow a decrease of administration frequency. Thus, the aim of this study was the
creation of the new C-peptide formulations with extended life-time and tissue bioavailability. For this
purpose, two different approaches have been suggested and realized: (1) covalent modification of
polymer nanosphere’s surface with C-peptide; and (2) encapsulation of C-peptide into the developed
polymer systems. In our case, synthetic random polypeptides were chosen as the polymers. The interest
to synthetic polypeptides is induced by their biocompatibility, biodegradability and the possibility to
vary the functional groups in a wide range [25]. The diversity of amino acids allows for the tuning
of polymer properties such as hydrophilic/hydrophobic or charge/neutral ones. Since C-peptide is
negatively charged molecule we selected P(L-lysine-co-D-phenylalanine) (P(Lys-co-DPhe) for peptide
encapsulation. P(L-glutamic acid-co-D-phenylalanine) (P(Glu-co-DPhe) nanospheres were chosen
for covalent modification with target peptide. An introduction of D-phenylalnine instead of its
coding L-isomer into the polypeptide chain should improve the stability of nanospheres regarding to
their biodegradation.

It is also known that biological activity of C-peptide belongs to its C-terminal fragment responsible
for binding to the cell membrane [26]. Taking this into account, the short C-terminal EGSLQ
pentapeptide was additionally synthesized and biological effect of its long-active forms was compared
to that observed for the whole length peptide molecule. It is known that C-peptide improvement of
human vascular blood flow in type 1 diabetes is mediated through a mechanism involving erythrocyte
Na+/K+-ATPase activation [27]. In our work, to test the biological activity of different C-peptide forms
the method of microcalorimetric titration was used to monitor the activation of Na+/K+-adenosine
triphosphatase (Na+/K+-ATPase) [28].

2. Materials and Methods

2.1. Materials

D-phenylalanine (D-Phe), γ-benzyl-L-glutamic acid (Glu(OBzl), ε-carboxybenzyl-L-lysine (Lys(Z)),
triphosgene, α-pinene, n-hexylamine (HEXA), trifluoromethanesulfonic acid (TFMSA), trifluoroacetic
acid (TFA), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC),
PAM-resin (0.75 μmol/g) for solid phase peptide synthesis were delivered from Sigma-Aldrich
(Darmstadt, Germany) and used as received. Recombinant insulin C-peptide was purchased from
Bachem (Bubendorf, Switzerland). Ouabain specific inhibitor of Na+/K+-ATPase was delivered from
Sigma-Aldrich (Darmstadt, Germany). Amino acid BOC-derivatives were the products of Iris Biotech
(Marktredwitz, Germany). 1,4-dioxane, n-hexane, N,N-dimethylformamide (DMF), dimethyl sulfoxide
(DMSO), tetrahydrofuran (THF), ethyl acetate, methanol, dichloromethane and other solvents were
purchased from Vecton Ltd. (St. Petersburg, Russia) and distilled before use. All salts used for buffers
preparation were also purchased from Vecton Ltd. and were of ACS reagent grade. The buffer solutions
were prepared by dissolving salts in distilled water and additionally purified by filtration through a
0.45-μm membrane microfilter Milex, Millipore Merck (Darmstadt, Germany). Amicon membrane
tubes used for ultrafiltration (MWCO 30,000) were the products of Merck (Darmstadt, Germany).
The Spectra/Pore® (MWCO: 1000) dialysis bags were purchased from Spectra (Rancho Dominguez,
CA, USA).

2.2. Methods

2.2.1. Synthesis and Polymer Characterization

The synthesis of random polypeptides was carried out by ring-opening polymerization (ROP) of
α-amino acid N-carboxyanhydrides (NCA). NCA monomers of Lys(Z) and Glu(OBzl) (Figure S1 of
Supplementary Materials) were prepared as described elsewhere [29]. Dioxane was used as a solvent
for Lys(Z) and THF as a solvent for Glu(OBzl) and D-Phe synthesis. Acquired NCAs were purified
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by recrystallization from ethyl acetate/n-hexane. Yields: Lys(Z) NCA—57%, Glu(OBzl) NCA—83%,
D-Phe NCA—42%.

The structure and purity of NCAs obtained were proved by 1H NMR at 25 ◦C in CDCl3.
The spectra were recorded at 298 K using a Bruker 400 MHz Avance instrument (Karlsruhe, Germany).
Lys(Z) NCA: δ 7.43–7.28 (m, 5H), 6.97 (s, 1H), 5.12 (s, 2H), 4.97 (s, 1H), 4.32–4.23 (t, J = 5.2, 1H) (s, 1H),
3.29–3.14 (m, 2H), 2.03–1.90 (m, 1H), 1.90–1.75 (m, 1H), 1.73–1.28 (m, 4H); Glu(OBzl) NCA: 2.05–2.39
(m, 2H), 2.63 (t, 2H), 4.39 (t, 1H), 5.17 (s, 2H), 6.40 (br. s., 1H), 7.39 (m, 5H); D-Phe NCA: 2.94–3.35
(m, 2H), 4.55 (m, 1H), 6.12 (s, 1H), 7.19–7.41 (m, 5H).

P(Lys(Z)-co-DPhe) and P(Glu(OBzl)-co-DPhe) were synthesized by ROP of corresponding NCAs
using hexylamine as initiator. The molar ratio of Glu(OBzl)/Lys(Z) NCA to D-Phe NCA was 1/1,
4/1 and 8/1. The total NCAs/initiator molar ratio was 100/1 for Lys-containing polymers and
50/1 for Glu-based polymers. The synthesis was carried out in 1,4-dioxane or THF using 4 wt.%
solution of NCA at 25 ◦C for 48 h. The product was precipitated with an excess of diethyl ether, the
precipitate was washed three times with diethyl ether and then dried. Molecular weight characteristics
of P(Lys(Z)-co-DPhe) and P(Glu(OBzl)-co-DPhe) were determined by size-exclusion chromatography
(SEC). SEC was performed with the use of Shimadzu LC-20 Prominence system supplied with
refractometric RID 10-A detector (Kyoto, Japan) using 7.8 mm × 300 mm Styragel Column, HMW6E,
15–20 μm bead size (Waters, Milford, MS, USA). The analysis was carried out at 60 ◦C using 0.1 M
LiBr in DMF as eluent. The mobile phase flow rate was 0.3 mL/min. Molecular weights (Mw and Mn)
and dispersity (Đ) for all synthesized polymers were calculated using GPC LC Solutions software
(Shimadzu, Kyoto, Japan) and calibration curve built for poly(methyl methacrylate) standards with
Mw range from 17,000 to 250,000 and Đ ≤ 1.14.

The deprotection of ε-NH2-groups of P(Lys(Z)-co-DPhe) and γ-carboxylic groups of
P(Glu(OBzl)-co-DPhe) was carried out using TFMSA/TFA mixture in a ratio 1/10 at 25 ◦C for 3 h.
After removing protective groups, the products were precipitated with an excess of diethyl ether,
the precipitates were washed three times with diethyl ether, dried and then dispersed in DMF. The
suspensions of amphiphilic random copolymers were transferred into dialysis membrane bag MWCO
1000 and dialyzed against water for 48 h.

The contribution of hydrophobic part was determined using HPLC amino acid analysis after total
hydrolysis of the samples. The hydrolysis of 3 mg of a sample was carried out in 6 mL of 6 M HCl
with 0.0001% phenol in vacuum-sealed ampoule for four days. The solvent was evaporated several
times with water to eliminate HCl and to reach finally the neutral pH value. The hydrolysates were
analyzed using LCMS-8030 Shimadzu system with triple quadruple mass-spectrometry detection
(LC-MS) (all from Shimadzu, Japan) equipped with 2 × 150 mm Luna C18 column packed with 5 μm
particles. The isocratic elution mode was applied and 0.1% acetonitrile/HCOOH in a ratio 5/95 wt.%
was used as eluent. The mobile phase flow rate was equal to 0.3 mL/min.

2.2.2. Preparation and Characterization of Nanospheres

Polymer nanospheres were prepared by phase inversion during dialysis. For this, polymer
sample dissolved in DMSO was placed into dialysis bag with MWCO 1000 which then was deposited
into the mixture of DMSO/water = 1/1 (v/v). After 2 h the solution was replaced with mixture
DMSO/water = 1/3 (v/v) (2 h) and then with water (8 h). Self-assembled nanospheres were
freeze-dried with the use of VaCo 5-II lyophilic system (Zirbus, Germany) and stored at 4 ◦C. Before use,
the necessary amount of polymer nanospheres was placed in the medium of choice and redispersed
by short-time ultrasonication (30–60 s) by means of ultrasonic probe UP 50H Hielscher Ultrasonics
(Teltow, Germany). Average hydrodynamic diameter and polydispersity index (PDI) of polymer
nanospheres were measured using dynamic light scattering (DLS) method and Zetasizer Nano-ZS
(Malvern Instrument Ltd., Malvern, UK) equipped with a He–Ne laser beam at 633 nm and a detection
angle of 173◦ using the samples with concentration of nanoparticles in the range 0.1–0.5 mg/mL.
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ζ-Potential was measured for 0.1 mg/mL colloids in distilled water containing 10−3 M NaCl and
adjusted with 0.1 M HCl/NaOH to pH 2–12.

The morphological peculiarities were investigated using transmission electron microscopy (TEM)
with a Jeol JEM-2100 (Tokyo, Japan) microscope operated at an acceleration voltage of 160 kV. Before
analysis, a few drops of a sample were placed onto a copper grid covered with carbon for 30 s.
The dried grid was stained negatively with 2% (w/v) uranyl acetate solution for 30–60 s and used for
measurements after 24 h.

2.2.3. Synthesis of C-Terminal Fragment of C-Peptide

C-terminal pentapeptide (27–31 fragment of C-peptide) H-Glu-Gly-Ser-Leu-Gln-OH (EGSLQ)
was synthesized via solid phase peptide technique based on application of BOC/OBzl amino acid
derivatives. The peptide cleavage from a resin was carried out using TFMSA/TFA system containing
1,2-ethanedithiol and thioanisole as scavengers. The program of synthesis was the same as published
earlier [30]. The peptide was purified by size-exclusion chromatography with the use of Sephadex G-75
column (25 × 500 mm) and 6% acetic acid aqueous solution. The RP-HPLC analysis of synthesized
product was performed at flow rate 1.0 mL/min using 4.6 × 150 mm Grace Smart C18 column packed
with 5 μm particles and 0.1% H3PO4/H2O as buffer A and 0.1% H3PO4/AcN as buffer B. A linear
gradient of 1 to 30% B in 25 min was applied. MS analysis was performed using MALDI-spectrometer
Axima–Resonance Shimadzu (Kiyoto, Japan). The registered molecular ion was found to be [M + H]+

= 533.54, which is consistent with the expected mass of the peptide (532.55 g/mol).

2.2.4. In Vitro Biodegradation Study

Before the biodegradation studies all solutions were filtered through the sterile syringe PES
membrane filters with pores of 0.45 μm (Membrane Solutions, Kent, WA, USA). The degradation
process of P(Lys-co-DPhe) nanospheres was studied in model medium consisting of 0.01 M PBS, pH 7.4,
and papain. Briefly, 500 μg of enzyme (papain, ~30 U/mg) were introduced into 1.0 mL of suspension
containing 1.0 mg of nanospheres. The experiment was carried out during 35 days. Every several
days, the probe of 20 μL of supernatant was sampled for HPLC monitoring of free amino acids (Lys
and D-Phe). The commercially available ultra-short monolithic column, namely, CIM-SO3 disk of 3
mm × 12 mm i.d. (BIA Separations, Ajdovscina, Slovenia) was applied as a stationary phase. HPLC
experiments were performed with the use of Shimadzu Liquid Chromatographic System LC-20AD
(Canby, OR, USA). The data was acquired and processed with LS Solution software (Shimadzu, Kyoto,
Japan). UV detection was performed at 210 nm. 0.02 M aqueous Na-acetic buffer, pH 3.7 (eluent A),
0.02 M Na-phosphate buffer, pH 7.0 (eluent B) and 0.0125 M Na-borate buffer, pH 10.0 (eluent C) were
used as the components of a mobile phase. The separation was carried out at flow rate 0.5 mL/min
following the gradient program: 0–0.5 min—eluent A, 0.5–7 min—eluent B, 7–10 min—eluent C.

2.2.5. Particle Surface Modification with Peptides

The modification of the surface of P(Glu-co-DPhe) nanospheres with C-peptide or pentapeptide
(C5) was carried out after preliminary activation of the carboxylic groups of glutamic acid.
The nanospheres were prepared in 0.01 M Na-borate solution, pH 8.4, and then transferred into
0.01 M MES buffer, pH 5.6, via dialysis using tube membrane (MWCO 30,000). 1.0 mL of suspension
with a concentration of 1.0 mg/mL was mixed with a two-fold excess of NHS and EDC required
to activate 20% of Glu-units. The activation was carried out at 4 ◦C for 40 min. The activated
nanospheres were washed with 0.01 M PBS (pH 7.4) via ultrafiltration to remove the activating agents
and side-products of activation. Then, 200 μg of C-peptide or 50 μg of C5 in 0.01 M PBS were added
to the suspension of activated nanospheres and left for 2 h at 22 ◦C. The excess of the peptide was
removed via dialysis using MWCO 30,000 membrane against 0.01 M PBS. The amount of immobilized
peptide was calculated as a difference between initial and unbound amounts of peptide. The quantity
of unbound peptides was determined by means of HPLC analysis with UV-detection (λ = 210 nm).
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CIM DEAE disk of 3 mm × 12 mm i.d. (BIA Separations, Ajdovscina, Slovenia) was applied as
stationary phase for this analysis. 0.01 M PBS, pH 7.0 (eluent A) and 0.01 M PBS, pH 7.0, containing
1 M NaCl (eluent B) were used as mobile phases. The flow rate was 0.5 mL/min. Injection volume
was 20 μL. The HPLC analysis was carried out under gradient elution: 0–2 min—100% eluent A,
2–17 min—0–100% eluent B. Retention time for C-peptide was 9.8 min and for C5—0.9 min.

Immobilization efficiency (IE) was calculated as follows:

IE = (mi − ms)/mi × 100% (1)

where mi—initial peptide amount (mg), ms—amount of unreacted peptide in solution (mg).

2.2.6. Encapsulation of C-Peptide

The encapsulation of peptides was carried out via addition of 100 μL of peptide solution with
chosen concentration (in a range 0.1–1.0 mg) into suspension of KF1-3 nanospheres immediately after
their redispersion in 0.01 M PBS, pH 7.4. After that, the mixture was left at 4 ◦C for 20 h. Encapsulation
of C5 was performed using 100 μL of peptide solution with concentration 1.0 mg/mL. Loading capacity
(LC) and encapsulation efficiency (EE) were calculated using following equations:

LC = (mi − ms)/mNP (2)

EE = (mi − ms)/mi × 100% (3)

where mi—initial C-peptide amount (mg), ms—amount of non-encapsulated C-peptide in solution
(mg), mNP—amount of nanospheres (mg).

The amount of encapsulated peptides was determined as difference between initial and
non-encapsulated peptide amounts. The non-encapsulated peptides were removed from solution via
ultrafiltration with the use of tubes supplied with membranes of MWCO 10,000 (used for C-peptide)
and 3000 (used for C5). The filtrates were collected and lyophilized and then analyzed as described in
Section 2.2.5.

In order to prepare the C-peptide loaded nanospheres with additional coverage with heparin,
1 mL of heparin in PBS with concentration of 1 mg/mL was added to 1 mL of preliminary prepared
formulation in PBS with concentration of nanospheres equal to 2 mg/mL. Amount of encapsulated
C-peptide in the experiments was varied from 100 to 600 μg.

2.2.7. Drug Release

The release of C-peptide from nanospheres was studied at model physiological conditions,
namely 0.01 M PBS, pH 7.4. 1.0 mL of dispersion of nanospheres (conc. 1.0 mg/mL) containing
different loaded amount of C-peptide (from 150 to 600 μg/mg of nanospheres) was incubated
at 37 ◦C. After predetermined time intervals, free C-peptide was separated from nanospheres by
ultracentrifugation using microtube fitted with a membrane of 30,000 MWCO. The procedure was
carried out 4 times with water and the filtered solution was freeze-dried and dissolved in 100 μL of
water. The amount of released C-peptide was determined as described in Section 2.2.5.

To determine the stability of colloid system to aggregation as well as drug self-leakage, the
suspension of loaded particles in 0.01 M PBS, pH 7.4, was incubated at 4 ◦C during three months.
The supernatant was analyzed by ion-exchange HPLC (Section 2.2.5) to monitor the peptide self-release
under storage conditions.

2.2.8. Cell Culture Experiments

HEK-293 (human embryonic kidney) cell line were purchased from German Collection of
Microorganisms and Cell Culture (DSMZ). Cells were cultivated in Dulbecco’s Modified Eagle Medium
(DMEM, Sigma-Aldrich GmbH, Munich, Germany) supplemented with 10% (v/v) fetal calf serum
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(FCS, Biochrom GmbH, Berlin, Germany) and 1% (v/v) penicillin/streptomycin (P/S, Biochrom GmbH,
Germany) in humidified environment at 37 ◦C/5% CO2. The medium was changed 3 times per week
and the cells were subcultivated before reaching confluence using trypsin (Biochrom GmbH, Germany).

Eight × 103 cells per well were seeded in a 96-well plate (100 μL/well) in DMEM culture
medium and cultivated under a humidified atmosphere of 5% CO2 at 37 ◦C. After culturing for
24 h, the medium was replaced with the culture medium containing test nanospheres of different
concentration (8–500 μg/mL). The viability was determined after 72 h treatment using CTB Assay
(Promega, Mannheim, Germany). Culture medium was removed and 200 μL of CTB solution (10%
stock solution in basal DMEM medium) were added to each well and incubated for 90 min. The number
of viable cells was quantified by measuring fluorescence intensity (λex = 544, λem = 590 nm) using a
microplate reader (Fluoroscan Ascent, Thermo Fisher Scientific Inc., Waltham, MA, USA). Relative
cell viability (%) was determined by comparing the fluorescence signals with control wells containing
untreated cells. Data are presented as average ± SD (n = 4).

2.2.9. Microcalorimetric Ex Vivo Assay of Na+/K+-ATPase on Living Erythrocytes

The study was approved by the local ethical committee of Saint-Petersburg State University and
was performed in accordance with the relevant guidelines and ethical standards. The volunteers were
25–39 years (males, n = 5) and recruited by the laboratory staff of the Multidisciplinary Clinical Centre of
Saint-Petersburg State University. Whole venous blood (10 mL) was collected from healthy volunteers
after overnight fasting (12 h) by venepuncture directly into vacutainer tubes (Becton Dickinson,
Plymouth, UK) containing heparin. After centrifugation (3000 rpm for 10 min), the plasma, buffy coat,
and uppermost layer of erythrocytes were removed by aspiration. The remaining erythrocytes were
resuspended and washed three times by inverting the tube to mix in a 10-excess physiological saline
NaCl solution (0.9%) and centrifuged for 10 min at 2000 rpm. After the final wash, the hematocrit
of the isolated erythrocytes was measured. Finally, living erythrocytes were resuspended in NaCl
solution (0.9%) containing 5.5 mM glucose. Human C-peptide and C5 in different preparations were
tested at physiological postprandial concentrations of 6 nmol/L.

Microcalorimetric experiments were performed using an isothermal titration calorimeter Nano
ITC 2G set at 298.15 K (TA, New Castle, DE, USA). Each experiment consisted of single injection
(5 μL) from a 100-μL rotating syringe of a solution containing different formulations of C-peptide or
C-terminal pentapeptide (C5) into the microcalorimetric reaction cell (1 mL) charged with 500 μL of
suspension of erythrocytes with concentration 1.1 × 109 cells per mL. Quite low stirring rate (60 rpm)
was necessary to avoid the damage of living erythrocytes. Heat production by the erythrocytes was
recorded versus time. The steady state was reached after at least 1 h of incubation. Then, the tested
compound was added to the suspension and changes in heat production were recorded. The heat
of reaction was corrected for the heat of dilution of the guest solution, determined in the separate
experiments. Ouabain (15 mmol/L) specific inhibitor of Na+/K+-ATPase was used to verify that heat
production effects of C-peptide or C5 peptide and their formulations attributed to Na+/K+-ATPase
activity. All solutions were degassed prior to titration experiment. Each injection generated a heat burst
curve (μJ per second), the area under which was determined by integration using Nano ITC analyze
software that gave the measure of the heat of reaction associated with the injection. Each sample was
measured for three times.

All experiments were performed at 25 ◦C. The difference between heat production (μJ) in the
steady state before and after the addition of respective test substances corresponds to the erythrocyte
Na+/K+-ATPase activity normalized to sample volume (mL) and hematocrit (%). Sample volume,
C-peptide amount and hematocrit remained constant for each measurement.
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3. Results and Discussion

3.1. Polymerization and Polymer Characterization

The synthesis of random copolymers P(Glu-co-DPhe) and P(Lys-co-DPhe) was carried out using
ring-opening polymerization (ROP) of N-carboxyanhydrides of L-Glu(OBzl)/L-Lys(Z) and D-Phe
(Figure 1). The series of random copolymers were synthesized with different monomer ratios (Table 1).
The molecular weight (Mw and Mn) and dispersity (Ð) of protected copolymers was determined using
size-exclusion chromatography (SEC) (Table 1). All synthesized polymers were characterized with low
dispersity (1.07 ≤ Ð ≤ 1.29). Ð values were minimal when the ratio of L-Glu(OBzl)/L-Lys(Z) NCA to
D-Phe NCA was 1/1 and maximal for the ratio 8/1.

The preparation of amphiphilic copolymers was achieved after the removal of Z- and
Bzl-protective groups. After deprotection the polymers became to be insoluble in water and
demonstrated the tendency to self-assembly. The deprotection was proved by 1H NMR spectroscopy
(Figure S2 of Supplementary Materials).

 
(A) (B) 

Figure 1. Scheme of polymerization and preparation of self-assembled nanospheres:
(A) P(Glu-co-DPhe); (B) P(Lys-co-DPhe).
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Table 1. Monomer ratios, polymer yields and characteristics of synthesized protected copolymers.

Sample
Initial Ratio of NKAs:

[Glu(OBzl)/Lys(Z)]/[D-Phe]

Polymer Characteristics (SEC)
Polymer Yield, %

Mn Mw Ð

P(Glu(OBzl)n-co-DPhem)

E(Bzl)F1 1/1 5600 6400 1.15 49
E(Bzl)F2 4/1 6700 8100 1.20 70
E(Bzl)F3 8/1 7100 9200 1.29 72

P(Lys(Z)n-co-DPhem)

K(Z)F1 1/1 14,000 15,800 1.07 68
K(Z)F2 4/1 21,500 24,300 1.13 55
K(Z)F3 8/1 24,300 28,000 1.15 71

The composition of synthesized polymers was proved by quantitative HPLC analysis of the
samples prepared via total acidic hydrolysis of polypeptides up to free amino acids. The results
obtained are presented in Table 2. Additionally, for copolymers based on glutamic acid and
phenylalanine the composition was calculated from 1H NMR spectra (Table 2, Figure S2 of
Supplementary Materials). Polymer composition established by two methods was in a good agreement.
For sample EF1, prepared with initial [Lys(Z) NCA]/[Phe NCA] ratios equal to 1/1, the experimentally
found composition was close to the theoretical one. An increase of the ratio of glutamic acid monomer
in polymerization mixture was followed by partial diminishing of Glu units in final copolymers.
In turn, the polymer compositions for KF1 and KF2 samples were matched well with that of monomer
mixture. An increase of [Lys(Z) NCA]/[Phe NCA] to 8/1 was followed by the partial enrichment of
final polypeptide with lysine. For copolymers based on lysine and phenylalanine the determination
of polymer composition by 1H NMR was impossible because of broadening and overlapping of
reference signals.

Table 2. Composition of amphiphilic random polypeptides and polymer yields after deprotection.

Sample

Determined Polymer Composition

HPLC 1H NMR

n m [Glu/Lys]/[Phe] Ratio n m [Glu]/[Phe] Ratio

P(Glun-co-DPhem)

EF1 17 14 1.2 16 15 1.1
EF2 33 11 3.0 37 10 3.7
EF3 38 7 5.4 45 8 5.6

P(Lysn-co-DPhem)

KF1 34 34 1.0 - - -
KF2 72 17 4.3 - - -
KF3 87 9 9.5 - - -

3.2. Preparation and Characterization of Nanospheres

There are many different techniques for the preparation of polymer nanoparticles such as solvent
evaporation, nanoprecipitation, emulsification/solvent diffusion (ESD), high-pressure homogenization,
phase inversion (dialysis), film rehydration, etc. [31]. The approach selection straightly depends on the
polymer properties (chemical nature, charge, hydrophilicity/hydrophobicity, swelling, reactivation,
pH-dependency, etc.). In our case, the phase inversion (dialysis) method was chosen because of its
simplicity and suitability to prepare self-assembled nanosystems [32–34]. The hydrodynamic diameter
of nanospheres obtained was determined using dynamic light scattering (DLS) method at different pH.

The hydrodynamic diameter of P(Lys-co-DPhe) nanospheres was varied from 110 to 220 nm for
the different polymer composition in the pH range from 3 to 11 (Figure 2A). The increase of pH up to
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12 induced the immediate aggregation of nanospheres that was a result of the loss of particle surface
charge, which was necessary to stabilize the colloid system towards the aggregation (Figure 2B).

The similar tendency was observed for P(Glu-co-DPhe) nanospheres but, in this case, the isoelectric
point was at pH 3 (Figure 2D). In the range of pH 5–11 the nanospheres were stable. Usually, the
colloid system is counted as stable if ζ-potential absolute value is higher than 30 mV [35]. In our
case, both kinds of nanospheres met this requirement. For P(Glu-co-DPhe), the nanospheres with the
smallest hydrodynamic diameter (350–210 nm depending on the polymer composition) were formed
in the range of pH from 7 to 11 (Figure 2C). This fact can be explained by better ionization of carboxylic
groups at pH higher than 7. The better ionization is followed by the repulsion of like-charged polymer
chains that in turn favored to the self-assembly into the smaller-sized nanospheres.

 
(A) (B) 

 
(C) (D) 

D
H

ζ

D
H

ζ

Figure 2. Dependence of hydrodynamic diameter and ζ-potential of polypeptide nanospheres on pH:
(A,B)—P(Lys-co-DPhe); (C,D)—P(Glu-co-DPhe).

Additionally, the dependence of average hydrodynamic diameter of nanospheres on the sample
dilution was evaluated. The dilution of dispersion with starting concentration of 2 mg/mL in 250
times (up to 0.008 mg/mL) did not follow with the change in DH of nanoparticles. All colloid systems
were stable under incubation in 0.01 M PBS, pH 7.4, during three months without changing their
hydrodynamic diameter, aggregation and sedimentation.

The nanospheres prepared in 0.01 M PBS buffer, pH 7.4, were investigated by transmission
electron microscopy (TEM) (Figure 3). The size of polymer nanoparticles observed by TEM in a dry
state was about 30 ± 5 nm. Such difference between hydrodynamic diameter registered in aqueous
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media by DLS and diameter of nanospheres determined by TEM in a dry state is known for soft
self-assembled materials [36,37]. This effect is related to the volatilization of water during the TEM grid
drying before analysis. In aqueous media, the hydrodynamic diameter of nanospheres is provided by
the expansion of charged water-soluble-like charged fragments (Lys or Glu) because of their repulsion.

  
(A) (B) 

  
(C) (D) 

Figure 3. Transmission electron microscopy (TEM) images of P(Glu-co-DPhe) (A,B) and P(Lys-co-DPhe)
(C,D) nanospheres (samples EF2 and KF2).

3.3. In Vitro Biodegradation Study

P(Lys-co-DPhe) nanospheres were chosen to evaluate the biodegradation process in vitro.
The process was performed in 0.01 M PBS, pH 7.4, containing papain as model enzyme. Papain,
being a thiol proteinase of plant origin, represents the analogue of lysosomal endopeptidase
cathepsin B regarding to its activity towards the bonds formed between different α-amino acids.
The biodegradation process was carried out in two ways: (1) as a function of free amino acids
accumulation in the reaction mixture during the time and (2) as a function of change in hydrodynamic
diameter of particles (Figure 4). According to HPLC data only 14% of L-Lys and 3% of D-Phe were
detected for sample KF1 after a month of particle incubation with papain at 37 ◦C. For sample KF2,
15% of L-Lys and 5% of D-Phe were determined for the same time.

The monitoring of hydrodynamic diameter of nanospheres during a month allowed for detection
of decrease in this parameter. In particular, 15% and 17% decrease in DH was established for
KF1 and KF2 samples and 34% for EF1 one. The results obtained were compared to the data on
biodegradation of random nanospheres based on copolymer of L-lysine and L-aminoisobutyric acid
(P(Lys-co-Aib)), containing 29 mol% Aib and developed recently in our group [37]. Aib represents
natural but non-coded amino acid, which sometimes is also used to improve the ability to enzymatic
degradation [38]. As it can be seen from Figure 4B, the hydrodynamic diameters were drastically
diminished of the P(Lys-co-Aib)-based nanospheres incubated at the same conditions and for the same
time period. The total decrease in DH corresponded to 87%. Thus, the developed P(Glu-co-DPhe) and
P(Lys-co-DPhe) nanospheres can be counted as biomaterials with increased stability to biodegradation.
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Figure 4. Degradation of P(Lys-co-DPhe) nanospheres on time: (A,B) accumulation of free amino acids
during the process for samples KF1 and KF2, respectively (HPLC); (C) Decrease of hydrodynamic size
on time (DLS). Conditions of biodegradation: incubation was performed in 0.01 M PBS, pH 7.4, and at
37 ◦C; concentration of nanospheres was 1.0 mg/mL; concentration of papain was 0.5 mg/mL.

3.4. Surface Modification

The presence of chemically reactive functional groups on the surface of poly(amino acid)
nanospheres allowed the modification of their surface by different biomolecules including peptides.
In present work, for preparation of C-peptide formulation with preserved peptide biological activity
and prolonged stability we chose the method of one-point attachment of C-peptide and its short C5
fragment (EGSLQ) via the reaction of α-amino group of N-terminal amino acid with carboxylic group
of P(Glu-co-DPhe) nanospheres. This approach includes an activation of carboxylic groups with water
soluble carbodiimide and N-hydroxysuccinimide (NHS) to form activated NHS ester (Figure 5).

The samples EF1, EF2 and EF3 differ in the content of hydrophilic and hydrophobic units were
modified with C-peptide (Table 3). For all nanospheres the reaction of covalent immobilization was
carried out under the same conditions (2 h at 22 ◦C) and amount of activated carboxylic groups
(20 mol%). It was established that the quantity of the bound C-peptide depended on polymer
composition. The highest amount of immobilized C-peptide was determined for the sample EF2
containing intermediate ratio of Glu and Phe units. In this case, 48 μg of C-peptide per mg of
nanospheres was attached onto the nanoparticle’s surface.

The low immobilization efficiency of C-peptide on the surface of EF1 nanospheres may be related
to the lowest amount of Glu units among the tested polymers. In turn, very high content of Glu units
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in the polymer probably favored to the higher repulsion of highly negative charged nanospheres and
like-charged C-peptide.

EF2 nanospheres were selected for the immobilization of C5. It is known that the functional
groups of small molecules are characterized with better reactive accessibility comparatively to the
more elongated ones. Taking this into account, the initial C5 amount used for immobilization was
reduced twice comparatively to C-peptide (from 200 to 100 μg). Despite the fact that immobilization
efficiency was only 16%, the molar amount of immobilized C5 was appeared to be higher than this
established for C-peptide.

 

Figure 5. Scheme of covalent modification of P(Glu-co-DPhe) particle surface.

Table 3. Characteristics of nanospheres under C-peptide and C5 covalent immobilization. Conditions
of immobilization: 0.01 M PBS, pH 7.4; 22 ◦C; 2 h.

Sample
Amount of Bound Peptide, μg/mg

of Nanospheres
Amount of Bound Peptide,
nmol/mg of Nanospheres

Immobilization
Efficiency, %

C-peptide

EF1 20 ± 4 5.5 10 ± 1
EF2 48 ± 5 13.3 24 ± 2
EF3 25 ± 3 6.9 13 ± 2

C5

EF2 16 ± 2 30.0 16 ± 2

The developed delivery systems were tested for the storage stability. The samples with
concentration of 1 mg/mL were stored at 4 ◦C during three months. The monitoring of hydrodynamic
diameter as well as free C-peptide in 0.01 M PBS, pH 7.4, revealed the high stability of the formulation
at low temperatures. In particular, DH change or aggregation of nanospheres, as well as drug leakage
were not detected.

3.5. C-Peptide Encapsulation

Encapsulation of C-peptide into P(Lys-co-DPhe) nanospheres represents an alternative approach
for the preparation of a long-acting peptide formulation. P(Lys-co-DPhe) nanospheres were chosen
because of their positive charge, which can provide the ionic interactions with highly negative charged
C-peptide (Figure 6).
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Figure 6. Scheme of encapsulation of C-peptide into the P(Lys-co-DPhe) nanospheres.

For the first step, the encapsulation efficiency (EE) and loading content (LC) on the polymer
composition were analyzed at constant initial amount of C-peptide (100 μg). All tested polymer
nanospheres demonstrated very high loading efficiency (Table 4). The lowest loading efficiency (89.5%)
was observed for the nanospheres based on KF1 sample containing the lowest amount of lysine units
in the polymer chains. For KF2 and KF3 samples, containing higher content of lysine than KF1, the
values of EE were very close to 95%. The encapsulation efficiency of C5 into KF3 nanospheres was
similar to that established for C-peptide.

Additionally, the hydrodynamic diameter of nanospheres loaded with C-peptide was measured
in 0.01 M PBS, pH 7.4, and compared (Table 4). It was found that the DH values were increased with
lysine enrichment in polymer chains. The smallest nanospheres were formed from KF1 polypeptide
whereas the largest ones were obtained for KF3 sample. The higher content of hydrophobic monomer
favors to compaction of the particles during the polymer self-assembling. In turn, the high number
of charged fragments tends to repulse each other and, as a result, the hydrodynamic diameter of
self-assembled particles is increased.

Table 4. Dependence of encapsulation efficiency, loading content and hydrodynamic diameter of
nanospheres on polymer composition and peptide.

Sample DHo *, nm EE **, % LC, μg/mg of Particles
DH encaps *,

nm
PDI encaps *

C-peptide

KF1 71 ± 3 89.5 ± 0.6 89.5 ± 0.5 79 ± 8 0.24
KF2 96 ± 3 94.6 ± 1.0 94.6 ± 0.9 130 ± 20 0.16
KF3 150 ± 10 95.0 ± 1.1 95.0 ± 1.0 190 ± 20 0.14

C5

KF3 150 ± 10 96.2 ± 0.7 96.2 ± 0.7 178 ± 15 0.13

* measured in 0.01 M PBS, pH 7.4; ** the initial amount of peptide taken for loading was 100 μg.

For the study of the dependences of LC and EE on initial C-peptide concentration, two samples
containing the highest and the lowest amount of hydrophobic amino acid, e.g., KF1 and KF3, were
selected. It was established that an increase of initial concentration of C-peptide from 100 μg/mL to
1000 μg/mL followed by nearly linear increase of loading capacity (Figure 7A). The maximum LC of
C-peptide for KF1 and KF3 nanospheres were equal to 804 ± 6 and 860 ± 5 μg of C-peptide/mg of
nanoparticles, respectively. When the initial C-peptide concentration was higher than 1000 μg/mL the
aggregation of particles was detected. This fact can be attributed to the partial neutralization of lysine
positive charge of the P(Lys-co-DPhe) particles with negative charge of C-peptide. It was proved by an
intense decrease of ζ-potential from +40 to +20 mV.

In turn, the encapsulation efficiency for KF1 and KF3 particles was just slightly reduced from
89.5% and 95.0%, determined at initial drug concentration of 100 μg/mL, to 80.2% and 86.4% detected
for concentration 1000 μg/mL, respectively (Figure 7B).
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Figure 7. Dependence of loading capacity (LC) (A) and encapsulation efficiency (EE) (B) on initial
concentration of C-peptide.

Since the high drug loading may affect the particle size, the hydrodynamic diameter of KF1
and KF3 nanospheres loaded with the different quantity of C-peptide were analyzed (Figure 8).
For nanospheres with the maximal lysine content (KF3) the hydrodynamic diameter did not depend
on C-peptide loading amount. On the contrary, the hydrodynamic diameter of KF1 nanospheres,
containing the minimal lysine amount, was increased with the growth of drug loading. At maximal
value of LC equal to 804 μg of C-peptide per mg of polymer nanospheres, ζ-potential of KF1 particles
decreased to +30 mV that can be attributed to the partial charge neutralization because of C-peptide
loading comparatively to the KF3 nanospheres enriched with lysine units.

LC

Figure 8. Dependence of nanosphere’s hydrodynamic diameter on C-peptide loading content.

As for C-peptide covalently bound to the nanospheres, the encapsulated forms of C-peptide
demonstrated also high storage stability towards the preservation of colloid’s properties at low
temperature (4 ◦C). During three months the changes in hydrodynamic diameter or precipitation of
formulation were not observed. Moreover, the monitoring of free C-peptide in solution revealed the
leakage of 8 ± 1% of the drug from KF3 nanospheres with high loading of C-peptide (604 μg/mg).
At the same conditions, C-peptide leakage at 37 ◦C was found to be 30 ± 1%. For KF3 nanospheres with
high loading of C-peptide covered with heparin the drug leakage at low temperature was not detected.

3.6. Drug Release

Along with loading content and encapsulation efficiency the drug release kinetics is also one of
the important properties of drug delivery systems. For the systems under study, the drug release was
studied in 0.01 M PBS, pH 7.4, at 37 ◦C for KF1 and KF3 nanospheres. The last kind of nanospheres
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was applied as three formulations with different loaded amount of C-peptide. The summary on
tested formulations is presented in Table 5. As it can be seen from Figure 9, during 6 h 57 and 73%
of C-peptide were released from KF3 and KF1 nanospheres, respectively. After this time, no further
C-peptide release was detected in model conditions. The increase of lysine monomer content in the
polymer provided higher retention of peptide inside the nanospheres. Thus, KF3 nanospheres as
delivery systems seems to be more preferable.

Table 5. Formulations applied for C-peptide release study.

Sample
Amount of C-Peptide Encapsulated,

μg/mg of Nanospheres
Amount of C-Peptide Retained after 14
Days Release, μg/mg of Nanospheres

KF1 581 ± 3 157 ± 4
KF3-HLD 604 ± 4 259 ± 5
KF3-MLD 285 ± 5 225 ± 7
KF3-LLD 147 ± 4 128 ± 3

KF3-HLD + heparin 483 ± 8 335 ± 10

Abbreviations: HLD—high loaded, MLD—middle loaded and LLD—low loaded.

KF3 formulations with lower C-peptide loading demonstrated similar drug release profile
(Figure 9) however the amount of released peptide were less than for nanospheres with high drug
loading (Table 5).

To diminish the release ratio, the nanospheres with high C-peptide loading (KF3-HLD) were
additionally covered with heparin. The covering was evidenced by an inversion of their average
ζ-potential value from positive (+35) to negative (−38 mV). The covering of KF3-HLD was followed
by substitution of ~20% of surface adsorbed C-peptide with heparin. As it was expected, the heparin
envelope prevented the intensive drug leakage and the maximal release ratio did not exceed 31%.

Figure 9. Kinetics of C-peptide release from P(Lys-co-DPhe) nanospheres (37 ◦C, 0.01 M PBS, pH 7.4).

The release observed in model buffer medium can be explained by the leakage of C-peptide,
weakly retained due to the ionic interactions, from close to the nanosphere’s surface and directly from
the surface. The comparable amounts of C-peptide retained inside KF3-HLD and KF3-MLD systems
after two weeks of incubation in PBS (Table 5) give reasons for suggestion that retained amounts are
deeply buried inside the polymer nanospheres. The release of this portion of C-peptide is possible
only as response on some stimuli, for example, due to partial polymer envelope degradation or the
nanosphere’s disassembly because of interaction with polyanions, proteins, some other peptides, etc.
Since the used for the release study buffer medium could not supply any extra stimuli, the further
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release was suspended. Contrary to the applied model buffer medium the biological fluids can provide
many events inducing the second phase of C-peptide release.

However, as it is seen from data presented in Table 5, the highest amount of retained C-peptide
(335 μg/mg of nanospheres) was detected for KF3-HLD + heparin formulation. The covering with
heparin allows for the safety not only deeply buried C-peptide but also drug distributed near to
the surface. Therefore, the covering of loaded nanospheres with heparin favored to C-peptide
preservation in the polymer nanospheres. Overall, the covering of polypeptide nanospheres with
polysaccharide provides the additional barrier for proteases and can additionally prolong the stability
of drug formulation.

Thus, among the developed and tested formulations at least three candidates can be marked out
as most potential encapsulated C-peptide delivery systems: (1) KF3-HLD which provides high release
rate at the first step and has enough reserve for the second step; (2) KF3-MLD which supplies moderate
release ratio at the first step and has enough reserve for the second one; (3) KF3-HLD + heparin which
provides moderate release ratio at the first step and has high potential for the second step of release.

3.7. Cell Culture Experiments

The cytotoxicity of prepared nanospheres as well as C-peptide and short C5 peptide was tested
with the use of human embryonic kidney cells (HEK-293) (Figure 10). In order to evaluate cell viability,
the samples with the best characteristics and properties established in previous experiments were
selected. These were KF3, KF3 covered with heparin and EF2 samples. The experiments were carried
out during 3 days at concentration of nanospheres from 8 to 500 μg/mL. It was established that
KF3 sample was not toxic up to the concentration equal to 32 μg/mL (viability 86%) and then the
considerable cell death was detected. The same nanospheres but covered with heparin, as well as EF2
one, demonstrated no cytotoxicity at all tested concentrations (viability ≥ 90%).

 
(A) (B) 

μ

Figure 10. Cell viability (HEK-293) after their incubation for 3 days in presence of different nanospheres
(A); C-peptide and C5 peptide (B).

The study of nanospheres stability in the DMEM+FCS culture medium within three days revealed
an increase of particle hydrodynamic diameter (DLS) for KF3 sample (Figure 11). In turn, the
negatively charged particles, namely KF3 covered with heparin and EF2, demonstrated stability
in protein-containing culture medium. Thus, the cytotoxicity of KF3 may be caused by their high level
of aggregation in culture medium [39].
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Figure 11. Stability of different nanospheres in culture medium.

3.8. Microcalorimetric Study

Na+/K+-adenosine triphosphatase (Na+/K+-ATPase) activity is low in various tissues and
erythrocytes of Type I diabetic patients [40,41]. This enzyme activity plays a key role in the
pathogenesis of diabetic neuropathy and the red cell deformability. Na+/K+-ATPase is a ubiquitously
expressed transmembrane enzyme that sustains cellular homeostasis by keeping low Na+ and high
K+ concentrations in cytosol. Cellular homeostasis is pivotal for maintenance of the membrane
potential of all types of cells and acts by driving an active Na+ and K+ transport through the cellular
membrane [42]. It is known that C-peptide improves the human vascular blood flow through a
mechanism involving endothelial NO production and erythrocyte Na+/K+-ATPase activation [41].
Ohtomo et al. established that C-peptide stimulates Na+, K+-ATPase of renal tubule segments due to
the activation of a receptor coupled to a pertussis toxin-sensitive G-protein with subsequent activation
of Ca2+-dependent intracellular signaling pathways [43,44].

In our case, the biological effects of C-peptide and C5 formulations were studied using isothermal
titration microcalorimetry method. The heat released via the Na+/K+-adenosine triphosphatase
during ATP hydrolysis represents a signal of steady-state enzymatic activity. For this purpose, living
erythrocytes were incubated with and without different formulations of C-peptide and C5 (ex vivo
study). It was previously established that a concentration-dependent stimulation is observed in the
range 1–10 nM of C-peptide [40]. In our case, C-peptide in different preparations were tested at
physiological postprandial concentrations of 6 nM. To compare, C5 concentration was chosen to be
equal to concentration of C-peptide.

The results of calorimetric titration of erythrocyte suspension by tested formulations of C-peptide
are shown in Table 6. Ouabain is specific inhibitor of Na+/K+-ATPase, so it was used to prove that
observed heat production is attributed to Na+/K+-ATPase activity in presence of C-peptide. As it was
expected, no heat release was observed under incubation of erythrocytes with C-peptide in presence of
ouabain. Both C-peptide and its C-terminal fragment C5 stimulated Na+/K+ ATPase in erythrocytes
but in the case of C5 activation effect was slightly higher. The high activity of C-terminal pentapeptide
fragment of C-peptide was proved earlier both ex vivo and in vivo. Using rat C-peptide Ohtomo et al.
has shown that Na+/K+-ATPase activity of C-terminal pentapeptide (EVARQ) was found to 103% of
the intact molecule’s activity [43]. Nordquist et al. showed that administration of the rat C-peptide
fragment EVARQ has similar effects on glomerular filtration rate and blood glucose levels as the intact
C-peptide molecule in rats [26].

In our case, the biological effect of tested C-peptide formulations was different. For encapsulated
systems the drug loading, and consequently the release rate, influenced on measured heat release. The
highest value of ΔH was detected when C-peptide loading was high (604 μg/mg of nanospheres). The
observed high effect can be a sum of both C-peptide burst release and Na+/K+-ATPase activation by the
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released C-peptide. In turn, the application of low-loaded nanospheres (147 ± 4 μg/mg of nanospheres)
that demonstrated a very slow release of C-peptide, gave much lower heat production. This result
can be attributed to a much less amount of free C-peptide involved in Na+/K+-ATPase activation.
A comparable result was also observed for nanospheres with a low loading of C5 (143 ± 3 μg/mg of
nanospheres).

Table 6. Results of isothermal titration microcalorimetry experiments.

# Experimental Condition
ΔH, μJ

Normalized to Control

1 C-peptide + ouabain 0 *
2 C-peptide −102 ± 7 *
3 C5 −136 ± 9 *
4 C-peptide encapsulated in KF3 nanospheres (HLD) −265 ± 19 **
5 C-peptide encapsulated in KF3 nanospheres (LLD) −65 ± 5 **
6 C-peptide immobilized on the surface of EF2 nanospheres −213 ± 16 ***
7 C5 encapsulated in KF3 nanospheres (LLD) −54 ± 6 **
8 C5 immobilized on the surface of EF2 nanospheres −15 ± 4 ***

* 0.9% NaCl was used as a control; ** KF3 nanoparticles in 0.9% NaCl was used as a control; *** EF2 nanoparticles in
0.9% NaCl was used as a control.

The covalent immobilization of C-peptide and C5 on the particle surface was carried out in
the same way to provide the one-point attachment of peptide through its N-terminus. Firstly, such
immobilization ensures the peptide sequence remains untouched and secondly, the accessibility to
C-terminus, which is important for biological activity. The formed amide bond between peptide and
polymer side-chain is stable in the peptidase-free media and, therefore, no release is possible in PBS.
Thus, the heat release measured for immobilized forms of peptides is responsible for Na+/K+-ATPase
activation with C-peptide/C5 located at surface of nanospheres. As it can be seen from data presented
in Table 6, the activity of immobilized C-peptide was much higher than this determined for bound
C5. The poor activity of C5 is conditioned by steric hindrances in interaction of short peptide located
at the particle’s surface with erythrocytes. Contrary to C5, the accessibility of more elongated and
better in solution exposed peptide is much higher. Thus, for this kind of formulation, the application
of C-peptide-bearing nanospheres rather than that of C5 appears to be a worthy prospect.

4. Conclusions

In this work, the random amphiphilic polypeptides with prolonged stability to biodegradation
were synthesized and characterized. For both anionic and cationic polymers, the pH of self-assembly
did not influence the hydrodynamic size of nanospheres in a wide range of pH. All self-assembled
nanospheres were stable in 0.01 M PBS at 4 ◦C (storage stability) at least three months. In culture
medium-containing proteins, the anionic nanospheres were stable but the cationic ones were
aggregated. This instability in the culture medium seems to be one of the main reasons of the
cytotoxicity of the P(L-Lys-co-D-Phe) nanospheres. In turn, the stable in culture medium anionic
particles did not demonstrate any cytotoxicity up to the concentration of 500 μg/mL. The successful
application of the developed nanospheres for C-peptide and its short fragment C5 encapsulation and
immobilization was demonstrated. Both formulations were stable under storage conditions for three
months in regards of their size and C-peptide content. The developed novel formulations of C-peptide
demonstrated high biological effects by stimulating Na+/K+-ATPase activity in erythrocytes and some
can be considered for further examination in experimental animals.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/1/27/s1,
Figure S1. Scheme of synthesis of NCAs of γ-Bzl-L-Glu (A), ε-Z-L-Lys (B) and D-Phe (C), Figure S2. 1H NMR
spectra of P(Glu(OBzl)-co-Phe) (A) and P(Glu-co-Phe) (B) obtained after deprotection of γ-glutamic carboxyls.
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Abstract: In view of the increasing interest in natural antimicrobial molecules, this study screened the
ability of Thymus capitatus (TC) essential oil and Citrus limon var. pompia (CLP) extract as raw extracts
or incorporated in vesicular nanocarriers against Streptococcus mutans and Candida albicans. After
fingerprint, TC or CLP were mixed with lecithin and water to produce liposomes, or different ratios
of water/glycerol or water/propylene glycol (PG) to produce glycerosomes and penetration enhancer
vesicles (PEVs), respectively. Neither the raw extracts nor the nanovesicles showed cytotoxicity
against human gingival fibroblasts at all the concentrations tested (1, 10, 100 μg/mL). The disc diffusion
method, MIC-MBC/MFC, time-kill assay, and transmission electron microscopy (TEM) demonstrated
the highest antimicrobial potential of TC against S. mutans and C. albicans. The very high presence
of the phenol, carvacrol, in TC (90.1%) could explain the lethal effect against the yeast, killing up to
70% of Candida and not just arresting its growth. CLP, rich in polyphenols, acted in a similar way
to TC in reducing S. mutans, while the data showed a fungistatic rather than a fungicidal activity.
The phospholipid vesicles behaved similarly, suggesting that the transported extract was not the only
factor to be considered in the outcomes, but also their components had an important role. Even if
other investigations are necessary, TC and CLP incorporated in nanocarriers could be a promising
and safe antimicrobial in caries prevention.

Keywords: Oral antimicrobials; caries prevention; natural extracts; nanovesicles

Pharmaceutics 2019, 11, 234; doi:10.3390/pharmaceutics11050234 www.mdpi.com/journal/pharmaceutics109



Pharmaceutics 2019, 11, 234

1. Introduction

As proposed in the “ecological plaque hypothesis”, a carious lesion develops under changed
environmental conditions, producing a corresponding disturbance to the stability of the resident
microflora [1]. Changes occur when the frequency of fermentable dietary carbohydrate intake is
increased. In such a situation, the biofilm spends more time at low pH, allowing Streptococcus mutans
to proliferate at the expense of the resident community. S. mutans contributes to the lowering of the pH
and the growth of acidogenic species at the expense of the resident microflora [2,3]. This breakdown
disrupts the de- and remineralization in teeth, pushing the equilibrium toward demineralization and
tooth cavities. Candida albicans can appear in cariogenic biofilm when bonded to S. mutans, thus
increasing the virulence of the biofilm and resulting in severe and recurrent caries in early childhood [4]
and in salivary disorders [5].

In addition to fluorine, the capacity of which has been widely recognized as an anti-carious
agent [5–7], a broad range of chemical agents have been used to reduce the cariogenicity of S. mutans
in the biofilm [8]. Nevertheless, the increasing phenomenon of antibiotic resistance [9] necessitates
the study of alternative therapeutic strategies to chemicals, and new substances, including natural
extracts, have been widely investigated [10,11]. The antimicrobial capacity of biomolecules relies
on the presence of chemical groups with distinct biosynthetic origins: Phenolic and polyphenols,
terpenoids, alkaloids, lectins and polypeptides, and polyacetylenes [12,13]. In particular, terpenoids
and flavonoids have demonstrated great potential against cariogenic bacteria and C. albicans [14–17].
Recently, encapsulation of natural molecules within lipid-based carriers has shown to increase their
efficacy by protecting them from degradation [18], enhancing bioavailability [19], and delivering
adequate concentration to the target tissues [20] or microorganisms [21].

Within lipid-based carriers, lamellar vesicles are composed of phospholipids, drugs, and, in some
cases, additive components, such as surfactants and co-solvents. The identification of the appropriate
combination of vesicle components is a matter of intensive study. Phospholipid nanovesicles having
high concentrations of glycerol as co-solvent (glycerosomes), and penetration enhancer-containing
vesicles (PEVs) have demonstrated a high efficacy in carrying polyphenols. Indeed, PEVs were
able to promote the penetration of the active components of S. insularis essential oil in the skin,
greater than that of control liposomes, and similarly, glycerosomes potentiated the aptitude of the
pompia extract to counteract oxidative stress in both keratinocytes and fibroblasts, preventing their
death [22,23]. Their versatility and absence of toxicity can make them suitable carriers for the delivery
of antimicrobial molecules.

Among the enormous number of plant genera, various types of Thymus of the Lamiaceae family,
and Citrus of the Rutaceae family have attracted attention for their bactericidal, fungicidal, and
anti-inflammatory activities [14,16,24]. In this work, Thymus capitatus (TC) and Citrus limon var. pompia
(CLP), typical species of Sardinia (Italy), were investigated. A great concentration of phenols has
been identified in the essential oil of TC [25]. In addition, the high availability of flavonoids rich in
polyphenolic rings [23] suggest great antimicrobial capacity for CLP.

Thus, in view of the increasing general interest in developing antimicrobials of natural origins,
which could, more specifically, be useful in caries prevention, this study aimed to assess the antimicrobial
efficacy of TC essential oil and CLP extract used as raw extracts or incorporated in vesicular nanocarriers
in the neutralization of S. mutans and C. albicans.

2. Materials and Methods

2.1. Plant Collection

The aerial parts (flowers, leaves and stems) of TC were collected in North Sardinia (40◦82′02′′ N;
8◦63′10′′ E) from wild plants growing on marl soil over limestone. Harvesting took place in mid-June
when the plants were fully flowering, in the so-called “balsamic time”, which is the period of the plant
growth cycle in which essential oil and/or specific metabolite production reaches its maximum.
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CLP fruit was harvested in January from plants growing on alluvial soil located near Cedrino
river in Orosei (40◦37′75′′ N; 9◦71′23′′ E). After harvest, the TC and CLP were immediately stored at
5 ◦C and processed within the following 24 h, as previously reported [23].

2.2. Extraction Procedures

The essential oil was extracted from the fresh aerial parts of TC. The collected parts were put
into a heated (30 ◦C) ventilated armoire (Memmert 260, Spinea, Venice, Italy) until dry. Then, 150 g
of the dried parts were powdered by milling the matrix with a ball-mill (Retsh Emax, Retsch GmbH,
Haan, Germany) for 20 min, and steam-distilled for 2 h using a circulatory Clevenger-type apparatus
(Merk KGaA, Dormstadt, Germany) according to the European Pharmacopoeia. The distillate was then
dried over anhydrous sodium sulphate and the obtained essential oil was stored at low temperature
until use. The chemical characterization of TC was conducted using a solution of the essential oil
in hexane.

CLP fruit rind (flavedo and albedo) was removed within 24 h of harvest and subjected to extraction
as previously reported [23]. Briefly, the rind was minced with a knife, dried, powdered, and dispersed
in a water/ethanol (50:50 v/v) blend. After centrifugation, the supernatant was collected, ethanol
was removed with a rotovapor (Buchi R 300, Buchi, Cornaredo, Italy), while water was removed
by freeze-drying. A fine yellow powder was obtained, and vacuum stored until use. The chemical
characterization of the extract was conducted using the powder dissolved in methanol (1:100 w/v).

2.3. Identification of TC and CLP Components

2.3.1. GC-MS Analysis of TC Essential Oil

The GC-MS analysis of a TC essential oil solution in hexane (dilution ratio 1:200 v/v, injection
volume 1 μL) was carried out by using an Agilent 7890 GC (Palo Alto, CA, USA) equipped with
a Gerstel MPS autosampler, coupled with an Agilent 7000C MSD detector (Palo Alto, CA, USA).
The chromatographic separation was performed on a HP-5MS capillary column (30 m × 0.25 mm,
film thickness of 0.17 μm), and the following temperature program was used: 60 ◦C hold for 3 min,
increased to 210 ◦C at a rate of 4 ◦C/min, held at 210 ◦C for 15 min, increased to 300 ◦C at a rate of
10 ◦C/min, and finally held at 300 ◦C for 15 min. Helium was used as the carrier gas at a constant flow
of 1 mL/min. The data was analyzed using a MassHunter Workstation B.06.00 SP1, with identification
of the individual components performed by comparison with the co-injected pure compounds and
by matching the MS fragmentation patterns and retention indices with literature data or commercial
mass spectral libraries (NIST/EPA/NIH 2008; HP1607 purchased from Agilent Technologies, Palo Alto,
CA, USA).

2.3.2. GC-FID Analysis of TC Essential Oil

The GC-FID analysis of a TC essential oil solution in hexane (dilution ratio 1:200 v/v, injection
volume 1 μL) was carried out by using an Agilent 4890N (Palo Alto, CA, USA) equipped with a FID
and an HP-5 capillary column (30 m × 0.25 mm, film thickness of 0.17 μm). The column temperature
was held at 60 ◦C for 3 min, then increased to 210 ◦C at a rate of 4 ◦C/min and held at 210 ◦C for 15 min,
then increased to 300 ◦C at a rate of 10 ◦C/min, and finally held at 300 ◦C for 15 min. Injector and
detector temperatures were 250 ◦C. Helium was used as the carrier gas at a flow rate of 1 mL/min.
The compound quantification in the essential oil was carried out by the internal normalization of FID
chromatogram. Results were expressed as a relative percentage.

A hydrocarbon mixture of n-alkanes (C9–C22) was analyzed separately under the same
chromatographic conditions to calculate the retention indexes with the generalized equation by
Van del Dool and Kartz [26], Ix = 100[(tx − tn)/(tn+1 – tn) + n], where tn and tn+1 are the retention times
of the reference n-alkane hydrocarbons eluting immediately before and after chemical compound “X”;
tx is the retention time of compound “X”.
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2.3.3. Targeted LC-MS/MS Analysis of CLP Extract

Liquid chromatography was performed by using a Flexar UHPLC AS system (Perkin-Elmer,
Shelton, CT, USA) equipped with a degasser, Flexar FX-10 pump, autosampler, and PE 200 column Oven
interfaced to an AB Sciex (Foster City, CA, USA) API4000 Q-Trap instrument as in Manconi et al. [23].
Briefly, a CLP extract solution in methanol (dilution ratio 1:100 w/v) was filtered through 0.20 μm
syringe PVDF filters (Whatmann International Ltd., Little Chalfont, Buckinghamshire, UK) and injected
(5 μL) in the LC-MS/MS system. The chromatographic separation was carried out on a XSelect HSS
C18 column (Waters, Milford, MA, USA) (100 × 2.1 mm i.d., 2.5 μm d). Mobile phase A was water
containing 0.1% formic acid, while mobile phase B was acetonitrile containing 0.1% formic acid. Elution
was carried out at 41 ◦C according to the following flow and solvent gradient: 0–4 min, isocratic 0%
solvent B and the flow changes from 300 μL to 350 μL; 4–6 min, linear gradient 0–12% B and the flow
achieves 400 μL/min; 6–12 min, linear gradient 12–20% B and flow constant at 400 μL/min; 16–17 min,
linear gradient 20–100% B and flow retrieves to 300 μL/min.

All quantitative data were elaborated with the aid of the Analyst software. Results were expressed
as μg/mg of the freeze-dried extract.

2.4. Vesicle Preparation and Characterization

Soybean lecithin was purchased from Galeno (Potenza, Italy). Glycerol, propylene glycol, and all
other products were purchased from Sigma-Aldrich (Milan, Italy).

2.4.1. Vesicle Preparation

The TC essential oil or CLP extract were incorporated into liposomes, glycerosomes, and
propylen glycol-penetration enhancer containing vesicles (PG-PEVs) using an environmentally-friendly
technique avoiding the use of organic solvents (Table 1).

Table 1. Composition of TC essential oil and CLP extract loaded liposomes, glycerosomes, and PG-PEVs.

Sample
Soy Lecithin

(mg)
Essential Oil/Extract

(mg)
Water
(mL)

Glycerol
(mL)

PG
(mL)

TC liposomes 60 10 1.0 – –
TC glycerosomes 60 10 0.5 0.5 –

TC PG-PEVs 60 10 0.5 – 0.5
CLP liposomes 60 10 1.0 – –

CLP glycerosomes 60 10 0.5 0.5 –
CLP PG-PEVs 60 10 0.5 – 0.5

Liposomes were formulated by dispersing lecithin (60 mg/mL) and TC essential oil or CLP extract
(10 mg/mL) in bidistilled water. The dispersions were sonicated (30 cycles, 5 s ON and 2 s OFF;
13 microns of probe amplitude) by using a Soniprep 150 (MSE Crowley, London, UK).

Glycerosomes were formulated by dispersing lecithin (60 mg/mL) and TC essential oil or CLP
extract (10 mg/mL) in a water:glycerol blend (50:50 v/v). The dispersions were sonicated (30 cycles, 5 s
ON and 2 s OFF; 13 microns of probe amplitude) by using a Soniprep 150 (MSE Crowley, London, UK).

PG-PEVs were formulated by dispersing lecithin (60 mg/mL) and TC essential oil or CLP extract
(10 mg/mL) in a water:propylene glycol blend (50:50 v/v). The dispersions were sonicated (30 cycles, 5 s
ON and 2 s OFF; 13 microns of probe amplitude) by using a Soniprep 150 (MSE Crowley, London, UK).

2.4.2. Vesicle Characterization

The average diameter and polydispersity index (PI; a measure of width of the size distribution) of
the vesicles were determined by Photon Correlation Spectroscopy using a Zetasizer nano (Malvern
Instruments, Worcestershire, UK). Samples (n = 6) were backscattered by a helium-neon laser (633 nm)
at an angle of 173◦ and a constant temperature of 25 ◦C. The zeta potential of the vesicles, an indicator
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of the stability of vesicular dispersions, was estimated by using the Zetasizer nano by means of the
M3-PALS (phase analysis light scattering) technique, which measures the particle electrophoretic
mobility. Prior to the analysis, the samples (10 μL) were diluted with the appropriate mixture (i.e., water
or water/glycerol or water/propylene glycol, 10 mL). A long-term stability study was performed by
monitoring the vesicle size, polydispersity index, and zeta potential over 60 days at 4 ◦C.

2.5. Cytotoxicity Assay

Human gingival fibroblasts (HGFs) were isolated from biopsies of gingiva from human
adult patients, all informed and consenting (ethical approval by ethics committee review boards
for human studies in Sassari, ref. number 2034/2014). The samples were disinfected in
poly(vinylpyrrolidone)–iodine solution (PVP-I, Sigma Aldrich Chemie GmbH, Munich, Germany)
for 3 min and washed twice in Hank’s balanced salt solution (HBSS; Sigma Aldrich Chemie GmbH,
Munich, Germany). Dissociation was then performed by mechanical fragmentation and enzymatic
digestion in 0.1% type I collagenase (Gibco Life Technologies, Grand Island, NY, USA) for 120 min
at 37 ◦C in Hanks balanced salt solution (HBSS; Sigma Aldrich Chemie GmbH, Munich, Germany).
The cell suspension was filtered through a 70 μm cell strainer (Euroclone, Milano, Italy) and centrifuged
at 1800 rpm for 10 min. Then, the cells were transferred in culturing medium containing DMEM
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum
(FBS, Invitrogen, Carlsbad, CA, USA), 200 U/mL penicillin, and 0.1 mg/mL streptomycin. The cells
seeded in culture flasks were placed at 37 ◦C in a humidified atmosphere containing 5% CO2. The MTT
assay was used to analyze the cytotoxic effect of the two extracts on fibroblasts, according to recently
published papers [27,28]. In total, 1 × 104 cells were suspended in 96-well plates diluted in 200 μL
of medium. After attachment, the cells were incubated for 48 h with 200 μL of medium containing
the different compounds to be tested at different concentrations (1, 10, 100 μg/mL). After 48 h, the
medium was removed and 100 μL of 0.65 mg/mL MTT were added in each well and incubated for 3 h.
The MTT (yellow tetrazolium salt) was enzymatically converted into purple formazan precipitate by
viable cells. The concentration of formazan represents an indicator of viable cells. After removing the
medium, 100 μL of DMSO was added to dissolve the formazan participates. Finally, absorbance was
detected at the 570 nm wavelength by an ELISA plate reader (Gemini EM Microplate Reader; Molecular
devices, San Jose, CA, USA). Control untreated cells were incubated for 48 h with the medium alone
(100% viability).

The relative viability of the cells, as compared to the control, was calculated using the
following formula:

% cell viability = (OD570 of treated cells) × 100%/(OD570 of control cells).

The data were entered using SPSS Version 2.0 (IBM SPSS, 2013). An ANOVA test was used to
analyze the data obtained, and the level of significance was set at p < 0.001.

2.6. Antimicrobial Assays

Antimicrobial analysis was conducted using the following planktonic microorganisms: S. mutans
(ATCC 35668); C. albicans (ATCC 10231).

2.6.1. Preparation of the Microbial Inocula

Stock culture of each tested microorganisms maintained at −20 ◦C was recovered by subculturing
on nutrient agar plates using Mueller Hinton Agar (MHA) (Sigma-Aldrich) with the addition of sheep
blood for S. mutans, while for C. albicans, Sabouraud Destrose (IFU) was used in accordance with
the European Committee on Antimicrobial Susceptibility Testing. One or two colonies of the same
morphological type were selected from the plates and aseptically transferred into test tubes containing
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2 mL of sterile saline by means of a sterile loop. McFarland standard was used as a reference to adjust
the turbidity of the bacterial suspensions to the required range for bioassays (1–2 × 108 UFC/mL).

2.6.2. Disc Diffusion Method

The assessment of the antimicrobial activity of the raw extracts and that of the corresponding
extracts incorporated in the nanovesicles was carried out using the disc diffusion method [12]. Sterile
Whatman filter paper discs of a 6 mm diameter were impregnated with 15 μL of each sample in a
sterile biological safety cabinet. The discs were then aseptically placed in the center of inoculated petri
plates (9 cm in diameter) uniformly spread with 0.1 mL of the overnight culture of each microorganism.
The plates were refrigerated at 4 ◦C for 2 h to allow the samples to diffuse into the agar medium
and then incubated upside down at 37 ◦C for 48 h. The tests were conducted in triplicate and the
measurement of the inhibition zones was read at 24 and 48 h. A paper disc without antimicrobials was
used as a positive control for the growth of the microorganisms. Gentamycin (10 mg/disc; Gibco) and
Ketoconazole (10 mg/disc; Janssen Pharmaceutics) were used as negative controls for bacterial and
fungal strains, respectively. The scale applied for the measurement of the antimicrobial activity as the
zone of inhibition was as follows (disc diameter included): Not sensitive (−) for total zone diameters ≤
12 mm; sensitive (+) for diameters ranging between 12 and 19 mm; extremely sensitive (+++) for zone
diameters ≥ 20 mm. The bioassays were conducted in a biological safety cabinet in accordance with
the protocols of Clinical and Laboratory Standards Institute (CLSI), formerly National Committee for
Clinical Laboratory Standards [29].

2.6.3. Minimum Inhibitory Concentration (MIC), Minimum Bactericidal Concentration (MBC), and
Minimum Fungicidal Concentration (MFC)

The MIC, MBC, and MFC of the raw extracts and that of the nanovesicles against S. mutans and C.
albicans were determined using a broth microdilution method according to standard guidelines [30,31].
In 96-well microtiter trays, each sample was subjected to two-fold serial dilutions (2.5–0.078 mg/mL)
in MHA or Sabouraud Destrose Liquid Medium for bacteria and yeasts, respectively, and the wells
were inoculated with 103 to 104 bacteria or yeast cells from 24 h broth cultures; the plates were then
incubated at 37 ◦C for 24 h. The MIC was defined as the lowest concentration of each sample that
completely inhibited microorganisms’ growth. MBCs and MFCs were determined by sub-culturing
small aliquots (10 μL) of the suspensions from wells not showing microbial onto solid media (MHA and
Sabouraud Dextrose Agar for the bacteria and the yeast, respectively). The MBC and MFC values were
defined as the lowest concentrations that produced no colonies on the agar plates.

2.6.4. Microbial Killing Rates by Time-Kill Assay

Time-dependent killing of the raw extracts and the nanovesicles were identified against
standardized microbial inocula of S. mutans and C. albicans in a liquid medium not supporting
cell growth [32]. Microorganisms in a logarithmic phase of growth were centrifuged at 2000 rpm
for 10 min, washed in phosphate-buffered saline (PBS, Dulbecco A; pH 7.3), and resuspended at the
density of 5 × 105 to 1 × 106 colony-forming units (cfu)/mL in appropriate volumes of PBS containing
suitable concentrations of each bioactive agent. An inoculum of microorganisms in PBS without
any antimicrobial was used as a control and was included in each assay. After the inoculation, the
suspensions were incubated at 37 ◦C. At time zero and at predetermined intervals (1, 2, and 3 h), 0.5 mL
of the mixtures were aseptically removed and subjected to serial 10-fold dilution in PBS; aliquots of
1 mL of the appropriate dilutions were then placed in petri dishes (90 mm diameter) and 19 mL of
molten MHA or Sabouraud Dextrose were added for S. mutans and C. albicans, respectively, swirling
thoroughly. The plates were then incubated for 48 h at 37 ◦C; the number of viable microorganisms
at each time was evaluated by counting plates with 30 to 300 colonies. These evaluations were done
in duplicate.
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2.7. Transmission Electron Microscopy

The ultramorphology of S. mutans and C. albicans after contact with the raw extracts and the
extract loaded vesicles, using MIC values, was studied using transmission electron microscopy (TEM).
Cell suspensions of S. mutans and C. albicans were aseptically removed from the cultures. Each culture
was divided into two groups, one of which was left untreated (control), while the other group (treated)
was further subdivided into four subgroups for microorganism species, each of which was treated
at the MIC of each bioactive agent as for the time-kill assay. Thereafter, both the subgroups and
the controls were incubated for 24 h at 37 ◦C. Subsequently, all the cell material was harvested by
centrifugation and prefixed with a 2.5% glutaraldehyde solution overnight at 4 ◦C. As in previous
studies under TEM [33–35], the pellets were washed in cacodylate buffer, pH 7.4, post-fixed in 1%
osmium tetroxide for 30 min, and washed twice in cacodylate buffer, dehydrated using ethanol in
increasing concentrations (25–100%), embedded in epoxy resin to make the blocks of the cell pellets,
cut into ultra-thin sections (80 μm in thickness) using a Diatome diamond knife, and stained with lead
citrate and uranyl acetate. Samples were placed on 50 mesh copper grids and observed under TEM
(Zeiss 109 EM Turbo, Königsallee, Göttingen, Germany).

3. Results

3.1. Chemical Composition

After GC-MS analysis, a total of 14 compounds were identified, representing 99% of the whole TC
essential oil. The chemical composition was dominated by carvacrol, which represents 90% of the total
active ingredients contained in the essential oil (Table 2).

Table 2. Main components of TC essential oil as analyzed by GC/GC-MS techniques. Results
are expressed as relative percentages obtained by internal normalization of FID chromatogram.
RI: experimental retention indexes on HP5 column.

Main Components of TC Essential Oil A% RI

p-cymene 1.1 1022.9
limonene 0.2 1026.5

1,8-cineole 0.6 1028.8
γ-terpinene 0.4 1066.5

linalool 1.6 1100.9
camphor 0.1 1142.5
borneol 0.7 1165.1

terpinen-4-ol 1.1 1176.9
α-terpineol 0.2 1192.7

Thymol 0.5 1294.6
carvacrol 90.1 1306.5

carvacrol acetate 0.1 1375.3
cariophyllene 1.0 1419.3

cariophyllene oxide 1.3 1586.2

The chemical characterization of CLP extract was carried out by targeted LC-MS/MS analysis.
Thirteen compounds belonging to flavanones and phenolic acids were identified and quantified,
as previously reported [23]. The main compound detected in the extract was quinic acid with a
concentration that matched 220 μg/mg of freeze-dried extract.

3.2. Vesicles Characterization

TC essential oil and CLP extract were incorporated in different types of phospholipid vesicles,
namely liposomes, glycerosomes, and PG-PEVs (Table 1), aiming at protecting the bioactive components
from possible degradation and controlling their release.
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The physical characteristics of the different vesicle systems are reported in Table 3. TC essential oil
and CLP extract loaded liposomes were around 86 and 137 nm, respectively. The addition of glycerol
(glycerosomes) or propylene glycol (PG-PEVs) led to an increase in size, which was more significant
when using TC essential oil. Regardless of the composition of the vesicles, the polydispersity index,
which is a dimensionless measure of the broadness of the size distribution, was always ≤0.3, thus
indicating a homogeneous distribution of the vesicle size in the dispersions. The zeta potential of the
vesicles was generally highly negative, predicting a good stability of the vesicle dispersions during
storage. Indeed, the long-term stability studies (60 days at 4 ◦C) showed that the variation in the vesicle
size, polydispersity index, and zeta potential were never greater than 10%.

Table 3. The main physico-chemical properties of TC and CLP loaded liposomes, glycerosomes,
and PG-PEVs are reported: Mean diameter (MD), polydispersity index (PI), and zeta potential (ZP)
estimated by dynamic and electrophoretic light scattering. Mean values ± standard deviations were
obtained from 8 replicates.

Sample
MD
(nm)

PI
ZP

(mV)

TC liposomes 86 ± 12 0.25 –72 ± 12
TC glycerosomes 479 ± 40 0.23 –49 ± 3

TC PG-PEVs 337 ± 45 0.24 –50 ± 1
CLP liposomes 137 ± 16 0.26 –43 ± 4

CLP glycerosomes 180 ± 16 0.30 –51 ± 9
CLP PG-PEVs 218 ± 28 0.30 –65 ± 5

3.3. Cytotoxicity Assay

HGFs were treated or not (control) with different concentrations of TC and CLP for 48 h.
The cell viability in the presence of the investigated compounds was assayed. Using one-way
ANOVA, no significant differences (p < 0.001) were found between the treated cells and control cells.
In addition, both TC liposome (100 μg/mL) and TC PG-PEVs (100 μg/mL), as well as CLP liposome
(100 μg/mL) treated cells exhibited a significant increase in cell viability, as compared to untreated cells
(Figures 1 and 2), indicative of a proliferative effect.

Figure 1. MTT assay after 48 h exposure to different concentrations (100, 10, 1 μg/mL) of TC essential oil,
TC liposomes, TC glycerosomes, and TC PG-PEVs. ANOVA analysis showed high significance values
(* p < 0.001) for liposomes and PG-PEVs at 100 μg/mL vs. the untreated control (0; 100% viability).
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Figure 2. MTT assay after 48 h exposure to different concentrations (100, 10, 1 μg/mL) of CLP essential
oil, TC liposomes, TC glycerosomes, and TC PG-PEVs. ANOVA analysis showed high significance
values (* p < 0.001) for liposomes at 100 μg/mL vs. the untreated control (0; 100% viability).

3.4. Disc Diffusion Method

Antimicrobial susceptibility tests on discs impregnated with 15 μL of each sample showed that
TC had an inhibition capacity towards the tested microorganisms. Also, this preliminary screening
demonstrated that TC in the nanovesicles had similar antibacterial effects to the raw essential oil.
The·raw CLP extract did not display any antimicrobial activity, neither against S. mutans nor C. albicans.
Conversely, when CLP extract was delivered by the nanovesicles, the antimicrobial activity against
S. mutans increased, while it remained ineffective against C. albicans. In Tables 4 and 5, the antimicrobial
activity and 95% CI of the halo inhibition diameters (mm) against S. mutans and C. albicans are reported.

Table 4. Descriptive statistics for the antimicrobial activity of TC essential oil against the microorganisms
using the disc diffusion assay.

TC Essential Oil
S. mutans C. albicans

Mean ± SD 95%CI Mean ± SD 95%CI

Raw oil 12 ± 0 12–12 12 ± 0.5 10.76–13.24
Liposomes 13 ± 0 13–13 0 ± 0 0–0

Glycerosomes 11 ± 0 11–11 11.83 ± 0.29 11.12–12.6
PG-PEVs 0 ± 0 0–0 9 ± 1.73 4.69–13.30

Gentamicin 14 ± 0 14–14 - -
Ketoconazole - - 11.33 ± 0.58 9.89–12.77

Table 5. Descriptive statistics for the antimicrobial activity of CLP extract against the microorganisms
using the Disc Diffusion assay.

CLP Extract
S. mutans C. albicans

Mean ± SD 95%CI Mean ± SD 95%CI

Raw extract 0 ± 0 0–0 0 ± 0 0–0
Liposomes 8.97 ± 0.58 8.82–9.11 0 ± 0 0–0

Glycerosomes 14 ± 0 14.0–14.0 0 ± 0 0–0
PG-PEVs 10 ± 0 10–10 0 ± 0 0–0

3.5. MIC-MBC/MFC

Raw TC essential oil showed high activity against S. mutans with an MIC and MBC of 0.5 mg/mL
(Table 6). Raw CLP extract inhibited S. mutans with an MIC and MBC of 0.625 mg/mL. However,
TC essential oil and CLP extract loaded in liposomes were not effective against the bacteria with an
MIC range >2.5 mg/mL, whereas MICs for TC essential oil and CLP extract loaded in glycerosomes
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and PG-PEVs were <0.078 mg/mL, meaning that no bacterial growth was achieved even at the lower
concentrations. Regarding C. albicans, MIC and MFC values for the raw TC essential oil were the most
effective among the samples tested (Table 7). TC essential oil loaded vesicles were not effective against
the yeast (MIC and MBC >2.5 mg/mL), regardless of how they were formulated. MIC and MFC values
for raw CLP against C. albicans were 0.625 mg/mL, while all vesicles loading CLP extract were not able
to inhibit the yeast.

Table 6. Minimum inhibitory concentrations (MICs), minimum bactericidal concentrations (MBCs),
and minimum fungicidal concentrations (MFCs) (expressed as mg/mL) of TC essential oil and TC
loaded in nanovesicles against S. mutans and C. albicans determined by the broth microdilution method.

Strain
Raw Essential Oil Liposomes Glycerosomes PG-PEVs

MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC

S. mutans 0.5 0.5 >2.5 >2.5 <0.078 <0.078 <0.078 <0.078

C. albicans 0.25 0.5 >2.5 >2.5 >2.5 >2.5 >2.5 >2.5

Table 7. Minimum inhibitory concentrations (MICs), minimum bactericidal concentrations (MBCs),
and minimum fungicidal concentrations (MFCs) (expressed as mg/mL) of CLP extract and CLP loaded
in nanovesicles against S. mutans and C. albicans determined by the broth microdilution method.

Strain
Raw Essential Oil Liposomes Glycerosomes PG-PEVs

MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC MIC MBC/MFC

S. mutans 0.625 0.625 >2.5 >2.5 <0.078 <0.078 <0.078 <0.078

C. albicans 0.625 0.625 >2.5 >2.5 >2.5 >2.5 >2.5 >2.5

3.6. Time-Kill Assay

A time-kill assay was used to further evaluate the antimicrobial activities of the samples. Despite
its subjective character, the MIC assay is used to judge the performance of the other methods of
susceptibility testing [36]. In our case, MICs for raw TC essential oil and loaded in nanovesicles against
S. mutans ranged from <0.078 mg/mL to >2.5 mg/mL, while MICs against C. albicans ranged from
0.25 mg/mL to >2.5 g/mL. Thus, because of the wide range of MICs, we identified the MICs of raw TC
against S. mutans (0.5 mg/mL) and C. albicans (0.25 mg/mL) as suitable concentrations to conduct a
time-course of microbial viability for TC essential oil loaded in vesicles (Figure 3). Similarly, microbial
viability for non-incorporated CLP extract and that loaded in vesicles against the target microorganisms
was conducted as MICs for the bacteria and the yeast (0.625 mg/mL). The results demonstrated that the
inoculum of S. mutans was reduced to 11% within 3 h after the addition of raw TC essential oil; and
C. albicans’ viability was inhibited to 30% after 3 h of exposure to the raw oil. Raw CLP extract reduced
the viability of S. mutans to 18%, whereas it was not able to inhibit the yeast significantly within the 3 h
of this experimentation. The nanovesicles, regardless of the loaded TC essential oil or CLP extract,
at the tested concentrations of MICs could arrest neither the growth of S. mutans nor that of C. albicans,
except for CLP in PG-PEVs, which showed an inhibition ability towards the yeast (Figure 3).
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Figure 3. Time-kill curves of S. mutans and C. albicans treated with TC essential oil, CLP extract, and
their nanovesicles.

3.7. Transmission Electron Microscopy (TEM)

3.7.1. Untreated S. mutans

Under TEM, untreated S. mutans appeared in clusters and showed an intact and well-defined cell
wall (CW), plasma membrane (PM), and cytoplasmic space. The nucleoid could be seen in some cells
located in an eccentric position in the cytoplasm (Figure 4A).

Figure 4. (A) Untreated S. mutans shows an intact and well-defined cell wall (CW), plasma membrane
(PM), and cytoplasmic space with a nucleoid (N). (B) When treated with TC essential oil, S. mutans
appears swollen and degenerated with clear evidence of rupture of the CW and PM up to cell
disintegration. (C) After contact with CLP extract, S. mutans displays features of degeneration
comparable to those described in the cells treated with TC essential oil.(D) Regardless of the extract
loaded, after contact with liposomes, S. mutans showed a well-conserved morphology in comparison
to the control, whereas (E) after contact with glycerosomes, the cells appear swollen and show the
enlargement of the wideness between CW and PM, and (F) after contact with PG-PEVs, the cells are
surrounded by dense globules infiltrating the CW with perforation of the CW and PM. Other cells
appear clearly disintegrated in the cluster.
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3.7.2. Treated S. mutans

When treated with TC essential oil, the cluster of S. mutans showed a high range of degenerated
cells. The cells appeared swollen and deformed with a clearly observed rupture of CW and PM in
addition to cytoplasm degeneration up to cell disintegration (Figure 4B). After contact with CLP extract,
S. mutans showed morphological aspects of degeneration comparable to those described in the cells
treated with TC essential oil (Figure 4C). After contact with liposomes (Figure 4D), S. mutans showed a
well-conserved morphology in comparison to the control, whereas after contact with glicerosomes
(Figure 4E), the cells showed characteristic enlargement of the wideness between the CW and PM, and
after PG-PEV contact (Figure 4F), the cells appeared surrounded by dense globules infiltrating the CW
and displayed perforation of the CW and membrane. Occasional aspects of cell degeneration were
also reported using PG-PEVs.

3.7.3. Untreated C. albicans

The ultrastructure of the yeast shows a prominent and amorphous CW surrounding the inner PM
and the dark intracytoplasmatic space (Figure 5A). Microfibrils of β glucans could be seen in the outer
layer of the membrane. Microfibrils formed a wide-meshed network of fibrils extending into the cell
wall (Figure 5B).

Figure 5. (A) Untreated C. albicans shows a prominent and amorphous CW surrounding the PM and the
dark intracytoplasmatic space. (B) Characteristic microfibrils of β glucans can be observed in the outer
layer of the membrane. Microfibrils are intermeshed into thicker bundles, forming a wide-meshed
network of fibrils extending into the cell wall. (C) After 24 h of contact with TC essential oil, the yeast
show features compatible with a fungicidal activity. The photograph shows alteration in the shape and
wideness of the CW with rupture of the PM and cytoplasm fragmentation of the yeast. (D) In other
cells, the PM appears ruffled and vacuoles of medium density and shape could be detected within the
cytoplasm. (E) Protoplasms treated with CLP extract show an enlargement of the wideness between
the CW and PM. (F) No morphological alterations could be observed neither in the PM nor in the
cytoplasm, suggesting a fungistatic rather than a fungicidal effect of CPL extract.
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3.7.4. Treated C. albicans

After 24 h contact with TC essential oil, C. albicans showed an alteration in the shape and wideness
of the CW with rupture of the PM together with cytoplasm fragmentation and features compatible
with cell death (Figure 5C). Other cells showed an irregularly ruffled PM with vacuoles (V) of medium
density and shape in the cytoplasm (Figure 5D). Protoplasms treated with CLP extract showed an
enlargement of the wideness between the CW and PM (Figure 5E). However, no morphological
alterations could be observed, neither in the PM nor in the cytoplasm, suggesting a fungistatic rather
than a fungicidal effect of CPL towards C. albicans (Figure 5F). After contact with liposomes (Figure 6A),
the cells showed a quite conserved morphology in comparison to the control, while after contact with
glycerosomes (Figure 6B) and PG-PEVs (Figure 6C), halos of different thicknesses delimiting and
infiltrating the CW were commonly observed in addition to occasional aspects of cell degeneration
using PG-PEVs.

Figure 6. (A) After contact with liposomes, the cells show quite conserved morphology in comparison
to the control, while (B) after contact with glycerosomes and (C) PG-PEVs, halos of different thicknesses
delimiting and infiltrating the CW are common features in the cells, with some occasional aspects of
cell degeneration using PG-PEVs.

4. Discussion

Despite developments in the understanding of biological and physico-chemical mechanisms,
dental caries remains one of the most common diseases of our era, affecting 60% to 90% of children
and 100% of adults worldwide [37]. The main methods of prevention have been based on the
daily use of fluoride toothpaste, a reduction in both the amount and regularity of sugar intake, and
drinking fluoridated water [6,38,39]. However, the effect of fluorine is mainly to increase resistance
to demineralization and promote remineralization in teeth, while its antimicrobial activity has not
generally been considered significant [40,41]. Hence, antimicrobial agents, directly interfering with the
metabolism of dental plaque, are required in addition to mechanical cleaning [8,42]. In particular, the
poor specificity of chemical agents [43] and global antimicrobial resistance [44–46] require new and
safe molecules able to target microorganisms selectively [47].

Given this context, we chose to study the antimicrobial capacity of TC essential oil and CLP extract
with the intention of identifying new natural agents taken from Sardinia’s biodiversity, which could
be useful against S. mutans and C. albicans. The extracts were incorporated in different phospholipid
nanovesicles with the intent to protect the bioactive molecules from degradation and volatility, while
modulating their delivery over time and improving its bioavailability and potency at the target
site [48]. Because in previous studies we had found that glycerosomes and PG-PEVs were effective in
transporting bioactive polyphenols [22,23], this study had the intention to test the possibility that the
same carriers would be useful in delivering antimicrobial TC essential oil and CPL extract. The vesicle
systems used in this experiment demonstrated a homogeneous distribution of particle size (PI≤ 0.3) and
a highly negative zeta potential, which, as a result of the index of the magnitude of repulsive interaction
between the colloidal particles, ensured the high stability of the nanodispersions [23,49]. Regardless of
their antimicrobial aggressiveness, none of the samples examined, at the concentrations used, showed
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cytotoxicity in gingival fibroblasts. This outcome confirms the use of Thyme biomolecules as safe
compounds (GRAS) [50] and contributes to the understanding of Citrus flavonoids in the field of
modern medicine. In addition, the data confirm the possible use of phospholipid nanovesicles as oral
systems [51].

The data also suggest that at selected doses, there will be a selective cytotoxicity of the natural
extracts towards microbes due to the fundamental differences in composition and structure of the
host cells, compared to those of bacteria and yeasts [52]. TC essential oil was the most effective
antimicrobial. The very high presence of the phenol carvacrol in TC essential oil (90.1%) could explain
the major activity of this fraction against S. mutans and C. albicans [15,17,53,54]. However, a synergistic
interaction of the oxigenate, terpene (1.1%); the bicyclic sesquiterpene, caryophyllene oxide (1.3%);
the terpenes, p-cymene and terpinen-4-ol (1.1%); and thymol (1.1%) could also be involved in the
antimicrobial ability [55,56]. In addition, a direct effect of caryophyllene oxide has been reported
against Streptococcus [57]. With regards to carvacrol, its high toxicity against microorganisms derives
from its hydrophobicity and allows it to partition the lipids of the cell membrane [58], making the
membrane destabilized and permeable [53,59,60], and thus leading to the leakage of ions and other
cell constituents, the impairment of several enzyme systems [17,61], and also endoplasmic reticulum
stress [15]. Toxicity requires a pH < pKa, in which case the peptide is fully positively charged, capable
of interacting with the anionic membrane of the cells [58], and thus able to enter the phospholipid
bilayer of the membrane. Accordingly, we used culture media with a pH range of 5.7–7 ± 0.1, which
allowed the pH dependence of carvacrol [53,59], pKa phenolic OH group ∼10.9 [62]. S. mutans and
C. albicans were severely inhibited by the raw essential oil as shown by the MBC-MFC/MIC ratio and
the time-kill kinetics (Tables 6 and 7, Figure 3). In particular, the MIC and MFC, in addition to the
killing kinetics, demonstrated that the TC essential oil was the most effective fungicidal, killing up to
70% of the yeasts and not just arresting their growth. These data were supported by the morphological
analysis of S. mutans and C. albicans showing cell features compatible to lethal and not inhibitory effects.

Regarding CLP extract, the chromatographic technique coupled with mass spectrometry revealed
it was rich in flavanones, flavones, and phenolic acid mainly represented by quinic acid (219.7 μg/mg),
followed by neoeriocitrin (46.5 μg/mg), neohesperidin (44.6 μg/mg), naringin (23.8 μg/mg), and sinapic
acid (30.1 μg/mg) [23]. Although the compounds in CLP extract belong to a different class with respect
to the components found in TC essential oil, they exerted the antimicrobial activity in a similar way by
reducing the growth and viability of S. mutans, as demonstrated by the MIC and time-kill assays. This
result is not in agreement with the disc diffusion assay, which seemed to demonstrate that CLP extract
was unable to inhibit S. mutans. We could explain the data as a misinterpretation of the therapeutic
efficacy of the extract using the agar disc. In fact, it is well known that the inhibition halo is an effect of
the capacity of the antimicrobial agent to diffuse into the agar, inhibiting germination and growth of
the test microorganism. However, it is also possible that antimicrobial cationic agents could combine
with the anionic agar polysaccharide gel [63], making this method imprecise in effectively predicting
the capacity of a compound. Despite its bactericidal ability, CLP extract was not effective as fungicidal
compound, as was evidenced by the MIC and time-kill assay (Table 7 and Figure 3). These data,
in addition to the TEM images, could suggest a fungistatic rather than a fungicidal effect of CLP
extract towards C. albicans. To explain the different susceptibility of the yeast to the extracts, a specific
toxicity of some of the TC essential oil’s active fractions, in particular, carvacrol [15,17,53,54], could be
supposed. A proteic partner in the phospholipid bilayer of the fungal membrane has been proposed
for carvacrol. This interplay is similar to most antifungal therapies, e.g., azoles among others, which
lead to a fungistatic effect [64]. In addition, antifungal therapies have side effects in humans and
cause an increase in Candida resistance [64–68]. Thus, although further studies are necessary, among
them an assessment of whether emerging resistance could be developed using multiple exposures to
TC essential oil, the fungicidal ability of this natural drug should be considered as a safe alternative
to chemicals.
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Regarding phospholipid vesicles, TC essential oil and CLP extract loaded in liposomes did not
display any antibacterial activity against S. mutans (MIC > 2.5 mg/mL). Conversely, TC essential oil
and CLP extract loaded in glycerosomes and PG-PEVs resulted in MICs that were unquantifiable,
meaning that no bacteria growth was detectable under these experimental conditions, even at the lowest
concentrations. Thus, it could be possible that glycerosomes and PG-PEVs exerted their antibacterial
activities after the 3 h time limit of the kill assay, at which point the raw extracts were effective against
the bacteria. It is likely that in some way, the vesicles might slow the release of the loaded bioactive
molecules within that time. In addition, we could suppose that the extract transported by the vesicles
was not the only factor in determining the toxicity against S. mutans. Under TEM, the prime target of
glycerosomes and PG-PEVs seemed to be the bacterial CW, which was surrounded by dense halos with
a tendency to reach the bacterial membrane. Although the vesicles may be too large to penetrate the
bacterial envelope, it is likely that the co-surfactant molecules partition the lipid compartments of the
bacterial cells. This may occur either directly (from the vesicles to the bacteria) or indirectly (through
the aqueous phase). As larger, lipophilic co-solvent molecules, such as glycerol and propylenglycol,
have a higher affinity for lipidic compartments than smaller, more hydrophilic compounds, they might
have contributed to the activity of the system [69]. This consideration may explain the different abilities
and morphological features of phospholipid vesicles against S. mutans.

Regarding the antimicrobial activity against C. albicans, glycerosomes and PG-PEVs displayed a
fungistatic activity, highlighting a greater resistance of the yeast membrane in comparison to that of
the bacteria.

5. Conclusions

On the bases of the data obtained in this study, TC essential oil possesses the highest antimicrobial
capacity against S. mutans and C. albicans. CLP extract showed bactericidal properties against S. mutans,
but it was not effective as a fungicidal compound. Regardless of the extract loaded, glycerosomes and
PG-PEVs behaved similarly against both the bacterium and the yeast.
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Abstract: The alarming growth of multi-drug resistant bacteria has led to a quest for alternative
antibacterial therapeutics. One strategy to circumvent the already existing resistance is the use of
photodynamic therapy. Antimicrobial photodynamic therapy (aPDT) involves the use of non-toxic
photosensitizers in combination with light and in situ oxygen to generate toxic radical species within
the microbial environment which circumvents the resistance building mechanism of the bacteria.
Hydrogels are used ubiquitously in the biological and pharmaceutical fields, e.g., for wound dressing
material or as drug delivery systems. Hydrogels formed by water-insoluble low-molecular weight
gelators may potentially provide the much-needed benefits for these applications. Bolalipids are
a superior example of such gelators. In the present work, two artificial bolalipids were used, namely
PC-C32-PC and Me2PE-C32-Me2PE, which self-assemble in water into long and flexible nanofibers
leading to a gelation of the surrounding solvent. The aim of the study was to create stable hydrogel
formulations of both bolalipids and to investigate their applicability as a novel material for drug
delivery systems. Furthermore, methylene blue—a well-known photosensitizer—was incorporated
into the hydrogels in order to investigate the aPDT for the treatment of skin and mucosal infections
using a custom designed LED device.

Keywords: hydrogel; drug delivery system; self-assembly; bolaform amphiphilic lipids; bolalipids;
aerogel; chorioallantoic membrane model; antimicrobial photodynamic therapy

1. Introduction

Inappropriate use of antibiotics in humans and agriculture in recent decades has led to a rapid
development of multi-drug resistant bacteria. According to WHO, antibiotic resistance is one of the
biggest threats to global health, food security, and development, leading to longer hospital stays, higher
medical costs and increased mortality [1]. Therefore, research into novel strategies to combat bacterial
infections have become highly relevant. Photodynamic activity of chemical compounds towards
bacterial microorganisms has been effective in the treatment of localized microbial infections [2].
The use of non-toxic photosensitizers in combination with light and in situ oxygen generates toxic
radical species in the microbial environment [3,4]. Due to the unselective mechanism of action,
antimicrobial photodynamic therapy (aPDT) has a broad spectrum of activity. In previous studies,
it could be shown that antibiotic-resistant strains such as methicillin-resistant Staphylococcus aureus
are as sensitive towards aPDT as non-resistant Staphylococcus aureus [4]. However, PDT is not only
used in antibacterial research, but also in antifungal therapy [5,6]. In contrast to the PDT of tumors in
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which the photosensitizer is injected intratumorally or intravenously and is afterwards accumulated in
the tumor tissue, the photosensitizer in aPDT is applied locally to the infected area, thereby making
aPDT particularly suitable for the treatment of skin and soft tissue infections, such as burns or ulcus
cruris [3,7].

For the local treatment, a drug delivery system (DDS) is necessary to deliver the drug in a controlled
manner. Hydrogels have been used previously as DDS or wound dressing materials and possess most of
the desirable characteristics [8–10]. They offer a moist wound environment, absorb blood and exudate
and are suitable for cleansing of dry, sloughy or necrotic wounds by rehydrating dead tissues and
enhancing the autolytic debridement [10]. Nevertheless, complications such as non-biodegradability,
unfavorable mechanical properties or low biocompatibility are well-known limitations of the hydrogel
technology in general [11].

Low biocompatibility is caused by the use of toxic cross-linkers or remaining unreacted monomers,
oligomers and initiators of the hydrogel itself [12]. A broad variety of gelling agents have been described
whereas low-molecular weight gelators have shown great potential as controlled DDS [13]. Within this
expanding field of low-molecular weight gelators, lipids, which can self-assemble in hydrophilic media
and thus form hydrogels, have garnered much interest [13]. A promising class among them are bipolar
lipids, the so-called bolalipids. Bolalipids are defined as molecules that possess hydrophobic repeating
units connecting hydrophilic head groups at the two ends of the hydrophobic core [14]. Both head groups
can be identical (symmetric bolalipids) or they can differ in their size, charge, polarity and/or ability
to (de) protonate (asymmetric bolalipids) [15–18]. Natural bolalipids originated from the membrane
lipids of certain species of Archaea, especially from those of thermoacidophiles [19]. Archaea, apart
from bacteria and eukaryotes, represent one of the three domains of life [20]. The organism Archaea
thermoacidophiles is commonly found in exceptional ecological niches with high temperature of about
90 ◦C and a low pH of 2. These life circumstances result in the need of stable membranes, which make the
bolalipids an interesting choice for new, innovative DDS. Previous work has shown that these naturally
occurring lipids are well suitable to stabilize DDS [21–25].

Due to the fact, that the isolation of archaeal bolalipids from natural sources is expensive and often
leads to a mixture of bolalipids with different alkyl chain pattern and head groups, artificial bolalipids
offer an advantageous alternative [22,26,27]. A special class of artificial bolalipids, the single-chained
ones, are able to form hydrogels by self-assembly [28]. This capacity is based on their ability to form
an extended network of entangled helical nanofibers of 6–7 nm thickness depending on the concentration
of bolalipid and the pH of the dispersion medium [28–30]. The self-assembly into nanofibers is mainly
driven by hydrophobic (van-der-Waals) interactions of the long, single alkyl chain. In some cases,
depending on the structure of the head group, these fibers are stabilized by hydrogen bonds. Finally,
the fibers interact with the surrounding medium (water) also by means of hydrogen bonds, which leads
to an efficient gelation of the solvent.

In the present work, we focused on two artificial bolalipids, namely PC-C32-PC and
Me2PE-C32-Me2PE, which are composed of a long C32 alkyl chain and either two phosphocholine
(PC) or dimethylphosphoethanolamine (Me2PE) head groups. The chemical structures are depicted in
Figure 1. Previous characterizations of the investigated bolalipids demonstrated gel formation with
concentrations lower than 1 mg/mL [31,32] which makes them highly interesting as material for the
use in novel DDS.

The aim of the study was to create stable formulations of both bolalipids and to investigate
their applicability as a novel material for DDS. Furthermore, methylene blue (MB), a well-known
photosensitizer [33–36] was incorporated into the formulations in order to consider the application of
these formulations in aPDT for the treatment of skin and mucous infections.

For the characterization of all formulations, rotation viscometry as well as scanning electron
microscopy was used. Drug release was performed using Franz diffusion cells. In addition to
physical characterization of the bolalipid formulations, the biological aspects of DDS requirements
were investigated. The ability of PC-C32-PC and Me2PE-C32-Me2PE to inhibit microbial growth of
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bacteria and fungi itself was examined by means of agar diffusion method [37,38]. To investigate the
compliance on mucous tissue, the bolalipid formulations were topically applied on the chorioallantoic
membrane (CAM) model and structural changes of the blood vessels were investigated [39].

Figure 1. Chemical structure of bolalipids PC-C32-PC and Me2PE-C32-Me2PE used in this study.

2. Materials and Methods

2.1. Materials

The bolalipids dotriacontane-1,1′-diylbis [2-(trimethylammino)ethyl phosphate] (PC-C32-PC)
and dotriacontane-1,1′-diylbis [2-(dimethylammino)ethyl phosphate] (Me2PE-C32-Me2PE) were
synthesized at the MLU Halle-Wittenberg (Halle, Germany) according to procedures described
previously [40,41]. Sodium dodecyl sulfate and methylene blue were purchased from Carl Roth
GmbH and Co. KG (Karlsruhe, Germany). Hydroxyethyl cellulose 300 (HEC 300; Mw ~ 807 g/mol)
was obtained from Caesar and Loretz GmbH (Hilden, Germany). Physiological saline solution was
purchased from B Braun (Melsungen, Germany). Saccharomyces cerevisiae were obtained from a retail
outlet. Clinically isolated Staphylococcus aureus (ATCC 25923) was determined using MALDI Biotyper
(Bruker Corporation, Billerica, MA, USA). Fertilized chicken eggs were obtained from Brormann
GmbH (Rheda-Wiedenbrück, Germany). For all experiments ultrapure water from PURELAB®® flex
4 (ELGA LabWater, High Wycombe, UK) was used.

2.2. Preparation of Hydrogels and Aerogels

A defined amount of 5 mg/mL PC-C32-PC or Me2PE-C32-Me2PE was dissolved in ultrapure water
in a 100 ◦C water bath. After cooling to room temperature, gelation occurred. For the release studies,
MB was dissolved in the water prior to gelation. To compare the bolalipids with a commonly used
hydrogel, 5 mg/mL HEC 300 dissolved in ultrapure water was used. To obtain aerogels, 75 μL of the
hydrogels were pipetted into 96-well plates, frozen at −20 ◦C and transferred to a freeze dryer (ALPHA
1–4 LSC, Martin Christ Gefriertrocknungsanlangen GmbH, Osterode, Germany). The aerogels were
stored under dry conditions after the preparation. For the rheological measurements, the aerogels
were rehydrated in ultrapure water and stored at 37 ◦C.

2.3. Characterization

2.3.1. Rheological Characterization of Hydrogels and Rehydrated Aerogels

Rheometry was performed using a HaakeTM Rotovisco 1 (Thermo Scientific, Karlsruhe, Germany)
in the C/R ramp mode with cone/plate geometry of 60 mm in diameter and a slit of 0.54 mm. For each
measurement, a sample volume of 2 mL was necessary to fill the slit. Before the measurement started,
a recovery time of 10 min was applied after the slit size was reached. The recovery time was essential
to make sure that the pre-stressed sample relaxed. The temperature was kept constant at 20 ◦C during
the experiment, which was performed in triplicate for each substance.

2.3.2. Scanning Electron Microscopy (SEM) of Aerogels

To investigate the structure of bolalipid aerogels, SEM pictures were generated using Hitachi
S-510 scanning electron microscope (Hitachi-High Technologies Europe GmbH, Krefeld, Germany)
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under a high vacuum of 4 × 10−6 mbar at 5 kV accelerating voltage and 30 μA emission current [42].
The aerogels as well as freeze-dried HEC 300 hydrogels were sputter coated with gold at 1.3 × 10−1 mbar
vacuum under argon atmosphere for 1 min at 30 mA (Edwards S150, Edwards High Vacuum, Crawley,
UK) [43]. This procedure ensures a sufficient conductivity of organic material, increases the signal of
emitted electrons and leads to higher resolution of obtained pictures.

2.4. Release Studies

The release behaviors of bolalipid hydro- and aerogels were investigated using a vertical diffusion
cell with a release area of approx. 180 mm2 and a volume of 12 mL equipped with a 0.22 μm membrane
filter. Acceptor chamber was filled with physiological buffer and the temperature was maintained at
37.8 ◦C [44]. As reference, HEC 300 containing the same concentration of gelling agent and drug was
used. After placing the hydro- or aerogels into the donor chamber, samples were collected from the
acceptor chamber at defined time points. The concentration of MB was calculated using microplate
spectrometer (Multiskan™ GO, Thermo Scientific, Waltham, MA, USA) at a wavelength of 664 nm.
The experiment was conducted with six diffusion cells for each formulation.

2.5. Microbiology

2.5.1. Antifungal Activity of PC-C32-PC and Me2PE-C32-Me2PE Hydro- or Aerogels

To investigate the antifungal effect of bolalipid hydrogels and aerogels, the agar diffusion
test was used as described previously [37,38]. In brief, Mueller Hinton agar plates (BD GmbH,
Heidelberg, Germany) were inoculated with a suspension of Saccharomyces cerevisiae. The samples
containing PC-C32-PC or Me2PE-C32-Me2PE bolalipids were placed on the inoculated agar plates.
After incubation overnight (Heraeus GmbH and Co. KG., Hanau, Germany) at 30 ◦C and 60% relative
humidity, the antifungal activity was evaluated.

2.5.2. Antifungal Activity of Loaded PC-C32-PC and Me2PE-C32-Me2PE Aerogels by Means of PDT

Antifungal activity of bolalipid aerogels loaded with MB were investigated using PDT. The agar
plates were inoculated in the same manner as described above (2.5.1). Then the loaded aerogels
were placed on the inoculated agar plates. After an incubation time of 3 h, the complete agar plate
was irradiated (λex = 643 nm) using a custom designed LED device (Lumundus GmbH, Eisenach,
Germany) for 20 min resulting in a radiation fluence of 26.88 J/cm2. Further technical characteristics
of the device were described before [45]. Non-irradiated, loaded bolalipid aerogels as well as empty
aerogels and MB solution served as controls. Subsequently, the plates were returned into the incubator
and incubated overnight at 30 ◦C and 60% relative humidity. After 18 h, the antifungal effect was
evaluated. The experiments were performed in triplicate.

2.5.3. Antibacterial Activity of Loaded PC-C32-PC and Me2PE-C32-Me2PE Aerogels by Means of
aPDT

The aPDT studies were carried out on clinically isolated Staphylococcus aureus using the agar
diffusion test. Briefly, bacterial suspension was prepared performing the direct colony suspension method.
Afterwards a sterile cotton swap was dipped into the suspension and the agar plates (BD Columbia agar,
BD GmbH, Heidelberg, Germany) were inoculated. In a similar manner to the antifungal PDT experiments,
the samples were placed on the surface of inoculated agar plates and after an incubation time of 3 h the whole
area was irradiated (λex = 643 nm) using the LED device (radiation fluence 26.88 J/cm2). Non-irradiated,
loaded bolalipid aerogels as well as empty aerogels were used as controls. Finally, the treated plates were
returned to the incubator and incubated overnight at 37 ◦C and 5% CO2. After 20 h, the antimicrobial
effect was evaluated. The experiments were performed in triplicate.
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2.6. Biocompatibility

To evaluate the biocompatibility of the bolalipid hydro- and aerogels, the CAM model was used.
Upon delivery, fertilized chicken eggs were swabbed with 70% (v/v) ethanol and incubated at 37.8 ◦C
and 60–70% relative humidity in a hatching incubator (Ehret KMB 6, Ehret GmbH, Emmendingen,
Germany). Until egg development day (EDD) 4, the eggs were rotated all 4 h automatically. On EDD 4,
a window (∅ 3 cm) at the broad pole was opened using a pneumatic egg opener (Schuett-Biotec GmbH,
Göttingen, Germany). The eggs were then returned to the incubator [46].

2.6.1. Henn´s Egg Test on the Chorioallantoic Membrane (HET-CAM) of Hydrogels

On EDD 10, 300 μL of PC-C32-PC, Me2PE-C32-Me2PE or HEC 300 hydrogels were applied onto
the CAM surface and observed under a stereomicroscope (Stemi 2000-C, Carl Zeiss Microscopy GmbH,
Göttingen, Germany) at 13-fold magnification. Supplied shear stress during the pipetting procedure
led to liquefaction of bolalipid hydrogels. As a positive control, 1% (w/w) sodium dodecyl sulfate
(SDS) and as a negative control, physiological saline solution were used. Pictures were taken each
minute beginning with the contact of the sample to the CAM surface up to 5 min using a digital camera
connected to the stereomicroscope (Moticam 2000, Motic Deutschland GmbH, Wetzlar, Germany).
Each image was captured using the Motic Image Plus 2.0 software, followed by calculation of the
irritation score as described elsewhere previously [47]. The experiment was conducted with six eggs
for each substance.

2.6.2. Modified HET-CAM Assay with Bolalipid Aerogels

To evaluate the long-term biocompatibility of bolalipid aerogels, PC-C32-PC or Me2PE-C32-Me2PE
aerogels were carefully placed on the CAM surface at EDD 9. A daily analysis of the samples,
vessel formation and health of the CAM surface was carried out at 13-fold magnification using
a stereomicroscope [48,49]. Pictures were taken as described above. The experiment was performed
with five eggs for each bolalipid aerogel.

3. Results and Discussion

The aim of the study was to develop a stable and applicable DDS for aPDT based on the bolalipids
PC-C32-PC and Me2PE-C32-Me2PE. Previous characterizations were performed using 1 mg/mL
bolalipid resulting in a low stability of the hydrogels of this concentration [31,32]. Expecting an increase
in the macroscopic mechanical stability, for a perspective pharmaceutical application, the concentration
of bolalipids was elevated to 5 mg/mL.

3.1. Characterization of Hydrogels and Aerogels

After dispersion of 5 mg/mL bolalipid (PC-C32-PC or Me2PE-C32-Me2PE) in ultrapure water,
a hydrogel formation has been reported [28,30]. The hydrogels were thus characterized by rotational
viscometry (Figure 2). The obtained rheological data were compared to those of 5 mg/mL HEC 300
hydrogels as a reference. The measurements revealed that the viscosity of bolalipid hydrogels decreased
at minimal shear forces. The low stability of these hydrogels in contrast to HEC 300 could be explained
with weak interactions between the hydrophobic chains of the bolalipids (van-der-Waals only) and
fewer amount of hydrogen bonds between the nanofibers [50]. Minimal shear forces thus led to
a disintegration of the weakly bond nanofibers. This disintegration goes along with the rapid decrease
of the viscosity and loss of the gel structure.

To optimize the stability of the obtained bolalipid hydrogels, the incorporated mobile phase
was sublimated using a conventional freeze dryer. All samples were lyophilized under the same
conditions. During this process, the hydrogels were transformed into bolalipid aerogels. These more
stable and applicable DDS were characterized by SEM (Figure 3). Whereas obtained bolalipid aerogels
retained a porous appearance (Figure 3a,b), the HEC 300 formulation displayed a compact appearance
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(Figure 3c). Due to the porous structures of the bolalipid aerogels, they were able to reform hydrogels
in situ after addition of liquid.

 
Figure 2. Rheological measurements of 5 mg/mL (a) PC-C32-PC and (b) Me2PE-C32-Me2PE bolalipid
hydrogels and rehydrated aerogels, respectively, compared to HEC 300 hydrogels.

 

Figure 3. SEM images of (a) PC-C32-PC aerogel, (b) Me2PE-C32-Me2PE aerogel, and (c) freeze-dried
HEC 300 hydrogel. Scale bar represents 100 μm.

The rheological behavior of rehydrated bolalipid aerogels was compared with the rheological
properties of the bolalipid hydrogels. Obtained data indicate a slightly different behavior of rehydrated
PC-C32-PC aerogel compared to its hydrogel. The rehydrated aerogel displayed a low increase of
viscosity. In the case of Me2PE-C32-Me2PE, the rehydrated aerogel showed nearly the same rheological
characteristics as compared to its hydrogel (see Figure 2).

3.2. Release Studies

A suitable and controlled drug release is an essential part of a DDS. The drug release rate depends
on several factors, e.g., application site, porosity and degradation of DDS as well as exposed surface
area. The ability of hydrogel systems to release incorporated substances has been extensively reported
and mathematically described in the last years [51–53]. Recent research suggests three types of release:
diffusion-controlled, chemically-controlled or swelling-controlled. However, all systems are mainly
based on the diffusion of the therapeutic agent out of the bulk system. Furthermore, the phenomenon
of diffusion is closely connected to the structure of the material through which the diffusion takes
place [12].

In the present study, MB was used as a model drug. MB has several indications in medicine;
it has been used to treat methemoglobinemia, malaria and urinary tract infections. During the last two
decades, MB has attracted interest as a photosensitizer especially in cancer research [35,36,54]. Recently,
MB has become increasingly important in antimicrobial studies [54,55]. An amount of 3.8 mg/mL of
MB was distributed in the hydrogels. The results of the release studies are plotted in Figure 4.
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Figure 4. Drug release of (a) hydrogels and (b) aerogels using PC-C32-PC, Me2PE-C32-Me2PE and
HEC 300, respectively.

Over the time period of 8 h, both bolalipid hydrogels released less than 40% of MB, while the
reference with the same amount of gelling agent HEC 300 released approximately 75% (Figure 4a).
This property could be explained by the structure of the bolalipid hydrogel: The hydrogel is formed
due to the entanglement of nanofibers built up by the bolalipids [28,29]. Within these nanofibers,
the bolalipid molecules are arranged side-by-side but twisted relative to each other due to the bulky PC or
Me2PE headgroup compared to the small cross-sectional area of one single alkyl chain. This twist leads to
a helical superstructure of the nanofibers with hydrophobic grooves that are exposed to the surrounding
water [56]. Hydrophobic and amphiphilic substances can now interact with these grooves, which was
previously shown for cholesterol [57], phospholipids such as dipalmitoylphosphatidylcholine [58], and
the fluorescence probe bis-ANS [59]. It is therefore conceivable that also MB, carrying a phenothiazine
core, interacts with these hydrophobic grooves of the bolalipid nanofibers. In contrast, HEC 300
is a nonionic and hydrophilic gelling agent, which is not able to form hydrophobic interactions.
Hence, the release of MB is lower and slower when bolalipid hydrogels are compared to the HEC 300
hydrogel. Comparing both bolalipids, the release of Me2PE-C32-Me2PE was slightly lower than those
of PC-C32-PC. This is due to the ability of Me2PE-C32-Me2PE to form additional hydrogen bond to
MB, using the proton at the quarternary amine, which is absent in PC-C32-PC bolalipid.

The release profile changed dramatically after the lyophilization process. In Figure 4b, the results
showed a burst release of all bolalipid aerogels in contrast to the freeze-dried HEC 300, which displayed
approximately a linear release rate. Within the first 1.5 h, the release rate of both bolalipid aerogels
presented nearly the same behavior because it was mainly controlled by the fast diffusion of the MB
out of the bolalipid aerogel framework. The water influx into the aerogels led to the formation of
hydrogels. For PC-C32-PC, this re-forming could be observed within a few hours; whereas in the case
of Me2PE-C32-Me2PE aerogels, it took several days to transform to a hydrogel again. The release from
the PC-C32-PC aerogel seemed to be swelling-controlled after 1.5 h. For the Me2PE-C32-Me2PE aerogel,
the release remained very fast after 1.5 h, indicating a rapid diffusion of the drug out of the aerogel.
Comparing both bolalipid aerogels with lyophilized HEC 300, a higher amount of released MB was
measured. Since the release rate from aerogels is determined by several factors, such as the interaction
of MB with the gelling agent in the dry state and the velocity of the water influx into the aerogel (and
the re-formation of the hydrogel), an interpretation of the data is difficult. Nevertheless, to explain this
release behavior, the following scenario is conceivable. As mentioned before, hydrophobic interactions
between MB and the hydrophobic grooves of the bolalipid nanofibers led to the slow release of MB
from the bolalipid hydrogels. These hydrophobic interactions consist of an enthalpic contribution
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(van-der-Waals interactions) and an entropic contribution, i.e., the release of bound water molecules.
In the case of an aerogel, the entropic contributions to the hydrophobic interactions are missing, since
no water is present in the aerogel. Hence, the remaining van-der-Waals interactions between MB and
the bolalipid aerogel are much weaker compared to the hydrogen bond interactions between MB and
the HEC 300 aerogel, leading to a faster release of MB from the bolalipid aerogels. The higher release
rate from Me2PE-C32-Me2PE aerogel compared to the PC-C32-PC counterpart could be explained by
the slower influx of water. Furthermore, the structure of the obtained bolalipid aerogels was completely
different when compared to the lyophilized HEC 300 hydrogel. Both bolalipid aerogels showed a high
number of pores (Figure 3a,b) whereas no pores could be found in the HEC 300 sample (Figure 3c),
which led to higher exposed area of the aerogel framework to the surrounding medium. This could
explain the different release behaviors of the freeze-dried systems. Additionally, the different sizes of
the error bars plotted in the graphs (Figure 4) could be elucidated with the fact that the drug release
rate is strongly dependent on the exposed area of the DDS to the acceptor medium: Hydrogels are
viscous and hence spread quickly over the entire area of the donor chamber, whereas the aerogels
change their contact area quite slowly and differently for each sample leading to larger error bars.

3.3. Microbiology

Antimicrobial resistance is not a new phenomenon, but the impact of antibiotics to kill bacteria
efficiently has dramatically decreased during the last years [60,61]. The ability of bacteria to develop
appropriate resistance against a high amount of antibiotics in short time led to challenges in antimicrobial
therapy. An antimicrobial activity of the DDS itself, would offer huge benefits. We investigated the
ability of both bolalipids to inhibit the growth of fungi as well as bacteria, using different methods.

3.3.1. Antifungal Activity of PC-C32-PC and Me2PE-C32-Me2PE Hydro- or Aerogels

Previous studies have shown that PC-C22-PC (Irlbacholine), a bolalipid with shorter alkyl chain,
which can be found in Irlbachia alata and Anthocleista djalonensis, is effective against the fungus
Trichophyton rubrum and other fungal infections [62,63]. To investigate the antifungal activity of both
bolalipid hydro- and aerogels, the agar diffusion test [37,38] was performed. Saccharomyces cerevisiae
was used as model yeast. To compare the ability of the formulations to inhibit the growth of the
model yeast, aerogels as well as hydrogels (75 μL) were applied on inoculated agar plates. After 24 h,
fungal growth on the agar plate was observed. While PC-C32-PC hydrogel spread out to a broad
shape (Figure 5a1), Me2PE-C32-Me2PE hydrogel retained more or less its original form (Figure 5a2).
Comparing the aerogel-formulations of both lipids, in the case of the PC-C32-PC, a fast rehydration
to hydrogel took place (Figure 5b1), whereas the Me2PE-C32-Me2PE aerogel was not able to reform
hydrogel during the incubation time. However, in all cases, the inhibition zone was not evident. This
indicates that the examined bolalipids itself did not possess any antifungal activity.

Figure 5. Agar diffusion test on Saccharomyces cerevisiae. Arrows indicate the bolalipid (a) hydrogels
and (b) aerogels of (1) PC-C32-PC and (2) Me2PE-C32-Me2PE.
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3.3.2. Antifungal Activity of Loaded PC-C32-PC and Me2PE-C32-Me2PE Aerogels by Means of PDT

Superficial skin mycosis is one of the most frequent diseases in human beings which is mainly
caused by dermatophytes which exhibit increasing rates of resistant strains [5,6]. The appearance
of drug resistant strains is more and more frequent in immunocompromised individuals such as
high-risk groups, e.g., HIV+ and cancer patients undergoing chemotherapy [5]. In dermatology,
PDT has proven to be a useful treatment for a variety of selected inflammatory diseases [3,5] as well as
fungal infections [6]. Previous studies demonstrated that Candida albicans and dermatophytes were
effectively killed by MB solution in combination with light. Saccharomyces cerevisiae was chosen as
model yeast to investigate the antifungal activity of both bolalipid aerogels. The results are summarized
in Table 1. Non-irradiated methylene blue released from the aerogels did not affect the growth of the
yeast significantly. Irradiation resulted in an occurrence of a characteristic area with absence of yeast
growth. Yeasts incubated with unloaded aerogels showed natural growth regardless of irradiation
(Supplementary Figure S1).

Table 1. Results of size measurements of the inhibition zones in mm (mean value).

Bolalipid Sample Non-Irradiated [mm] Irradiated [mm]

PC-C32-PC
aerogel 4.5 4.7

aerogel containing MB 5.3 13.7

Me2PE-C32-Me2PE aerogel 4.0 4.7
aerogel containing MB 6.7 15.3

3.3.3. aPDT with PC-C32-PC and Me2PE-C32-Me2PE Aerogels Containing Methylene Blue

As reported previously, Staphylococcus aureus is almost the universal cause of furuncles, carbuncles
and skin abscesses and are worldwide the most commonly identified agent responsible for skin and
soft tissue infection [64]. Earlier studies have shown that MB in combination with light reduced
bacterial growth. In some clinical cases, an effective PDT using MB as a photosensitizer for skin ulcers
could be demonstrated. This kind of therapy led to clinical and microbial cure with no significant
adverse effects [54]. According to the data obtained from release studies and the antifungal activity
tests, we decided to use only bolalipid aerogels loaded with MB for the aPDT experiment. Based on
the data of Tardivo et al. the fluence was set to 26.88 J/cm2 [35].

From the results (Figure 6) it is clearly evident that MB affected the growth of Staphylococcus aureus.
In the case of non-irradiated agar plates (Figure 6a1,b1), the zone with absence of bacterial growth
occurred in the immediate surrounding of the aerogel. In the case of irradiated plates, more extensive
effect was observed (Figure 6a2,b2). As expected, bacteria incubated with unloaded aerogels exhibited
normal growth regardless of irradiation, thus demonstrating that light source alone had no toxic effect
(Supplementary Figure S2). Comparing the size of the inhibition zone of both irradiated bolalipids,
Me2PE-C32-Me2PE demonstrated a slightly larger zone of inhibition to that of PC-C32-PC, which
could be explained by the release profile of the bolalipid aerogels (Figure 4b). As mentioned before,
Me2PE-C32-Me2PE showed a higher burst release comparing to PC-C32-PC. During the incubation time
of 3 h, more MB was released out of the Me2PE-C32-Me2PE aerogel resulting in a higher aPDT effect.
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Figure 6. (a) PC-C32-PC and (b) Me2PE-C32-Me2PE aerogel containing MB on Staphylococcus aureus.
(1) non-irradiated and (2) irradiated samples. The size of the inhibition zones of irradiated samples
ranged between 13 mm and 17 mm.

3.4. Biocompatibility

As mentioned before, aPDT is well suitable for the treatment of skin, soft tissue and mucosal
infections [3,7]. Therefore, DDS used for aPDT should exhibit a favorable biocompatibility. Preclinical
assays applying mammalian models are still time-consuming and controversial [65]. Conventional
in vivo tests are time- and labor-intensive as well as expensive. The CAM model allows an uncomplicated,
economical and fast procedure with results comparable to mammalian models [66].

3.4.1. HET-CAM of Bolalipid Hydrogels

Mucosa compatibility study of hydrogels was performed using HET-CAM test [67], which replaced
the Draize rabbit eye test [68]. During the experiment, the occurrence of hemorrhage, coagulation and
lysis was monitored, and the irritation scores (IS) were determined. The results of HET-CAM assay,
shown in Figure 7 indicated no irritation potential of PC-C32-PC and Me2PE-C32-Me2PE, respectively.
During the treatment with 1% (w/w) SDS solution (positive control; Figure 7a), CAM displayed multiple
injuries resulting in an IS of 18.7 in average corresponding to “strong irritation assessment”. In contrast,
an IS of 0 for each egg treated with both bolalipid hydrogels (Figure 7c,d) as well as physiological
saline solution (negative control; Figure 7b), indicated “practically no” irritation assessment [69].

The PC-C32-PC bola lipid showed a remarkable characteristic on CAM surface: With progressing time,
an increased rigidity of the applied dispersion was observed, which resulted in white streaks and opalescence
as shown in Figure 7c2. This characteristic did not influence the vessels on the CAM surface. During the
observation time of 5 min, this behavior did not occur in the case of the Me2PE-C32-Me2PE bolalipid.
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Figure 7. Stereomicroscopic images of chorioallantoic membrane (CAM) on egg development day
(EDD) 10 (1) before and (2) 5 min after the treatment with (a) 1% (w/w) sodium dodecyl sulfate (SDS)
solution, (b) physiological saline solution, (c) PC-C32-PC hydrogel and (d) Me2PE-C32-Me2PE hydrogel.
Scale bar represents 1 mm.

3.4.2. HET-CAM of Bolalipid Aerogels

Biocompatibility of bolalipid aerogels was investigated in long-term CAM assay. Beginning with
EDD 9, the occurrence of hemorrhage, lysis, coagulation or angiogenesis was monitored daily until
EDD 14. During the rehydration process of bolalipid aerogels, and the thereto related osmotic suction,
micro vessels in the capillary plexus could be damaged.

As shown in Figure 8, both bolalipid aerogels showed no irritation. It is clearly visible that
PC-C32-PC aerogel rehydrated to hydrogel immediately after the placement on the CAM surface,
while Me2PE-C32-Me2PE aerogels needed several days. The gelation process is indicated by arrows in
Figure 8: It began from the border of bolalipid aerogels and progressed to the center of it. The different
gelation processes of both bolalipids could be explained again with the chemical structure of PC-C32-PC
and Me2PE-C32-Me2PE. As assumed before, due to hydrogen bond mediated stabilization of the head
groups in the Me2PE-C32-Me2PE bolalipid aerogel, less hydrogen bonds can be assembled to the
surrounding fluid.

 

Figure 8. Stereomicroscopic images of CAM on (a) EDD 9, (b) EDD 12, and (c) EDD 14. The arrows
indicate hydrogel formation of (1) PC-C32-PC aerogel and (2) Me2PE-C32-Me2PE aerogel. Scale bar
represents 1 mm.

4. Conclusions

The aim of the study was to create stable formulation of both bolalipids and to investigate their
suitability as a novel material for a drug delivery system (DDS). It was detectable that the stability
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of the self-assembled hydrogels decreased with minimal shear forces. With the help of sublimation
in a conventional freeze-drier, it was possible to create stable aerogels, which could be transformed
into hydrogels by addition of liquid. The release studies demonstrated that all hydrogels showed
sustained release, but bolalipid hydrogels were superior to HEC 300 hydrogel in terms of the release
time. Nevertheless, the bolalipid aerogels showed a high burst release, which make them unsuitable as
DDS in their native form. Combining the benefits of both systems seems to be more effective. Aerogels
possess a long-term stability and easy-to-handle system for in situ hydrogel formation.

However, using these bolalipid aerogels that have methylene blue—a photosensitizer—incorporated,
antimicrobial photodynamic therapy (aPDT) of Staphylococcus aureus as well as of Saccharomyces cerevisiae
could be successfully demonstrated. Both formulations were able to inhibit the growth of bacteria and
yeast. However, the treatment with light using the custom designed LED device led to an additional
antimicrobial effect of bolalipid aerogels.

In the biocompatibility studies on the chorioallantoic membrane (CAM) surface, both bolalipid
formulations showed an excellent biocompatibility and thus making them a potential material for DDS.
Furthermore, in the biocompatibility studies on CAM surface of the hydrogels, it was clearly evident
that both bolalipid hydrogels, especially PC-C32-PC, show a high solidification capacity under body
temperature conditions.

These results make the PC-C32-PC and Me2PE-C32-Me2PE bolalipids an interesting novel material
for DDS with a potential for the application in aPDT for the treatment of skin and mucosal infections.

Supplementary Materials: The following Figure is available online at http://www.mdpi.com/1999-4923/11/7/307/s1,
Figure S1: Negative control of bolalipid aerogels without MB in PDT on Saccharomyces cerevisiae, Figure S2: Overview
of aPDT on Staphylococcus aureus.
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Abstract: The disaccharide trehalose is an autophagy inducer, but its pharmacological application is
severely limited by its poor pharmacokinetics properties. Thus, trehalose was coupled via suitable
spacers with squalene (in 1:2 and 1:1 stoichiometry) and with betulinic acid (1:2 stoichiometry), in
order to yield the corresponding nanolipid-trehalose conjugates 1-Sq-mono, 2-Sq-bis and 3-Be-mono.
The conjugates were assembled to produce the corresponding nano-assemblies (NAs) Sq-NA1,
Sq-NA2 and Be-NA3. The synthetic and assembly protocols are described in detail. The resulting
NAs were characterized in terms of loading and structure, and tested in vitro for their capability to
induce autophagy. Our results are presented and thoroughly commented upon.

Keywords: nano-assemblies; trehalose; squalene; betulinic acid; autophagy induction

1. Introduction

Nano-vectors are used as therapeutics and diagnostics [1,2]. Iron-based [3], gold-based [4] and
silica-based inorganic nano-vectors [5] were tested as being a diagnostic (magnetic resonance imaging
reagents/MRIs [6]), or as therapeutics (hyperthermia against tumors [7], iron replacement therapies [8]).
Liposome- [9], micelle- [10] and polymer-based nano-assemblies (NAs) [11] are marketed, mostly as
anti-cancer agents [12]. Exploratory efforts [13] up to clinical trials [14] against diseases of the central
nervous system (CNS) were reported.

Trehalose [15,16] is a non-reducing disaccharide made by a 1,1 linkage between two d-glucose
molecules. It is bio-synthesized in lower organisms [16] to stabilize life processes and support survival
in extreme conditions (freezing [17], heat and desiccation [18]). Trehalose induces autophagy in vitro
and in vivo [19] and reduces protein misfolding and aggregation in vitro [20] by acting as a chemical
chaperone and solvating them [20]. Reduction of aggregated huntingtin (Huntington Disease) [21],
synuclein (Parkinson Disease) [20] and amyloid species (Alzheimer Disease) [22] was observed in vitro.
Trehalose was tested as a safe, cheap, neuroprotective agent in preclinical and clinical studies [16].
Unfortunately, high mM trehalose concentrations are needed in vivo for efficacy, due to its high
hydrophilicity and due to trehalase enzymes [23], that hydrolyze trehalose in the brush border cells of
the small intestine and in the proximal tubules of the kidneys, preventing its oral absorption.

Nano lipid-drug conjugates [24], obtained by the covalent coupling of a drug to bio-compatible
lipids, improve pharmacokinetics, decrease toxicity and increase the therapeutic index of the associated
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drugs. In particular, squalene-based amphiphilic conjugates have a proven track record for therapeutic
applications [25]. They spontaneously assemble in water into nano-assemblies (NAs), encasing the
bioactive payload, they do not show the drug on their surface, minimizing any side effect [26], they are
internalized by cells via endocytic pathways [27] and release the free drug at its site of action, when a
biologically labile linkage is used [28]. We also selected betulinic acid-based conjugates, a less studied
but promising class of self-assembling NAs [29,30].

In recent years we worked on anticancer drug-containing self-assembling drug conjugates that
spontaneously form NAs in aqueous media [31]. We reported NAs composed by conjugate releasable
compounds [32]; by single and dual drug fluorescent hetero-NAs [33,34], by dual drug hetero-NAs
(cyclopamine/taxol [34], cyclopamine/doxorubicin [35], ecdysteroid/doxorubicin [36]), and by
self-assembling conjugate dual drug NAs [37]. We prepared compounds containing a squalene [31–35]
or a 4-(1,2-diphenylbut-1-en-1-yl)aniline tail [37,38] that leads to NAs ability to self-assemble in water.
We recently reported the assembly and characterization of squalene-thiocolchicine NAs that release
cytotoxic, free thiocolchicine in cancer cells through a disulfide bond or a p-hydroxybenzyl moiety [38].
Here we describe the synthesis of two squalene-trehalose conjugates 1-Sq-mono and 2-Sq-bis, and of a
betulinic acid-trehalose conjugate 3-Be-mono, their assembly and characterization as NAs (respectively
mono-Sq-NA1, bis-Sq-NA2 and mono-Be-NA3, Figure 1), and their effects in biological assays.
We measured cell viability to determine the safety of our NAs, while autophagy induction was selected
as a validated neuroprotective mechanism of action in multiple neurodegenerative diseases [39].
Trehalose-containing NAs may significantly increase the weak, high mM effects of trehalose on
autophagy induction [19], by facilitating its cellular internalization, and by releasing after NA
disassembly/ester hydrolysis.

Figure 1. Chemical structure of nanolipid-trehalose conjugates 1-Sq-mono, 2-Sq-bis, and 3-Be-mono.

2. Materials and Methods

2.1. Synthesis-General

Each reaction was carried out in oven-dried glassware, using dry solvents under a nitrogen
atmosphere. Unless otherwise stated, these solvents were purchased from Sigma Aldrich Italy (Milan,
Italy) and used without further purification. Chemical reagents were purchased from Sigma Aldrich,
and used as such. Thin layer chromatography (TLC) was performed on Merck-pre-coated 60F254 plates.
Reactions were monitored by TLC on silica gel, with detection by UV light (254 nm), or by charring
either with a 1% permanganate solution or a 50% H2SO4 solution. Flash chromatography columns
were run using silica gel (240–400 mesh, Merck Italy, Milan, Italy).

1H-NMR spectra were recorded on Bruker DRX-400 and Bruker DRX-300 instruments (Billerica,
MA, USA) in either CDCl3, CD3OD or DMSO-d6. 13C-NMR spectra were recorded on the same
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instrumentation (100 and 75 MHz) in either CDCl3, CD3OD or DMSO-d6. Chemical shifts (δ) for
proton and carbon signals are quoted in parts per million (ppm) relative to tetramethylsilane (TMS),
which was used as an internal standard. Electrospray ionization (ESI) MS spectra were recorded with a
Waters Micromass Q-Tof micro mass spectrometer (Milford, MA, USA); HR-ESI mass spectra were
recorded on a FT-ICR APEXII (Bruker, Billerica, MA, USA), while EI mass spectra were recorded at
an ionizing voltage of 6 kEv on a VG 70-70 EQ. Specific rotations were measured with a P-1030-Jasco
polarimeter with 10 cm optical path cells and 1 mL capacity (Na lamp, λ = 589 nm).

2.2. Synthesis-Squalene-Trehalose Conjugates 1-Sq-Mono and 2-Sq-Bis

1-[(2R,3R,4S,5R,6R)-6-{[(2R,3R,4S,5R,6R)-6-(hydroxymethyl)-3,4,5-tris[(trimethylsilyl)oxy]oxan-2-
yl]oxy}-3,4,5-tris[(trimethylsilyl)oxy]oxan-2-yl]methyl10-(3E,7E,11E,15E)-3,7,12,16,20pentamethylheni-
cosa-3,7,11,15,19-pentaen-1-yl decanedioate/15-mono and 1-[(2R,3R,4S,5R,6R)-6-{[(2R,3R,4S,5R,6R)-6-
{[(10-oxo-10-{[(3E,7E,11E,15E)-3,7,12,16,20-penta-methylhenicosa-3,7,11,15,19-pentaen-1-yl]oxy}-
decanoyl)oxy]methyl}-3,4,5-tris[(trimethylsilyl)oxy]oxan-2-yl]oxy}-3,4,5-tris[(trimethylsilyl)oxy]-oxan-
2-yl]methyl10-(3E,7E,11E,15E)-3,7,12,16,20-penta-methylhenicosa-3,7,11,15,19-pentaen-1-yl
decanedioate/16-bis. EDC·HCl (223 mg, 1.161 mmol) and DMAP (5 mg, 0.039 mmol) were
added under stirring at room temperature (RT) to a solution of hexaTMS-protected trehalose 5 [40]
(300 mg, 0.387 mmol) in anhydrous toluene (8.3 mL). After 30 min, carboxylated squalene-linker
adduct 6 [32] (221 mg, 0.387 mmol) was added, and the reaction mixture was stirred at 50 ◦C
overnight. Reaction monitoring (TLC, eluant: 9:1 n-hexane/AcOEt) confirmed the disappearance of
hexaTMS-protected trehalose 5. The solvent was then removed under reduced pressure, and the
crude oil was purified by flash chromatography (silicagel, eluant: 9:1 n-hexane/AcOEt) to obtain pure
15-mono (232.9 mg, 0.175 mmol, 45% yield) and pure 16-bis (101.2 mg, 0.054 mmol, 14% yield).

Analytical characterization. 15-mono: 1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.21–5.05 (m, 5H),
4.94 (t, J = 2.8 Hz, 2H), 4.32 (dd, J = 11.8, 2.1 Hz, 1H), 4.12–3.98 (m, 4H), 3.98–3.82 (m, 3H), 3.71 (dd,
J = 6.4, 3.4 Hz, 2H), 3.54–3.41 (m, 4H), 2.41–2.26 (m, 4H), 2.14–1.96 (m, 16H), 1.79–1.67 (m, 5H), 1.62–1.58
(m, 21H), 1.37–1.29 (m, 8H), 0.22–0.11 (m, 54H). 13C–NMR (CDCl3, 400 MHz): δ(ppm) = 173.33, 173.18,
134.88, 134.76, 134.07, 132.4, 132.00, 129.28, 129.17, 124.84, 124.57, 124.37, 93.83, 93.67, 73.77, 73.66,
73.03, 72.05, 71.94, 70.59, 70.10, 68.28, 63.61, 63.24, 61.27, 39.73 (2C), 35.72, 33.98, 33.87, 29.45, 29.04 (3C),
28.99, 28.86, 28.18, 26.68, 26.43 (2C), 25.95, 25.01, 24.91, 22.38 (2C), 17.95, 16.28, 16.22, 16.05, (1.35, 1.18,
0.36 = 18C). HR-ESI-MS: MW 1349.7973 calcd. for C67H130O14Si6Na, MW 1349.7982 found. Optical
rotation, [α]20

D : −61.9◦. 16-bis: 1H-NMR ((CDCl3, 400 MHz): δ(ppm) = 5.16–5.10 (m, 10H), 4.94 (d,
J = 3.0 Hz, 2H), 4.31–4.28 (m, 2H), 4.10–3.99 (d, J = 38.8 Hz, 8H), 3.95–3.90 (m, 2H), 3.52–3.44 (m,
4H), 2.38–2.28 (m, 8H), 2.13–1.98 (m, 36H), 1.77–1.68 (m, 10H), 1.66–1.59 (m, 38H), 1.36–1.28 (m, 16H),
0.21–0.11 (m, 54H). 13C-NMR (CDCl3, 400 MHz): δ(ppm) = 173.78 (2C), 173.62 (2C), 135.05 (2C), 134.90
(2C), 134.82 (2C), 133.65 (2C), 131.15 (2C), 125.07 (2C), 124.40 (4C), 124.29 (4C), 94.40 (2C), 73.48 (2C),
72.67 (2C), 71.94 (2C), 70.74 (2C), 63.94 (2C), 63.30 (2C), 39.73 (4C), 35.80 (2C), 34.33 (2C), 34.09 (2C),
29.68 (2C), 29.11 (6C), 28.77 (2C), 28.25 (4C), 26.91 (2C), 26.76 (2C), 26.65 (4C), 25.67 (4C), 24.96 (2C),
24.74 (2C), 17.66 (2C), 16.02 (4C), 15.85 (2C), (1.05, 0.87, 0.44, 0.17 = 18C). HR-ESI-MS: MW 1902.2516
calcd. for C104H190O17Si6Na, MW 1902.2524 found. Optical rotation, [α]20

D : −43.9◦.
1-(3E,7E,11E,15E)-3,7,12,16,20-pentamethylhenicosa-3,7,11,15,19-pentaen-1-yl 10-[(2R,3S,4S,

5R,6R)-3,4,5-trihydroxy-6-{[(2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}oxan-
2-yl]-methyl decanedioate/1-Sq-mono. Acetic acid (0.1 mL, 1.73 mmol) was added under stirring at
RT to a solution of 15-mono (230.0 mg, 0.173 mmol) in MeOH (3 mL), and the reaction mixture was
stirred at 40 ◦C overnight. Reaction monitoring (TLC, eluant: 9:1 n-hexane/AcOEt) confirmed the
disappearance of 15-mono. The solvent was then removed under reduced pressure, and the crude
solid was purified by flash chromatography (silicagel, eluant: 85:15 CH2Cl2/MeOH) to obtain pure
target 1-Sq-mono (153.2 mg, 0.171 mmol, quantitative yield).

Analytical characterization. 1H-NMR (DMSO-d6, 400 MHz): δ(ppm) = 5.00–4.91 (m, 6H), 4.75
(d, J = 3.7 Hz, 2H), 4.72 (d, J = 3.6 Hz, 1H), 4.64 (t, J = 4.7 Hz, 2H), 4.55 (dd, J = 6.2, 1.8 Hz, 2H), 4.22
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(t, J = 6.0 Hz, 1H), 4.13–4.10 (m, 1H), 3.92 (dd, J = 11.8, 5.4 Hz, 1H), 3.83 (t, J = 6.6 Hz, 2H), 3.80–3.76
(m, 1H), 3.55–3.51 (m, 1H), 3.46–3.40 (m, 3H), 3.38–3.32 (m, 1H), 3.16–3.10 (m, 2H), 3.04–2.98 (m, 2H),
2.1–2.12 (m, 4H), 1.95–1.79 (m, 18H), 1.56–1.49 (m, 5H), 1.44 (bs, 15H), 1.41–1.37 (m, 4H), 1.13 (bs,
8H). 13C-NMR (DMSO-d6, 100 MHz): δ(ppm): δ 173.28, 173.22, 134.83, 134.77, 134.73, 133.97, 131.04,
124.82, 124.59, 124.52, 124.46, 124.35, 93.81, 93.71, 73.30, 73.26, 73.04, 72.05, 71.94, 70.59 (2C), 70.10, 63.63,
63.56, 61.27, 40.62, 39.64, 39.59, 39.37, 35.71, 33.98 (2C), 31.59, 30.28, 29.46, 29.06, 29.03, 28.91, 28.16,
26.82, 26.67, 26.42 (2C), 25.90, 24.96, 24.89, 17.94, 16.21, 16.06. HR-ESI-MS: MW 917.5602 calcd. for
C49H82O14Na, MW 917.5623 found. Optical rotation, [α]20

D : −59.4◦.
1-(3E,7E,11E,15E)-3,7,12,16,20-pentamethylhenicosa-3,7,11,15,19-pentaen-1-yl 10-[(2R,3S,4S,

5R,6R)-3,4,5-trihydroxy-6-{[(2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-{[(10-oxo-10-{[(3E,7E,11E,15E)-3,7,12,16,
20-pentamethylhenicosa-3,7,11,15,19-pentaen-1-yl]oxy}decanoyl)oxy]methyl}oxan-2-yl]oxy}oxan-2-yl]-
methyl decanedioate/2-Sq-bis. Acetic acid (30 μL, 0.53 mmol) was added under stirring at RT to a
solution of 16-bis (100.0 mg, 0.053 mmol) in MeOH (1 mL), and the reaction mixture was stirred at
40 ◦C overnight. Reaction monitoring (TLC, eluant: 9:1 n-hexane/AcOEt) confirmed the disappearance
of 16-bis. The solvent was then removed under reduced pressure, and the crude solid was purified
by flash chromatography (silicagel, eluant: 85:15 CH2Cl2/MeOH) to obtain pure target 2-Sq-bis

(69.1 mg, 0.047 mmol, 90% yield). Analytical characterization. 1H-NMR (DMSO-d6, 400 MHz):
δ(ppm) = 5.12–5.04 (m, 12H), 4.88 (d, J = 4.9 Hz, 2H), 4.83 (d, J = 3.6 Hz, 2H), 4.75 (d, J = 6.1 Hz, 2H),
4.25–4.21 (m, 2H), 4.03 (dd, J = 11.7, 5.6 Hz, 2H), 3.95 (t, J = 6.6 Hz, 4H), 3.92–3.87 (m, 2H), 3.58–3.52
(m, 2H), 3.28–3.23 (m, 2H), 3.15–3.09 (m, 2H), 2.28–2.23 (m, 8H), 2.07–1.90 (m, 36H), 1.67–1.60 (m,
10H), 1.55–1.47 (m, 38H), 1.24 (s, 16H). 13C-NMR (DMSO-d6, 100 MHz): δ(ppm): 173.90 (2C), 173.64
(2C), 134.81 (2C), 134.72 (2C), 134.64 (2C), 133.63 (2C), 131.08 (2C), 124.94 (2C), 124.57 (2C), 124.52
(2C), 124.47 (2C), 124.32 (2C), 93.75 (2C), 73.52 (2C), 72.56 (2C), 71.93 (2C), 70.71 (2C),63.99 (2C), 63.34
(2C), 39.74 (4C), 39.65 (2C), 35.86 (2C), 34.38 (2C), 34.12 (2C), 29.74 (2C), 29.17 (2C), 29.10 (4C), 28.28
(4C), 26.92 (2C), 26.81 (2C), 26.68 (2C), 26.65 (2C), 25.67 (4C), 24.98 (2C), 24.90 (2C), 17.94 (2C), 16.24
(4C), 16.06 (2C). HR-ESI-MS: MW 1470.0147 calcd. for C86H142O17Na, MW 1470.0146 found. Optical
rotation, [α]20

D : −33.7◦.

2.3. Synthesis—Betulinic Acid-trehalose Conjugate 3–Be-mono

Methyl(1R,3aS,5aR,5bR,9S,11aR)-9-hydroxy-5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)-icosa-
hydro-1H-cyclopenta[a]chrysene-3a-carboxylate/18. Trimethylsilyl diazomethane (2M in n-hexane,
0.66 mL, 1.312 mmol) was added to a solution of betulinic acid 17 (500 mg, 1.093 mmol) in dry MeOH
(10 mL) and dry toluene (15 mL). The reaction was stirred overnight at RT, and reaction monitoring
(TLC, eluant 7:3 n-hexane/AcOEt with 1% HCOOH) confirmed the disappearance of starting material
16. The reaction mixture was diluted with diethyl ether (13 mL) and 10% AcOH (10 mL). The aqueous
layer was extracted with diethyl ether (3 × 10 mL), and the collected organic phases were washed with
sat. Na2CO3 (10 mL), dried with Na2SO4 and then evaporated under reduced pressure to obtain pure
18 as a white solid (486.1 mg, 1.032 mmol, 95% yield).

Analytical characterization. 1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.63 (bs, 1H), 4.49 (bs, 1H),
3.56 (s, 3H), 3.07 (dd, J = 11.2, 5.1 Hz, 1H), 2.89 (td, J = 10.9, 4.4 Hz, 1H), 2.20–2.02 (m, 2H), 1.77 (dt,
J = 10.9, 5.9 Hz, 2H), 1.58 (s, 3H), 0.86 (s, 6H), 0.81 (s, 3H), 0.71 (s, 3H), 0.65 (s, 3H). HR-ESI-MS: MW
493.3658 calcd. for C31H50O3Na, MW 493.3661 found. Optical rotation, [α]20

D : +5.1◦.
10-oxo-10-[2-(trimethylsilyl)ethoxy]decanoic acid/19. Trimethylsilylethanol (313 mL, 2.181 mmol),

EDC.HCl (559 mg, 2.909 mmol) and DMAP (89 mg, 0.727 mmol) were added under stirring at RT to a
solution of sebacic acid 14 (1 g, 0.4942 mmol) in dry CH2Cl2 (25 mL) and pyridine (2.5 mL). The reaction
mixture was stirred at RT overnight. The reaction mixture was then washed with 10% phosphoric acid
(2 × 15 mL) and brine (20 mL).

The organic layer was dried with Na2SO4 and evaporated under reduced pressure, and the crude
oil was purified by flash chromatography (silicagel, eluant: 8:2 n-hexane/AcOEt with 1% HCOOH) to
obtain pure 19 (408 mg, 1.342 mmol, 27% yield).
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Analytical characterization. 1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.21–4.12 (m, 2H), 2.38 (t,
J = 4.5 Hz, 2H), 2.32 (t, J = 4.3 Hz, 2H), 1.73–1.59 (m, 4H), 1.41–1.28 (m, 8H), 1.01–0.97 (m, 2H), 0.04 (s,
9H). 13C-NMR: (CDCl3, 100 MHz): δ(ppm) = 177.93, 173.60, 62.58, 34.32, 34.22, 29.46, 29.48, 29.30, 29.10,
25.12, 25.07, 17.05, −1.53 (3C). HR-ESI-MS: MW 325.1811 calcd. for C15H30O4SiNa, MW 325.1815 found.

(1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)-
icosahydro-1H-cyclopenta[a]chrysen-9-yl 1-[2-(trimethylsilyl)ethyl] decanedioate/20.
Dicyclohexylcarbodiimide (DCC, 201 mg, 0.973 mmol) and dimethylaminopyridine (DMAP,
30 mg, 0.243 mmol) were added under stirring to a solution of compound 18 (229 mg, 0.487 mmol) and
compound 19 (221 mg, 0.731 mmol) in dry CH2Cl2 (5 mL) at 0 ◦C. The reaction was left stirring at RT
overnight. Reaction monitoring (TLC, eluant: 9:1 n-hexane/AcOEt) confirmed the disappearance of
starting material 18. The mixture was diluted with CH2Cl2 (10 mL) and was filtered on a plug of
celite. The solvent was removed under reduced pressure, and the resulting crude oil was purified by
flash chromatography (silicagel, eluant: 96:4 n-hexane/AcOEt) to obtain pure 20 (339 mg, 0.449 mmol,
92% yield).

Analytical characterization. 1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.74 (bs, 1H), 4.61 (bs, 1H),
4.48 (dd, J = 10.1, 6.2 Hz, 1H), 4.21–4.12 (m, 2H), 3.67 (s, 3H), 3.06–2.95 (m, 1H), 2.33–2.13 (m, 6H),
1.97–1.82 (m, 2H), 1.69 (s, 3H), 1.47–1.34 (m, 8H), 0.97 (s, 3H), 0.92 (s, 3H), 0.85 (s, 3H), 0.84 (s, 6H),
0.05 (s, 9H). 13C-NMR: (CDCl3, 100 MHz): δ(ppm) = 176.67, 174.00, 173.64, 150.57, 109.63, 80.61, 62.37,
56.57, 55.45 (2C), 51.25, 50.46, 49.48, 47.01, 42.40, 40.70, 38.40, 38.27, 37.85, 37.12, 36.98, 34.82, 34.52,
34.27, 32.18, 30.61, 29.68, 29.10 (3C), 27.97, 25.49, 25.12, 24.95, 23.75, 20.91, 19.36, 18.19, 17.33, 16.57,
16.18, 15.96, 14.69, −1.47 (3C). HR-ESI-MS: MW 777.5465 calcd. for C46H78O6SiNa, MW 777.5469 found.
Optical rotation, [α]20

D : +10.2◦.
10-{[(1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)

-icosahydro-1H-cyclopenta[a]chrysen-9-yl]oxy}-10-oxodecanoic acid/21. Tetrabutylammonium fluoride
(TBAF, 0.61 mL, 2.11 mmol) was added under stirring to a solution of compound 19 (318 mg,
0.421 mmol) in dry THF (15 mL), and the reaction mixture was stirred at RT overnight. Reaction
monitoring (TLC, eluant: 9:1 n-hexane/AcOEt with 1% HCOOH) confirmed the disappearance of
starting material 20. The reaction was quenched by an addition of sat. NH4Cl (10 mL). The aqueous
phase was extracted with AcOEt (2 × 10 mL), the collected organic phases were dried with Na2SO4

and evaporated under reduced pressure to obtain pure 21 (258 mg, 0.393 mmol, 93% yield).
Analytical characterization. 1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.72 (bs, 1H), 4.58 (bs, 1H),

4.44 (dd, J = 10.1, 6.2 Hz, 1H), 3.65 (s, 3H), 3.03–2.94 (m, 1H), 2.23–2.16 (m, 6H), 1.92–1.82 (m, 2H), 1.67
(s, 3H), 1.47–1.34 (m, 8H), 0.95 (s, 3H), 0.90 (s, 3H), 0.84 (s, 3H), 0.82 (s, 6H). 13C-NMR (CDCl3, 100
MHz): δ(ppm) 180.32, 177.30, 174.33, 151.11, 110.29, 81.31, 57.20, 56.08 (2C), 51.89, 51.10, 50.12, 47.63,
43.04, 41.34, 39.04, 38.90, 38.47, 37.76, 37.60, 35.43, 34.92, 34.70, 32.81, 31.25, 30.32, 29.68 (3C), 28.61,
26.13, 25.73, 25.29, 24.38, 21.56, 20.00, 18.84, 17.21, 16.81, 16.59, 15.33. HR-ESI-MS: MW 677.4757 calcd.
for C41H66O6Na, MW 677.4761 found. Optical rotation, [α]20

D : +12.9◦.
(1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)-

icosahydro-1H-cyclopenta[a]chrysen-9-yl-1-[(2R,3R,4S,5R,6R)-6-{[(2R,3R,4S,5R,6R)-6-(hydroxy
met-hyl)-3,4,5-tris[(trimethylsilyl)oxy]oxan-2-yl]oxy}-3,4,5-tris[(trimethylsilyl)oxy]oxan-2-yl]methyl
decanedioate/22-mono and (1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-pentamethyl-
1-(prop-1-en-2-yl)-icosahydro-1H-cyclopenta[a]chrysen-9-yl 1-[(2R,3R,4S,5R,6R)-6-{[(2R,3R,4S,5R,6R)-
6-{[(10-{[(1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-penta-methyl-1-(prop-1-en-2-
yl)-icosahydro-1H-cyclopenta[a]chrysen-9-yl]oxy}-10-oxodecanoyl)oxy]-methyl}-3,4,5-tris
[(trimethylsilyl)oxy]oxan-2-yl]oxy}-3,4,5-tris[(trimethylsilyl)oxy]oxan-2-yl]methyl decanedioate/23-bis.
EDC.HCl (15 mg, 0.0763 mmol) and DMAP (1 mg, 0.00763 mmol) were added under stirring at RT to a
solution of hexaTMS-protected trehalose 5 [40]. (59 mg, 0.0763 mmol) in anhydrous toluene (4 mL).
After 30 min, compound 21 (50 mg, 0.0763 mmol) was added, and the reaction mixture was stirred at
50 ◦C overnight. Reaction monitoring (TLC, eluant: 7:3 n-hexane/AcOEt) confirmed the disappearance
of starting material 21. The solvent was then removed under reduced pressure, and the crude oil was
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purified by flash chromatography (silicagel, eluant: 85:15 n-hexane/AcOEt) to obtain pure 22-mono

(23 mg, 0.0163 mmol, 21% yield) and pure 23-bis (24 mg, 0.0117 mmol, 15% yield).
Analytical characterization. 22-mono: 1H-NMR (CD3OD, 400 MHz): δ(ppm) = 4.96 (dd, J = 3.0,

1.9 Hz, 2H), 4.74 (d, J = 2.1 Hz, 1H), 4.67–4.58 (m, 1H), 4.47 (dd, J = 10.6, 5.7 Hz, 1H), 4.43–4.34 (m,
1H), 4.12–4.02 (m, 2H), 3.99 (td, J = 9.0, 3.1 Hz, 2H), 3.87 (dt, J = 9.5, 3.0 Hz, 1H), 3.70–3.68 (m, 5H),
3.61–3.45 (m, 4H), 3.34–3.32 (m, 2H), 3.02 (td, J = 10.8, 4.7 Hz, 1H), 2.44–2.23 (m, 6H), 1.90 (tt, J = 11.7,
5.8 Hz, 2H), 1.78–1.70 (m, 6H), 1.36 (s, 3H), 1.04 (s, 3H), 0.97 (s, 3H), 0.92 (s, 3H), 0.89 (s, 3H), 0.88
(s, 3H), 0.25–0.14 (m, 54H). 13C-NMR (CD3OD, 400 MHz): δ (ppm) = 176.69, 173.89, 173.68, 150.33,
108.96, 94.45, 94.19, 80.81, 73.58, 73.54, 73.31, 72.66 (2C), 72.01, 71.21, 70.72, 62.91, 60.41, 56.48, 55.45
(2C), 50.44, 49.24, 47.09, 42.17, 40.53, 38.24, 38.19, 37.52, 36.91, 36.47, 34.16, 34.06, 33.62, 31.74, 30.24,
29.42, 28.78 (2C), 28.73, 28.62, 27.22, 25.38, 24.80, 24.58, 23.38, 20.72, 18.21, 17.90, 15.75, 15.42, 15.20,
13.83, (0.19, −0.25, −0.99, −1.07 = 18C). HR-ESI-MS: MW 1433.8185 calcd. for C71H134O16Si6Na, MW
1433.8191 found. Optical rotation, [α]20

D : +60.3◦. 23-bis: 1H-NMR (CDCl3, 400 MHz, detected signals):
δ(ppm) = 4.94 (d, J = 3.0 Hz, 2H), 4.76 (d, J = 2.0 Hz, 2H), 4.62 (d, J = 3.2 Hz, 2H), 4.53–4.44 (m, 2H),
4.29 (dd, J = 11.8, 2.0 Hz, 2H), 4.07 (dd, J = 11.8, 4.3 Hz, 2H), 4.02 (ddd, J = 9.4, 4.2, 2.1 Hz, 2H), 3.92
(t, J = 9.0 Hz, 2H), 3.69 (s, 6H), 3.50 (t, J = 9.0 Hz, 2H), 3.46 (dd, J = 9.3, 3.1 Hz, 2H), 3.01 (td, J = 10.8,
4.2 Hz, 2H), 2.40–2.16 (m, 12H), 1.98–1.83 (m, 4H), 1.71 (s, 6H), 1.68–1.56 (m, 16H), 1.28 (s, 6H), 0.98 (s,
6H), 0.93 (s, 6H), 0.86 (s, 6H), 0.85 (s, 12H), 0.16 (m, 54H).

13C-NMR (CDCl3, 100 MHz): δ (ppm) = 176.66 (2C), 173.68 (2C), 173.60 (2C), 150.55 (2C), 109.62
(2C), 94.44 (2C), 80.61 (2C), 73.49 (2C), 72.67 (2C), 71.94 (2C), 70.75 (2C), 63.31 (2C), 56.57 (2C), 55.46 (2C),
51.23 (2C), 50.47 (2C), 49.49 (2C), 47.01 (2C), 42.40 (2C), 40.71 (2C), 38.40 (2C), 38.27 (2C), 37.84 (2C),
37.13 (2C), 36.97 (2C), 34.81 (2C), 34.28 (2C), 34.11 (2C), 32.18 (2C), 30.61 (2C), 29.68 (2C), 29.14 (2C),
29.11 (2C), 29.09 (2C), 27.97 (2C), 25.49 (2C), 25.12 (2C), 24.75 (2C), 23.75 (2C), 20.91 (2C), 19.35 (2C),
18.19 (2C), 16.56 (2C), 16.16 (2C), 15.96 (2C), 14.69 (2C), 14.10 (2C), (1.06, 0.88, 0.18 =18C). HR-ESI-MS:
MW 2070.2939 calcd. for C112H198O21Si6Na, MW 2070.2949 found. Optical rotation, [α]20

D : +41.2◦.
(1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)-

icosahydro-1H-cyclopenta[a]chrysen-9-yl 1-[(2R,3S,4S,5R,6R)-3,4,5-trihydroxy-6-{[(2R,3R,4S,5S,6R)-3,4,
5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}oxan-2-yl]methyl decanedioate/3-Be-mono. Acetic acid
(18 μL, 0.324 mmol) was added under stirring at RT to a solution of 22-mono (23 mg, 0.0162 mmol) in
MeOH (1 mL), and the reaction mixture was stirred at 40 ◦C for two days. Reaction monitoring (TLC,
eluant: 98:2 CH2Cl2/MeOH) confirmed the disappearance of starting 22-mono. The solvent was then
removed under reduced pressure to obtain pure target 3-Be-mono (13 mg, 0.0133 mmol, 82% yield).

Analytical characterization. 1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.98 (dd, J = 3.0, 1.9 Hz, 2H),
4.76 (d, J = 2.0 Hz, 1H), 4.65–4.59 (m, 1H), 4.52–4.42 (m, 1H), 4.45–4.37 (m, 1H), 4.11–4.02 (m, 2H), 3.97
(td, J = 8.9, 3.1 Hz, 2H), 3.84 (dt, J = 9.4, 3.1 Hz, 1H), 3.72–3.67 (m, 5H), 3.60–3.43 (m, 4H), 3.35–3.33 (m,
2H), 3.01 (td, J = 10.8, 4.7 Hz, 1H), 2.43–2.17 (m, 6H), 1.98–1.85 (m, 2H), 1.75–1.68 (m, 6H), 1.28 (s, 3H),
0.98 (s, 3H), 0.94 (s, 3H), 0.87 (s, 3H), 0.85 (s, 6H). 13C-NMR (CDCl3, 100 MHz): δ(ppm) = 176.64, 173.80,
173.72, 150.50, 109.65, 94.42, 94.15, 80.74, 73.59, 73.51, 73.30, 72.66, 72.62, 72.04, 71.25, 70.68, 62.90, 60.37,
56.56, 55.44, 51.24, 50.46, 49.49, 47.00, 42.40, 40.71, 38.40, 38.26, 37.85, 37.13, 36.96, 34.82, 34.28, 34.18,
34.12, 34.09, 32.18, 30.62, 29.69, 29.35, 29.17, 28.01, 25.48, 25.14, 24.81, 23.75, 20.92, 19.38, 18.21, 16.61,
16.18, 15.96, 14.71. HR-ESI-MS: MW 1001.5813 calcd. for C53H86O16Na, MW 1001.5819 found. Optical
rotation, [α]20

D : +70.6◦.
Attempted synthesis of (1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-pentamethyl-

1-(prop-1-en-2-yl)-icosahydro-1H-cyclopenta[a]chrysen-9-yl 1-[(2R,3S,4S,5R,6R)-6-{[(2R,3R,4S,5S,6R)-
6-{[(10-{[(1R,3aS,5aR,5bR,9S,11aR)-3a-(methoxycarbonyl)-5a,5b,8,8,11a-pentamethyl-1-(prop-1-en-2-yl)-
icosahydro-1H-cyclopenta[a]chrysen-9-yl]oxy}-10-oxodecanoyl)oxy]methyl}-3,4,5-trihydroxyoxan-
2-yl]oxy}-3,4,5-trihydroxyoxan-2-yl]methyl decanedioate/4-Be-bis. Acetic acid (13 μL, 0.234 mmol)
was added under stirring at RT to a solution of 23-bis (24 mg, 0.0117 mmol) in MeOH (1 mL), and
the reaction mixture was stirred at 40 ◦C for four days. Reaction monitoring (TLC, eluant: 98:2
CH2Cl2/MeOH) showed the formation of a series of uncharacterizable degradation products.
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2.4. NA Assembly and Characterization

Mono-Sq-NA1. In accordance with standard solvent evaporation protocols [41] the squalene-trehalose
conjugate 1-mono (4.0 mg) was first dissolved in THF (1 mL) in a vial while stirring at RT. The resulting
solution was added dropwise to a round bottom flask containing MilliQ grade distilled water (2 mL)
under magnetic stirring (500 rpm). The resulting suspension was stirred for 5 min, then THF was
thoroughly evaporated under reduced pressure, obtaining pure mono-Sq-NA1 as an opalescent
suspension (2 mL, 2 mg/mL).

Bis-Sq-NA2. In accordance with standard solvent evaporation protocols [41] the squalene-trehalose
conjugate 2-bis (4.0 mg) was first dissolved in THF (1 mL) in a vial while stirring at RT. The resulting
solution was added dropwise to a round bottom flask containing MilliQ grade distilled water (2 mL)
under magnetic stirring (500 rpm). The resulting suspension was stirred for 5 min, then THF was
thoroughly evaporated under reduced pressure, obtaining pure bis-Sq-NA2 as opalescent suspension
(2 mL, 2 mg/mL).

Mono-Be-NA3. In accordance with standard solvent evaporation protocols [41] the betulinic
acid-trehalose conjugate 3-mono (4.0 mg) was first dissolved in THF (1 mL) in a vial while stirring
at RT. The resulting solution was added dropwise to a round bottom flask containing MilliQ grade
distilled water (2 mL) under magnetic stirring (500 rpm). The resulting suspension was stirred for
5 min, then THF was thoroughly evaporated under reduced pressure, obtaining pure mono-Be-NA3

as opalescent suspension (2 mL, 2 mg/mL).
NA Characterization. NAs were characterized by dynamic light scattering (DLS), using a 90 Plus

Particle Size Analyzer from Brookhaven Instrument Corporation (Holtsville, NY, USA) operating at
15 mW of a solid-state laser (λ = 661 nm), using a 90-degree scattering angle. The ζ-potential was
determined at 25 ◦C using a 90 Plus Particle Size Analyzer from Brookhaven Instrument Corporation
(Holtsville, NY, USA) equipped with an AQ-809 electrode, operating at an applied voltage of 120 V.
Each sample was diluted to a concentration of 0.2 mg/mL and sonicated for 3 min before each
experiment. Ten independent measurements of 60 s duration were performed for each sample.
Hydrodynamic diameters were calculated using Mie theory, considering the absolute viscosity and
refractive index values of the medium to be 0.890 cP and 1.33, respectively. The same aqueous samples
at a concentration of 0.2 mg/mL were used for ζ-potential measurement, without any change for the
ionic strength (no addition of KCl). The ζ-potential was calculated from the electrophoretic mobility of
nanoparticles, by using the Smoluchowski theory [42].

2.5. Biology

Cell cultures. HeLa cells (ATCC: CCL-2) were cultured in DMEM with 10% FBS, 1% penicillin/
streptomicin and 1% glutamine in a humidified atmosphere of 5% CO2 at 37 ◦C (all reagents from
Euroclone). Cultures were treated with lipid-trehalose conjugates or NAs for 2 or 48 h at 37 ◦C at the
concentration indicated in the text.

Cytotoxicity assay. We performed the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay to measure culture vitality. HeLa cells were cultured in a 96-well plate at
a concentration of 5 × 103 cell/cm2 and incubated at 37 ◦C for 24 h. MTT was added in cell medium
at a final concentration of 0.25 mg/mL. Incubation lasted 30 min at 37 ◦C. Then, the medium was
removed and formazan precipitates were collected in 200 μL of DMSO. The absorbance measured
at 570 nm using a spectrophotometer reflects cell viability. Cell viability was expressed as fold over
control condition set at 100%.

Autophagy assay. We assessed autophagy by monitoring LC3 conversion by western-blotting as
previously described [43]. Briefly, upon a wash in PBS, cells were solubilized in RIPA buffer (150 mM
NaCl, 50 mM HEPES, 0.5% NP40, 1% sodium-deoxycholate). After 1 h under mild agitation, the lysate
was clarified by centrifugation for 20 min at 16,000 g. All experimental procedures were performed at
4 ◦C. Protein concentrations were evaluated via Bradford assay (Bio-Rad, Segrate, Italy). For Western
blotting experiments, an equal amount of proteins was diluted with 0.25% 5X Laemmli buffer, separated
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onto 10% SDS-PAGE gels and transferred onto nitrocellulose membrane (Sigma-Aldrich Italy, Milan,
Italy) at 80 V for 120 min at 4 ◦C.

Primary antibodies (source in parentheses) included: Mouse anti-LC3, 1:500 (Enzo Life Sciences
AG, Lausen, Switzerland), and mouse anti β-actin 1:1000 (Sigma Aldrich Italy, Milan, Italy) which were
applied overnight in blocking buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20, and 5% nonfat
dry milk). Proteins were detected using the ECL prime detection system (GE Healthcare). Images were
acquired with the imaging ChemiDoc Touch system (Bio Rad Laboratory Italy, Segrate, Italy), and the
optical density of the specific bands was measured with ImageLab software (Bio Rad).

2.6. Statistical Analysis

All data are reported as mean ± standard error of the mean (SEM). The entire data-set was logged
into GraphPad Prism and analyzed via unpaired Student’s T-test (two classes) or ANOVA followed by
Tukey’s posthoc test (more than two classes). Number of experiments (n) and level of significance (p)
are indicated throughout the text.

3. Results

3.1. Synthesis of Target 1-mono and 2-bis Squalene-Trehalose Conjugates

In order to obtain either a mono-(target compound 1-Sq-mono, 1:1 squalene-trehalose conjugate)
and a bis-squalenylated trehalose construct (target compound 2-Sq-bis, 2:1 squalene-trehalose
conjugate), we focused our attention onto the hexaTMS-protected trehalose derivative 5 [38] and the
carboxylated squalene-linker adduct 6 [31] (Figure 2).

 
Figure 2. Chemical structure of target squalene-trehalose conjugates 1-Sq-mono and 2-Sq-bis, and of
key synthetic intermediate hexaTMS-protected trehalose 5 and carboxylated squalene-linker adduct 6.

The synthesis of key intermediates 5 [38] and 6 [31] is reported respectively in Schemes 1 and 2.

Scheme 1. Synthesis of hexaTMS-protected trehalose 5.
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Scheme 2. Synthesis of carboxylated squalene-linker adduct 6.

HexaTMS-protected trehalose 5 was obtained through per-silylation of commercially-available
trehalose 7 with TMS-Cl (per-silylated 8, step a), followed by a selective deprotection of primary, more
easily accessible, hydroxyls (step b, Scheme 1).

Commercial squalene 9 was sequentially submitted to halohydration (bromohydrine 10, step a),
base-promoted elimination (epoxide 11, step b), oxidative cleavage (aldehyde 12), reduction (alcohol 13)
and mono-esterification with diacid 14, to provide target carboxylated squalene adduct 6 (step e,
Scheme 2).

Finally, key intermediates 5 and 6 were coupled in equimolar amounts in an esterification protocol,
obtaining a ≈ 3:1 mixture of 15-mono and 16-bis hexaTMS-protected compounds (step a, Scheme 3).

Scheme 3. Synthesis of target 1-Sq-mono and 2-Sq-bis squalene-trehalose conjugates.

After chromatographic separation, both hexaTMS protected compounds 15-mono and 16-bis were
submitted to acidic deprotection, yielding respectively 1-Sq-mono and 2-Sq-bis targets, respectively
in 45% and 13% overall yields from 5 and 6 (step b, Scheme 3).

3.2. Synthesis of Target 3-Be-mono Betulinic Acid-Trehalose Conjugate, Attempted Synthesis of Target 4-Be
bis Betulinic Acid-Trehalose Conjugate

In order to obtain the target 3-Be-mono betulinic acid-trehalose conjugate we adopted a similar
strategy, focusing our attention onto the same hexaTMS-protected trehalose derivative 5 [38] and the
carboxylated betulinic-linker adduct 21 (Figure 3).
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Figure 3. Chemical structure of target betulinic-trehalose conjugates 3-Be-mono and 4-Be-bis, of key
synthetic intermediate hexaTMS-protected trehalose 5 and carboxylated betulinic-linker adduct 21.

The synthesis of key intermediate 21 is reported in Scheme 4.

Scheme 4. Synthesis of carboxylated betulinic-linker adduct 21.

Betulinic acid 17 was first esterified (methyl ester 18, step a), then coupled with mono-protected
diacid 19 (prepared by a controlled esterification of sebacic acid 14, step b) to provide silyl-protected
construct 20 (step c). Carboxylic acid deprotection finally provided target carboxylated betulinic-linker
adduct 21 (step d, Scheme 4).

Finally, key intermediates 5 and 21 were coupled in equimolar amounts in an esterification
protocol, obtaining a ≈ 1.5:1 mixture of 22-mono and 23-bis hexaTMS-protected compounds (step a,
Scheme 5).

After chromatographic separation, hexaTMS protected compound 22-mono was submitted to
acidic deprotection, yielding target 3-Be-mono betulinic acid–trehalose conjugate, in 21% overall
yield from 5 and 21 (step b, Scheme 5). The same reaction, targeting 4-Be-bis from 23-bis, leads to
uncharacterizable degradation products.
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Scheme 5. Synthesis of target 3-Be-mono betulinic-trehalose conjugate.

3.3. NA Assembly and Structural Characterization

Both 1-Sq-mono and 2-Sq-bis squalene-trehalose conjugates, and 3-Be-mono betulinic acid-trehalose
conjugate were assembled into their corresponding NAs (mono-Sq-NA1, left, bis-Sq-NA2, middle,
and mono-Be-NA3, right, Scheme 6) following a standard experimental protocol [38].

Scheme 6. Assembly and graphic representation of mono-Sq-NA1, bis-Sq-NA2 and mono-Be-NA3.

Self-assembled mono-Sq-NA1, bis-Sq-NA2 and mono-Be-NA3 were characterized in terms of
hydrodynamic diameter and ζ-potential, as shown in Table 1.

Table 1. Mono-Sq-NA1, mono-Be-NA3 and bis-Sq-NA2: characterization.

Nanovector/Test Hydrodynamic Diameter (HD, nm) ζ-Potential (mV) Polydispersity Index

mono-Sq-NA1 90.4 ± 0.7 −25.12 ± 0.79 0.121 ± 0.019

bis-Sq-NA2 132.8 ± 0.9 −25.43 ± 0.69 0.072 ± 0.010

mono-Be-NA3 463 ±29 −23.53± 0.29 0.126 ± 0.010

The size of the hydrodynamic diameters shows an increase from mono-Sq-NA1 to bis-Sq-NA2,
while the self-assembly of mono-Be-NA3 results in much larger NAs with a mean HD centered at
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about 460 nm. However, the polydispersity index confirms the mono-dispersion of the colloidal
solution of each NA. Moreover, the self-assembled NAs show good colloidal stability as confirmed by
their ζ-potential value (<−20.0 mV), and by the stability of their hydrodynamic diameter (HD) which
is not affected even after 10 days’ storage in aqueous solution.

Furthermore, the TEM images and UV spectra of mono-Sq-NA1 (respectively Figures S1 and S2),
of bis-Sq-NA2 (Figures S3 and S4) and of mono-Be-NA3 (Figures S5 and S6) are provided in the
Supplementary Materials.

3.4. Biological Profiling

Finally, the set of three NAs was submitted to biological profiling in HeLa cells for cytotoxicity
(safety determination) and autophagy induction (activity determination). Namely, we treated HeLa
cultures for 2 and 48 h at 37 ◦C with either the three NAs (either estimated, adjusted 20μM concentrations
of trehalose in water for 2 h, or estimated, adjusted 40 μM concentrations for 48 h), their non-assembled
squalene-trehalose precursors 1-Sq-mono and 2-Sq-bis (either 20 μM in DMSO for 2 h, or 40 μM for
48 h) and betulinic acid-trehalose precursor 3-Be-mono (either 20 μM in EtOH for 2 h, or 40 μM for
48 h), or each individual component (100 mM trehalose in water, either 20 μM squalene in DMSO and
20 μM betulinic acid in EtOH for 2 h, or 40 μM with both for 48 h), and relative vehicle (DMSO or
EtOH). Assays were carried out at 48 h to ensure the release of free trehalose from NAs.

At first, we determined the in vitro safety profile of each sample via the MTT cytotoxicity assay
(Figure 4).

Figure 4. Cytotoxicity assay on betulinic acid, squalene, 1-Sq-mono, 2-Sq-bis, 3-Be-mono,
mono-Sq-NA1, bis-Sq-NA2 and mono-Be-NA3. MTT assay, 2 h/20 μM (left) and 48 h/40 μM (right),
trehalose = 100 mM.

The tested samples do not elicit an overt toxicity upon 2 hours of treatment. Instead, while the set
of three NAs confirmed lack of cytotoxicity at 48 h, both the 2-Sq-bis construct (≈65% viable cells at
48 h) and free betulinic acid (≈25% viable cells at 48 h) show significant cytotoxicity (p < 0.001 versus
not treated, n = 4).

Next, we assessed if NAs, non-assembled precursors and individual components, could induce
autophagy by western-blotting. In accordance with cytotox results, we tested NAs at both timelines
(2 h/Figure 5, and 48 h/Figure 6), while non-assembled precursors and individual components were
tested only at 2 h. Autophagy can be monitored by tracking the mobility shift from LC3I to LC3II
(Figures 5 and 6, right), that is a bona fide reporter of the induction of autophagy; and by the amount
of LC3II, that correlates with the formation of autophagosomes (Figures 5 and 6, left). α-Tubulin was
used as an internal control in the assays.
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2h – 20 M

Figure 5. Autophagy induction on betulinic acid, squalene, 1-Sq-mono, 2-Sq-bis, 3-Be-mono,
mono-Sq-NA1, bis-Sq-NA2 and mono-Be-NA3. LC3BII amount (left), LC3BII/LC3BI ratio (right),
2 h/20 μM, trehalose = 100 mM).

48h

48h – 40 M

Figure 6. Autophagy induction on mono-Sq-NA1, bis-Sq-NA2 and mono-Be-NA3. LC3BII amount
(left), LC3BII/LC3BI ratio (right), 48 h/40 μM, trehalose = 100 mM).

At 2 h, we only observed a moderate effect by the 2-Sq-bis construct that did not reach statistical
significance (Figure 5, left and right). At 48 h, surprisingly, the three NAs did not show any effect on
autophagy induction/progress (Figure 6).

157



Pharmaceutics 2019, 11, 422

We investigated the fate of our NAs in the biological medium, to rationalize their lack of biological
effects. Thus, HeLa cell lysates were treated following a published procedure [44], obtaining two
protein-free aqueous (≈4:3 MeOH:water) and organic (≈3:1 MeOH:chloroform) layers. Their LC-MS
analysis could neither detect trehalose as such at the expected μM concentration, nor the most likely
lipid-trehalose intermediates (see Figures S7–S10, mono-Sq-NA1; and Figures S11–S14 mono-Be-NA3,
Supplementary Materials). We could not rule out the presence of trehalose at lower, nM concentrations
that would not elicit an autophagy-inducing effect in cells, due to its detection LC-MS limits; and
we suggest that highly lipophilic lipid-trehalose intermediates 1-Sq-mono and 3-Be-mono remain
trapped within the protein pellet.

4. Discussion

Accumulating evidence indicates that induction of autophagy can be clinically relevant in the
context of neurodegenerative disorders characterized by protein aggregation [39]. Pre-clinically,
trehalose alleviates protein aggregation and cellular toxicity in pathological deposition of
amyloid/Alzheimer [22] and alpha synuclein/Parkinson [20]. It may act by binding to extra-cellular
GLUT transporters and by inducing AMPK-dependent autophagy [19], and/or by cytosolic activation
of the TFEP pathway [45]. Trehalose is highly hydrophilic, preventing its passive cell permeation [46].
Moreover, trehalases hydrolyze it to glucose at the GI barrier [23]. Thus, trehalose PK in humans is
challenging. By conjugating trehalose with squalene and betulinic acid, and self-assembling three
constructs into NAs, we generated entities with a putatively higher permeability profile, hopefully
leading to higher effects on autophagy at lower dosages.

The 2:1 2-Sq-bis construct showed per se an indication of higher potency than trehalose on
autophagy induction at much lower, ≈40 μM, concentrations. We hypothesize that its higher
lipophilicity, compared to its 1:1 1-Sq-mono and 3-Be-mono counterparts, may yield better cell
permeability after 2 hours of incubation, with a significant effect on autophagy induction.

The three NAs did not show any cytotoxicity, supporting their testing in the autophagy induction
assay. The three mono-Sq-NA1, bis-Sq-NA2 and mono-Be-NA3 NAs did not show any effect upon
autophagy induction; their inactivity could be justified by the absence of μM-free trehalose in cell
lysates (LC-MS determination), possibly due to limited degradation of NAs in 48 h.

Our next efforts will include the design and execution of modified assays to measure autophagy
induction at longer times and/or more NA degradation-prone conditions, and the synthesis of modified
self-assembly trehalose-nanolipid conjugates to fine-tune their properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/8/422/s1,
Figure S1: TEM images of mono-Sq-NA1, Figure S2: UV-vis spectrum of mono-Sq-NA1, Figure S3: TEM images
of bis-Sq-NA2, Figure S4: UV-vis spectrum of bis-Sq-NA2, Figure S5: TEM images of mono-Be-NA3, Figure S6:
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Abstract: The use of smart drug delivery systems (DDSs) is one of the most promising approaches
to overcome some of the drawbacks of drug-based therapies, such as improper biodistribution and
lack of specific targeting. Some of the most attractive candidates as DDSs are naturally occurring,
self-assembling protein nanoparticles, such as viruses, virus-like particles, ferritin cages, bacterial
microcompartments, or eukaryotic vaults. Vaults are large ribonucleoprotein nanoparticles present in
almost all eukaryotic cells. Expression in different cell factories of recombinant versions of the “major
vault protein” (MVP) results in the production of recombinant vaults indistinguishable from native
counterparts. Such recombinant vaults can encapsulate virtually any cargo protein, and they can be
specifically targeted by engineering the C-terminus of MVP monomer. These properties, together
with nanometric size, a lumen large enough to accommodate cargo molecules, biodegradability,
biocompatibility and no immunogenicity, has raised the interest in vaults as smart DDSs. In this
work we provide an overview of eukaryotic vaults as a new, self-assembling protein-based DDS,
focusing in the latest advances in the production and purification of this platform, its application in
nanomedicine, and the current preclinical and clinical assays going on based on this nanovehicle.

Keywords: eukaryotic vaults; nanoparticle; drug delivery systems; nanocage; protein self-assembly

1. Introduction

Nanomedicine is a translational science whose objective is to obtain new therapies and diagnostic
tools using the new available capabilities of nanotechnology [1]. It is applied in drug delivery, diagnosis,
imaging, and therapy fields. The application of nanotechnology in the design of new drug delivery
systems (DDSs) is, at this moment, one of the most active fields in nanomedicine research.

Conventional drug administration regimes use large amounts of the active principle, resulting
in high costs, undesired side-effects and low therapeutic efficacy because only small amounts of the
drug finally reach the target cells or tissues [2,3]. DDSs based on nanoparticles (NPs) have made
a remarkable difference in site-specific release of chemotherapeutic agents, due to their physical
and chemical characteristics and biological attributes. The use of such nanocarriers improves drug
biodistribution, targeting active molecules to diseased cells and tissues while protecting healthy ones.

Several NPs types are being extensively explored, including polymeric micelles [4], solid
nanoparticles [5], solid lipid nanoparticles (SLN) [6], nanostructured lipid carriers (NLC) [7],
liposomes [8], inorganic nanoparticles [9], dendrimers [10], or magnetic nanoparticles [11]. Among them,
biopolymer-based nanoparticles, including protein nanoparticles, are actively explored and used
in pharmaceuticals [12,13].
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Protein nano-DDSs are protein structures formed by the assembly of multiple copies of one
or several different proteins [14]. Nature offers such functional macromolecular structures that can
be easily manipulated for nanobiotechnology applications. Such naturally occurring protein cages,
as virus capsids and ferritin cages, serve as excellent templates for functional biomaterials with precise
architectures, unattainable by synthetic processes. The regular arrangement of protein subunits
within protein cage structures allows for the engineering of specific regions and surfaces of the cage,
such as the exterior or interior surfaces. The advantages of using proteins to prepare NPs for drug
delivery applications include their abundance in natural sources, biocompatibility, biodegradability,
easy synthesis process, and cost-effectiveness. In contrast, other particulate systems such as metallic
nanoparticles show several drawbacks including potential toxicity, large size, accumulation, or rapid
clearance from the body.

Most requirements for designing an ideal nano-DDS (stability, specificity, or controlled release of
the drug) can be acquired using proteins in its structure since protein domains with these functions
have been described [15]. As an advantage, proteins can be easily produced in different biological
systems [16] such as bacteria [14,17], insect cells [18–20], or mammalian cells [21], among others.

In addition, protein-based NPs offer the opportunity for surface modification by standard genetic
engineering techniques, or by conjugation of other protein/s and carbohydrate ligands. Protein engineering
has been extensively used to redesign structure and function, yielding particles with very narrow size
distributions and multiple functionalities. In this context, virus-like particles and other caged protein
structures have been explored as nanocarriers for introducing non-native functionalities. This enables
targeted delivery to the desired tissue and organ, which further reduces systemic toxicity. Such materials
have been developed for applications in the fields of nanotechnology, biotechnology, or drug delivery.
The use of protein NPs for such applications could, therefore, prove to be a better alternative to manipulate
and improve the pharmacokinetic and pharmacodynamic properties of the various types of drug molecules.
Research in this area has been very active for more than two decades, but only in the last years several of
these products have been released to the market and are now routinely used in clinics [22].

Protein nano-DDSs can be classified according to the structure resulting from protein interactions
in protein nanoboxes, nanoparticles, microspheres, matrices, and fibers. The vast majority of protein
nano-DDSs classified as protein boxes have been designed and optimized by nature [23] and have
a well-defined structure, divided into external, intermediate, and internal surfaces [24]. Generally,
specific ligands of target cells can be bound on the outer surface; the intermediate surface gives stability
to the complex; and the internal surface determines which cargo molecules can be introduced [25].
The loaded molecules inside these structures are protected against undesired degradation [23].
Some DDSs, such as viral particles, also have an intrinsic tendency to introduce components into
the cell interior [26]. In other cases, they must be modified to incorporate specific peptides and
direct them to the target cells. Not being the specific target of this review, these issues (and others)
regarding protein-based DDS can be examined in much more detail in previous revisions available in
the literature [27,28].

The main interest of protein boxes as nano-DDS is their internal cavity, which will determine the
number of molecules that can be internalized. Eukaryotic vaults are protein NPs with a large internal
cavity that makes them attractive as a nanocarrier for diverse types of molecules [18,29]. This feature,
together with their homogeneity and versatility to be modified and specifically delivered to target
cells, make vaults powerful candidates as nano-DDSs.

2. Eukaryotic Vaults

Vaults are ribonuclear-protein cytoplasmic complexes of 13 MDa [19] described for the first
time in 1986 [30] as small ovoid bodies similar in structure to the vaults of ecclesiastical buildings
(“vaulted ceilings”) [31], by which they were named. Their natural function is not completely elucidated,
although several functions related to nuclear transport, immune response [32] and multiresistance
in cancer cells [33] have been hypothesized. Although it is well known that they participate in these
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functions, the mechanism through which it intervenes is not defined. Vault structure is highly conserved
among different eukaryotic organisms [20,25,33], which indicates the importance of its functions and
the putative biocompatibility that it can present as nano-DDSs [33].

2.1. Vaults Structure

The ribonucleoprotein complex is composed of proteins and nucleic acids. The main component
is the “major vault protein” (MVP), representing more than 70% of natural vaults [25], while the
remaining components are proteins such as poly(ADP-ribose) polymerase (VPARP) and telomerase;
and small nontranslated RNA. The recombinant synthesis of MVP monomers is sufficient and allows
their spontaneous self-assembling into vaults indistinguishable from natural ones. This has allowed
the design, engineering, and production of recombinant vaults [19].

The structure of rat liver vault ribonucleoprotein particles was examined by different staining
techniques in conjunction with EM and digestion with hydrolytic enzymes. Quantitative scanning
transmission EM demonstrates that each vault particle is a homodimer, composed by two symmetrical
halves with a total of 39 copies of MVP in each one [19]. Hydrophobic interactions between MVP
domains (the strongest of the structure [18]) direct self-assembling of the vault. Each MVP monomer
folds into 12 domains: nine structural repeat domains, a shoulder domain, a cap-helix domain,
and a cap-ring domain. Interactions between the 42-turn-long cap-helix domains are key to stabilizing
the particle. Freeze-etch revealed that vault can open into flower-like structures, in which eight
rectangular petals are joined to a central ring, each by a thin hook. Vaults examined by negative stain
and conventional transmission EM (CTEM) confirmed the flower-like structure [34]. The hierarchical
self-assembly of MVP monomers into vaults is shown in detail in Figure 1.

The structural arrangement of a single MVP chain into the assembled vault was further analyzed
and proven when an ∼9 Å X-ray crystal structure of recombinant vaults purified from insect cells was
carried out [35]. A further refinement to 3.5 Å resolution using crystallized rat liver vaults verified
the previous low resolution structure prediction [36]. Vault structure analysis by X-ray diffraction
at 3.5 Å resolution [25] gives dimensions of approximately 67 × 40 × 40 nm as well as an interior
volume of 3.87 × 107 Å3. Vaults show a hollow, barrel-shaped structure with two protruding caps and
an invaginated waist, based on hierarchical protein self-assembly [36].

Moreover, studies based on electron cryotomography showed that intracellular vaults are similar
in overall size and shape to purified and recombinant vaults previously analyzed [37]. A 2.1 Å
resolution structure of the seven N-terminal repeats (R1–7) of MVP has also been determined [38].

Under physiological conditions there is a balance between the closed and open conformations
(separate halves) of vaults, allowing the entry of molecules [39]. An acidification of the medium
destabilizes the bonds between monomers, with the exception of the strong hydrophobic joints
between the head-helix domains, giving rise to a “flower-like” structure [20,40]. Low-pH condition
triggers vault conformational change. Closed intact vaults at pH 6.5 dissociate quickly into half-vaults
as the solution pH decrease to less than 4.0 [41]. This dissociation triggered at low pH has been
proposed as a useful tool for controlled drug delivery within cellular systems given that endosomes
and lysosomes are normally maintained at acidic pH. Thus, this phenomenon is being studied in order
to achieve a controlled release of cargo drugs [40]. In this line, Esfandiary et al. employed a variety of
spectroscopic techniques (i.e., circular dichroism, fluorescence spectroscopy, and light scattering) along
with electron microscopy, to characterize the structural stability of vaults over a wide range of pH (3–8)
and temperature (10–90 ◦C). Ten different conformational states of the vaults were identified over the
pH and temperature range studied with the most stable region at pH 6–8 below 40◦C and least stable
at pH 4–6 above 60 ◦C [42].
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Figure 1. Hierarchical self-assembly of major vault protein (MVP) monomers into closed vaults.
Each vault consists in a hollow, barrel-like structure composed of two identical cup-like halves joined
at their open ends. Each half vault is in turn composed of a single eight-petaled “flower-like” structure,
which is folded into the cup shape. At low pH, the acidic residues at the half-vault interfaces would
become neutral, leaving a highly positive charge and inducing the disassembly of the vault particle by
charge repulsion. Adapted from [20,36,40,41].

Prior crystal structures of the vault have provided clues of its structure but are non-conclusive
due to crystal packing. To addres this concern, a recent study determined vaults near-atomic
resolution (~4.8 Å) structures in a solution/noncrystalline environment [43]. Authors obtained vaults
by engineering at the N-terminus of rat major vault protein (MVP) an HIV-1 Gag protein segment.
The barrel-shaped vaults in solution adopt two conformations, 1 and 2, both with D39 symmetry,
and comparison with crystallography results shows a major flexible region at the vault shoulder,
suggesting that loops near this region could be utilized as peptide fusion sites for engineering purposes.
Also in the line to determine vault structure under physiological conditions, Llauró et al. examined the
local stiffness of individual vaults and probed their structural stability with atomic force microscopy
(AFM) under physiological conditions, showing that the barrel, the central part of the vault, governs
both the stiffness and mechanical strength of these particles [44]. In another study, same authors used
AFM to monitor the structural evolution of individual vault particles while changing the pH in real time.
The results showed that decreasing the pH of the solution destabilize the barrel region, the central part
of vault particles, leading to their aggregation. Additional analyses using Quartz-Crystal Microbalance
(QCM) and Differential Scanning Fluorimetry (DSF) confirmed AFM experiments [20]. This confirms
that low pH weakens the bonds between adjacent proteins.

As described previously, single MVP self-assembly into final vault was modeled using the cryo-EM
technique, showing that N-terminal tags were located at the vault waist facing the inside of the particle
with longer tags having greater internal density [45]. On the other hand, vaults assembled from MVP
containing C-terminal tags displayed extra density at the top and bottom (caps) of the vault, indicating
that whereas the N-terminus begins at the inside of the vault waist, MVP C-terminus is exposed at the
vault surface [45,46]. The implications of such findings in the putative applications of vault will be
discussed in detail in next sections.

2.2. Drug Encapsulation within Vaults

A key issue in order to apply engineered vaults as an efficient DDS was the development of
a procedure to encapsulate foreign materials into the vault lumen. The development of such a strategy
relies on previous studies of the VPARP protein, an essential component of native vaults that was
identified using the yeast two-hybrid method employing MVP as a bait [47]. With this previous
knowledge, a strategy was developed to identify a vault targeting sequence. In this line, structural
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studies of VPARP and MVP interactions revealed the existence of a domain within the VPARP protein
(at its C-terminus, aa 1563–1724), called interaction domain (INT) [48–50], which interacts with the
inner side of domains 3, 4, and 5 of MVP N-terminal end [51,52]. The fusion of this INT domain at
the C-terminus of proteins with therapeutic interest allows their spontaneous encapsulation within
vaults without affecting their biological activity, as observed naturally with VPARP. As the INT domain
is responsible for binding VPARP to MVP, it was hypothesized to act as a “zip code” directing the
protein to the inside of the vault particle (see Figure 2A). This targeting ability was confirmed when the
INT domain was fused to proteins with enzymatic or fluorescent activities such as firefly luciferase or
a variant of the green fluorescent protein, and coexpressed with MVP in Sf9 insect cells [49], obtaining
fluorescently labelled vaults due to cargo protein internalization. INT-tagged proteins copurified
with recombinant vaults, and cryo-EM analysis revealed that they were packaged inside the particles
into two rings of density, above and below the vault waist. Other proteins with relevant biological
activities, such as CCL21 [53], pVI [48], or the antigens MOMP [54] and OVA [55] have been successfully
encapsulated by this mechanism. This strategy is depicted in Figure 2. Moreover, this encapsulation
process does not not require cotranslation of INT-tagged cargo protein with MVP [39]. INT fusion
proteins can be packaged inside recombinant vaults by just mixing them and incubating the mixture
on ice for 30 min. This process has been hypothesized to occur via vault “breathing”, a process
previously characterized for virus particles. As purified vaults are occasionally observed as half vault
structures [41,56], a transient half-vault/whole-vault dynamic could also explain INT protein packaging.

As mentioned before, MVP N-terminus faces the vault lumen, offering an excellent opportunity to
encapsulate peptides or proteins. In this context, several fusions have been added to MVP cDNA. The added
domain did not interfere in the self-assembly of MVP monomers, rendering vaults similar to native ones,
and as expected the new domain were found located inside the nanocages (see Figure 2B). Following this
strategy, peptides or proteins like green fluorescen protein [49], a cysteine-rich peptide [45], a His-T7 epitope
tag [45], a VSVG epitope tag [45], an adenovirus membrane lytic peptide [48] or an epitope of HIV-1 Gag
protein [43] have been successfully encapsulated within vaults.

Figure 2. Encapsulation possibilities of recombinant vaults. A. The protein of interest (yellow) is
fused to interaction domain (INT) domain (purple). After self-assembly of MVP monomers into
vaults, the INT domain will direct loading of cargo protein (shown as two yellow discs) within vaults
through specific interaction with MVP monomers. B. The peptide of interest (in green) is expressed as
a fusion to N-terminus of MVP monomer. After MVP self-assembly into vaults, cargo peptide will
accumulate in the nanoparticle lumen (shown as two green discs). Adapted from [57]. PDB images:
4HL8 Bioassembly 1 and 2.
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Compounds not encoded by DNA (a common situation for small molecule drugs) have also been
encapsulated within vaults by means of the INT targeting domain [29]. Recombinant INT containing
an additional 31 amino acids at the N-terminus including a 6-His tag was used to direct bound species
into vaults. This was confirmed with Ni-NTA nanogold, a material with affinity to the 6-His tag.
As proof-of-concept, Ni-NTA-nanogold gold clusters were attached to the 6-His tag of three different
INT-tagged proteins, forming a Au-INT complex. Then, specific association of gold clusters with the
vault was demonstrated by co-immunoprecipitation with agarose beads.

The release rate of proteins encapsulated within vaults by INT-mediated interaction could be slowed
down by the substitution of different amino acids of the INT domain by histidines [51]. All these previous
results invite to easily visualize that vaults can be in the future an excellent DDS for virtually any peptide or
protein with therapeutic potential, just by the simple procedure of fusing them to the INT domain.

Many chemotherapy drugs are small, hydrophobic molecules that are difficult to administer in aqueous
solution and to distribute throughout the body. It is evident that such non-protein molecules cannot be fused
to the INT domain, but the internal environment of the vault can be modified to favor its encapsulation.
In this line, it has been described that a recombinant nanodisk containing “all trans retinoic acid” (ATRA),
a potent but toxic therapeutic compound, could be packaged inside vaults [58]. Such nanodisk was
obtained by incubating the fusion of a truncated form of the lipoprotein Apo-AI with INT vault binding
domain, together with a dispersion of synthetic phospholipids in aqueous buffer, in the presence of the
extremely hydrophobic ATRA drug. Finally, all this complex could be encapsulated within vaults thanks
to the presence of the INT domain. Moreover, vault protected the hydrophobic nano-DDS, increasing
its half-life and allowing the specific release of the drug. To avoid the previous step of the synthesis
of another nano-DDS, recombinant MVPs have been designed that create a more hydrophobic interior
environment. Thus, an amphipathic α-helix peptide, originally from the NS5A protein of hepatitis C virus,
has been covalently bound to the N-terminal end of MVP [18], without hindering vault self-assembly.
This modification has allowed the encapsulation of >2000 molecules (such as bryostatin 1, amphotericin
B, or ATRA) per single vault. Bryostatin 1 is of particular therapeutic interest because of its ability to
potently induce expression of latent HIV. In this line, results showed that vaults loaded with bryostatin 1
released the drug, resulting in the in vitro activation of latent HIV provirus and induction of CD69 biomarker
expression following intravenous injection into mice [18]. This strategy can be of great interest to favor the
biodistribution of most hydrophobic drugs.

2.3. Vault Targeting and Internalization

To address the ability of vaults to be engulfed and internalized in cells, vaults packaged with
INT-tagged fluorescent proteins (GFP or mCherry) were added to HeLa cell cultures and their uptake
confirmed by confocal microscopy [46]. This uptake, suggested to occur by endocytosis, was not
specific or efficient, and thus considered a positive trend in terms of minimizing putative nonspecific
incorporation of nano-DDSs in healthy cells. However, loaded vaults need to be targeted and delivered
in a specific way to target cells and tissues. For that purpose, MVP C-terminus has been deeply
explored. This C-terminal end faces the outside surface of the vault, and thus it can be modified to
incorporate targeting peptides to target and promote specific cellular internalization of vaults into
desired cells. In the frame of this strategy, the ability to specifically target the vault will rely and depend
on the ability to find receptors specifically expressed (or clearly overexpressed in comparison with
healthy cells) and the obtention of specific ligands recognizing such specific receptors in the target cell.
Then, such ligands should be fused to the vault surface in order to recognize their target. For example,
since epidermal growth factor (EGF) is upregulated in numerous cancer cell types, tags have been
engineered and tested as fusions to the C-terminus of MVP to facilitate targeting to epithelial cancer
cells via the EGF receptor (EGFR): a 33 amino acid Fc-binding peptide (called the Z domain) and the
55 amino acid epidermal growth factor (EGF). The modified vaults bound specifically to cancer cells
either directly (EGF modified vaults) or as mediated by a monoclonal antibody (anti-EGFR) bound
to recombinant vaults containing the Z domain (see Figure 3A). The EGF modified vaults have the
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ability to specifically bind cell surface receptors and trigger receptor activation in a manner similar to
recombinant human EGF [46]. Thus both specific (peptide-directed) and general (antibody-mediated)
methods could be used to target recombinant vault particles to cells, representing an essential advance
towards the use of recombinant vaults as targeted DDSs.

Since recombinant vaults will expose one copy of the targeting peptide for each copy of engineered
MVP monomer (see Figure 3B), the size of the peptide or protein fused to the C-terminal end of the
MVP plays an important role in the stability of the vaults. The fusion of epidermal growth factor
(EGF) [46], whose receptor is overexpressed in several cancers has been studied. It was observed that
the presence of EGF in all the copies of MVP produces instability, interfering in its structuring, finally
rendering insoluble vaults. To solve this problem, vectors were designed with two promoters that
allow, on the one hand, the expression of MVP associated with EGF; and on the other, the expression of
natural MVP [46]. This reduced the number of EGF present in each vault, allowing its correct structure,
solubility, and ability to reach target cells.

The main route of administration of vaults consists of intratumoral injection [53], while the
intranasal route has been studied for the use of vaults as vaccines [54]. Oral administration is hampered
by the structural changes that vaults may undergo when exposed to acidification [20,40] that occurs in
the gastrointestinal tract, and vaults specifically designed to cross the blood–brain barrier has not been
developed yet.

Vaults specifically directed to target cells by ligands or antibodies will enter the cell interior by
endocytosis [48,53], following the endosomal pathway until its degradation in lysosomes. Its success as
nano-DDS depends on its ability to release the therapeutic components to the cytoplasm of the cells and
not be degraded in the lysosomes. In order to avoid the degradative pathway and increase the release
of the drug to the cytoplasm, the fusion of the lytic domain of the pVI protein of the adenovirus to the
N-terminal end of the MVP has been studied [48]. It was demonstrated that pVI-vaults could disrupt
the endosomal membrane using three different experimental protocols including enhancement of DNA
transfection, codelivery of a cytosolic ribotoxin, and direct visualization by fluorescence. The early exit
of the lysosome occurs without causing nonspecific damage to the cell, although it has been observed
that a high concentration of this peptide can result in unwanted cellular apoptosis [48]. However,
therapeutic effect greatly depends on the efficient release of the cargo protein from the DDS. In this
context, it is hypothesized that the release rate of the cargo from the vault lumen is directly related to the
interaction between MVP and INT domain. To further explore the release of molecular cargos from the
vault nanoparticles, the interactions between isolated INT-interacting MVP domains (iMVP) and wild
type INT has been determined and compared to two structurally modified INTs: first, a 15-amino acid
deletion at the C terminus (INTΔC15) and, second, a histidine substitution at the interaction surface
(INT/DSA/3 H) to impart a pH-sensitive response [51]. The introduction of histidines to His-INT
resulted in stronger interaction between His-iMVP and His-INT/DSA/3 H compared to the wild type
His-INT at both pH 6.0 and 7.4. This study implies that modulation of molecular release rate from the
vault is possible by tuning the proportion of wild type and histidine-substituted INT or by truncation
of the INT domain.
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Figure 3. Engineering approaches for targeting vaults. A. The Z domain (in green) is fused to MVP
monomer at its C-terminus. After MVP-Z monomer self-assembles into vault, it is incubated with
a targeting antibody, that will bind to Z domains through its Fc domain. B. A specific targeting peptide
(in purple) is fused to MVP monomer at its C-terminus. After MVP-Pep monomer self-assembles into
vault, multiple copies of the targeting peptides will be exposed at the vault’s caps. Adapted from [57].
PDB images: 4HL8 Bioassembly 1 and 2.

The above-mentioned strategies are limited by the capability to genetically engineer MVP protein
to fuse the desired targeting peptide to it and therefore, to the resulting vault. Recently, a different
approach has been proposed based on covalent chemical modifications of MVP residues. As other
protein-based supra-macromolecular structures, vaults contain many derivatizable amino acid side
chains. The new approach [19] was focused on establishing the comparative selectivity and efficiency
of chemically modifying vault lysine and cysteine residues, using Michael additions, nucleophilic
substitutions, and disulfide exchange reactions. Given the great number of vault lysine residues
and the versatile chemistry of thiols, authors demonstrated a simple, robust technique to efficiently
convert these more abundant residues into thiol terminated side chains. Using such chemistry, vaults
doubly modified with a fluorescein reporter probe and cell-penetrating octaarginine peptides attached
via a redox-sensitive cleavable or noncleavable linker were obtained. Relative to unmodified vaults,
the resultant modified vaults showed no adverse particle effects following chemical modification while
clearly demonstrating increased cellular uptake into cells of interest. This study provides a chemical
foundation for predictable and fast vault modification, as required for the use of engineered vaults in
imaging, therapeutic delivery, or basic biological research.

3. Recombinant Vaults Production and Purification

The baculovirus–insect cell system is today one of the most commonly used strategies to produce
recombinant proteins. Since insect cells are one of the few eukaryotes lacking endogenous vaults,
they have been the standard cell factory to obtain recombinant vaults. The current production of
recombinant vault nanoparticles is mainly performed in Spodoptera frugiperda (Sf9) insect cells [59],
where expression of only the MVP protein can direct the assembly of vault-like particles on
polyribosomes [59,60]. However, this approach is complex and costly for industrial scale applications.
The construction of a recombinant baculovirus containing a gene of interest requires a tedious and
time-consuming (3–6 months) process. After that, routine growing, titration, and maintenance of the
baculovirus stocks are also required. Moreover, continuous protein production is hampered by insect
cells lysis during infection. Release of intracellular proteins from lysed cells, or removal or inactivation
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of progeny baculoviruses released by budding off from infected cells, may result in protein degradation
by proteases and may also complicate downstream process [61–63].

To date, one significant change in the process has been the proposal of the replacement of
the sf9 insect cells for insect larvae, which allows a greater production. Protein expression levels
in baculovirus-infected larvae can be very high, reducing costs for large-scale production. In this
line, a procedure was reported, based in baculovirus-infected insect larvae as starting material [40].
Nevertheless, due to general unfamiliarity with larval systems and restricted or low access to cell
culture facilities to any research laboratory, this approach has not gained widespread popularity in
most molecular biology laboratories in North America and Europe.

According to all these drawbacks related to expression systems, there is the need to develop
alternative cell factories for recombinant vault production. Among the available organisms, yeast
is a promising one for large-scale expression and preparation for human applications. Yeast have
been successfully used in the last decades for recombinant protein production [64] and, for the
synthesis of protein nanostructures such as virus-like particles [65], are similar in size and structure to
vaults. In this context, it has been recently described for the first time the production of vaults in the
yeast Pichia pastoris [66]. Expression of MVP alone in P. pastoris led to the formation of intact vaults,
morphologically similar to endogenous vaults isolated from other eukaryotes. Moreover, such yeast
vaults retained the ability to interact with INT-fused proteins, revealing P. pastoris as a new, promising
alternative to insect cells for producing recombinant vaults.

To develop an economically competitive platform based on recombinant vaults, efficient
downstream processes also need to be set-up and optimized. The interest of its use as nano-DDS
requires the optimization of the process in order to increase the scale and yield [53] of production.
The high size of the vault ribonucleoprotein complex complicates its downstream. For its purification,
sucrose gradients [59,67], and continuous ultracentrifugation steps [57] have been used in a traditional
manner, procedures rather complex and labor intensive. This technique greatly hinders large-scale
production [57], both for the time devoted to achieving the needed high purity and the small amount
obtained. Recombinant MVP is purified from insect cell extracts in a procedure requiring three
ultracentrifugation steps and two additional gradient centrifugations. Sucrose or cesium chloride
gradient ultracentrifugation [68,69] is generally considered to be chemically and physically appropriate
for purification of different protein-based nanoparticles, including VLPs, but this general approach
is labor-intensive, time-consuming, and scale-restricted [70], and can be associated with unexpected
batch-to-batch variation. Although several reports have shown that gradient ultracentrifugation could
be employed to purify VLPs, it provided only low yield and failed to remove impurities (including
recombinant baculoviruses) from the final products [71].

Taking all these facts together, the need for the development of faster and easier downstream
procedures for recombinant vaults is clear, and many efforts are being devoted to such purpose. In this
line, efforts have been made in the substitution of centrifugation by special chromatographic columns,
which significantly reduce the purification time. According to this approach, after removing cell debris,
clarified lysate is loaded into an ion exchange column for large particles (Fractogel® EMD TMAE) and
then into a gel filtration column, rendering final overall purities higher than 99% [33,40]. More recently,
a two-step protocol for vault purification has been described, based on dialysis step and size-exclusion
chromatography [72]. In this work, vaults were purified by a first dialysis step using a 1 MDa molecular
weight cutoffmembrane and a subsequent size-exclusion chromatography (SEC) on a Sepharose CL-6B
column, rendering vaults with 90–95% purity and yields of 15 mg protein from 0.7–0.8 g cell samples
pelleted from 50 mL of culture medium. Despite all these efforts and advances, vaults purification is
still performed basically by the original protocol based on several ultracentrifugations.

In Table 1 it is shown the currently used expression systems and purification procedures for the
obtention of recombinant vaults. Apart from those already in use, large scale and reproducible vault
particle purification methodologies will be needed, preferably without ultracentrifugation steps. Thus,
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it is not difficult to foresee that new, improved purification methods will surely appear in the future
that will allow a fast, cost-efficient vault purification.

Table 1. Expression systems and purification protocols currently used in the manufacturing of
recombinant vaults.

Expression
System [Ref.]

Purification Method Final Yield Advantages Disadvantages

Baculovirus infection
on sf9 cells [59]

Several saccharose
gradient

ultra-centrifugations
~10 mg/L No endogenous vaults

Time-consuming,
tedious

downstream process

Baculovirus infection
on sf21 cells [72]

Dialysis and
size-exclusion

chromatography
~0.5–1 mg/L

No endogenous vaults
Quick, easy and cheap
downstream process

Low yields

Baculovirus oral
infection on

insect larvae [40]

Ion exchange (cationic)
and size-exclusion
chromatography

Up to
several grams

No endogenous vaults
High yields

Difficult scale-up
Slow production rate

Yeast cells
(Pichia pastoris) [66]

Sucrose gradient
ultracentrifugation and
ion exchange (anionic)

chromatography

~7–11 mg/L
No endogenous vaults

Fast and
cost-efficient production

Need scale-up

4. Vaults Applications in Nanomedicine and Clinical Trials

As a naturally occurring nanocage, vault is a promising candidate for DDS to target and deliver
therapeutic molecules to damaged cells or tissues. Being highly stable structures in vitro, it is reasonable
to hypothesize that vaults will be also stable in the bloodstream. However, putative immunogenic
reactions from the body to recombinant vaults could restrict their application in clinical trials, mainly
when using repetitive administrations. Several studies indicate that vaults are nonimmunogenic.
For example, it was not possible to elicit antibodies in rabbits against purified vaults, and an antigenic
response could only be induced when vaults were hemocyanin cross-linked prior to injection into
rabbits [30]. In another study, the immunobistocbemical expression of MVP protein in freshly frozen
normal human tissues and in 174 cancer specimens of 28 tumor types was analyzed, showing a broad
distribution of MVP in both normal and tumoral human tissues [73]. Finally, immunogenicity of
recombinant vaults in rats using subcutaneous administration showed no immunoreactivity against
the recombinant vaults [57]. All these data suggest that, being ubiquitous throughout the human body,
vaults are bio-invisible and nonimmunogenic to the human immune system.

To date, it is the American company Vault Pharma, a spin-off of the research group, that led by
Dr. Leonard Rome (Dept. of Biological Chemistry, UCLA) discovered vaults in 1986, which holds intellectual
property over vaults and some of their applications by means of several patents and, therefore, which is
developing vaults as new DDS, some of them already in clinical trials. Such patents cover aspects including
recombinant production, and vaults as carriers for biomolecules (such as cytokines and hydrophobic
molecules) delivery. The vault is being explored and used as a tool to modulate the activity of the immune
system. Vault Pharma’s technology platform uses the vault particle to deliver peptides for unique immune
signaling, exploiting the vault natural function as an immunological signal alert progenitor (characterized by
vault being rapidly ingested by antigen presenting cells (APCs), specifically macrophages and dendritic cells).
It was described that vaults are an early alert signal to the immune system once a cell is lysed and vaults
are released to the extracellular space where they are rapidly engulfed by APCs. In this sense, it has been
described that dendritic cells efficiently internalize vault nanocapules [54]. Therefore, current clinical trials
based on these properties takes advantage of this natural property of vaults to trigger an immune response
that is noninflammatory and results in many propitious effects including stimulation of extraordinarily
high levels of antigen specific CD4 and CD8 T cells. The projects developed can be classified as oncological
immunology and immunological activation to prevent infections.

For the treatment of oncology malignancies, vaults are designed to modulate the immune system,
so it can slow or stop tumor development. The most advanced design consists of vaults (not specifically
targeted) containing the CCL21 chemokine. This chemokine CCL21 is expressed mainly in the high venules
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of the lymph nodes and Peyer’s patches [53] and act as a chemoattractant of cells of the immune system that
express the CCR7 receptor. The strategy, which has shown its effectiveness, consists of directing the cells of
the immune system to the tumor zone to stop the growth of the tumor [53]. The encapsulation of chemokine
CCL21 occurs by fusion of the INT [53] domain at the C-terminus of CCL21. The MVP monomer is not
fused to peptides ligands or specific antibodies, so the intratumoral administration is the only possible to
act in a specific way. This explains that the use of the same nano-DDS is being studied to treat different
types of cancer. The most advanced clinical trial that uses the strategy mentioned is directed against lung
cancer. In the preclinical phase, the effectiveness of intratumoral administration of vaults loaded with
CCL21 in mouse models was demonstrated [33,53]. At these localized sites there is an increase in the activity
of the T lymphocytes against the tumor cells which results in the inhibition of their growth. Currently,
the project is at the beginning of the development phase I. As future perspectives, the fusion of different
ligands or antibodies specific for tumor cells to CCL21-vaults would allow intravenous administration and
the possibility of reaching difficult-to-access tumors [74].

Other techniques of activation of the immune system have been used to stop the tumor
development. Different cytokines (IL7 and CCL19) [75] have been encapsulated in vault nanoparticles
and their effect on tumors is being tested. Another route that is being developed is the encapsulation of
antigens characteristic of tumors such as NY-ESO [76], acting the vault as if it were a vaccine, activating
the immune system to recognize tumor cells and stop their growth.

On the other hand, the approach to control infectious diseases relies in the controlled encapsulation of
specific antigens of certain pathogenic microorganisms (Chlamydia, HIV, Influenza, HPV y Burkholderia),
allowing an optimal activation of the immune system by the slow release of immunogenic epitopes from
the vault. For example, it has been explored the ability (as vaccines for Chlamydia trachomatis) of engineered
vaults containing an immunogenic epitope of this pathogen, the polymorphic membrane protein G (PmpG),
to be internalized into human monocytes and behave as a “natural adjuvant”. Such PmpG-1-vaults were
able to activate caspase-1 and to stimulate IL-1β secretion, and immunization of mice with PmpG-1-vaults
induced PmpG-1 responsive CD4(+) cells upon restimulation with PmpG peptide in vitro [77]. In another
approach to fighting Chlamydia infections [54], the immunogenic protein major outer membrane protein
(MOMP) of Chlamydia muridarum was encapsulated within hollow, vault nanocapsules (MOMP-vaults) that
were engineered to bind IgG for enhanced immunity. Intranasal immunization with such constructions
induced anti-chlamydial immunity plus a significantly attenuated bacterial burden following challenge
infection. Based on all these backgrounds, Vault Pharma is conducting several clinical trials against
different infections, being the most advanced of such trials in their preclinical phases and alert the immune
system against Chlamydia, HIV and Influenza pathogens. A brief list of such trials is shown in Table 2.

Table 2. Current vaults applications in nanomedicine. Specific applications are classified according to
the stage of their respective clinical trials. Source: https://vaultpharma.com/pipeline/.

Vaults Application
Clinical Trial Stage

Drug Discovery Preclinical Phase I

Oncology immunology

Pancreatic cancer
Prostate cancer

Head and neck cancer
Renal cancer

Bladder cancer
Colon cancer
Breast cancer

Graft vs host disease
Pulmonary fibrosis

Solid tumors

Lung cancer
Melanoma

Glioblastoma
Lung cancer

Immunological activation for
infection prevention

HPV cancer
Burkholderia

Chlamydia
HIV/AIDS
Influenza

However, transfer of vaults use to the clinic presents different challenges to overcome. First,
current protocols for the production and purification of vaults need to be optimized. Each recombinant
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vault requires the design, construction and maintenance of a baculovirus vector, a tedious and
time-consuming process. In this line, new expression systems (mainly insect larva or yeast cells) are
emerging as new actors in the field, with promising (but still preliminary) results. Also, downstream
processeses (based on tedious and time-consuming ultracentrifugation steps) need to be optimized.

On the other hand, administration routes for vault-based nanomedicines is another issue that
has been explored in detail. Oral administration of vaults—the preferred route of administration
in the pharmaceutical industry—presents a clear problem due to the structural changes suffered by
the vault in acidic environments such as the stomach. Thus, for this case, vaults would need to be
strongly engineered and modified to overcome such barrier. To date, the design of vaults to cross the
blood–brain barrier has not been developed. However, the natural presence of vaults in the central
nervous system [78] has been identified, suggesting that with the right ligand, vaults could cross the
blood–brain barrier without causing damage to the central nervous system. Intranasal administration
has also been explored for vault-based nanomedicines containing immunogenic proteins, successfully
acting as “smart adjuvants” inducing protective immunity at distant mucosal surfaces while avoiding
inflammation. Current clinical trials are focused on the treatment of different tumors by vaults loaded
with molecules boosting the immune system. In this case, vaults are locally (intratumoral) administered,
thus not taking advantage of the possibility to engineer vaults to specifically target them. This may be
due to the interest of obtaining a generalized product for different tumors. The use of targeted and
engineered vaults will surely expand the portfolio of available therapies for malignancies and other
pathologies in the next years. However, and as far as we know, the immunogenicity of recombinant
vaults using other administration routes (as intraperitoneal or intravenous) has not been tested yet.

5. Conclusions and Future Perspectives

Vaults are naturally occurring nanoparticles found widely in eukaryotic cells. They can be produced
in recombinant expression systems in large quantities by expressing the MVP protein monomer,
which spontaneously self-assembles to originate the final barrel structure. Vaults have been proposed as
a new nano-DDS able to improve the efficacy and reduce the side effects of current treatments since they
show the characteristics of an ideal nano-DDS: biocompatibility, encapsulation capacity of hydrophobic and
hydrophilic molecules, controlled release, and specific targeting, among other features. Its large internal
cavity allows the encapsulation of large quantities of molecules of interest. Vaults are a versatile system,
in which encapsulation of cargo proteins is achieved by the fusion of the INT domain to the C-terminal
end of the therapeutic protein. Non-protein cargo molecules can also be charged inside by modifying the
internal cavity of the vault. Moreover, modification of MVP C-terminal end by the fusion of appropriate
targeting peptides allows vault specific targeting to cells and organs.

Despite the great potential shown by vaults as smart DDSs, research related to these protein-based
nanoparticles has not been blooming as expected for such promising DDS. As mentioned before, a single
company holds the intellectual property of vaults through numerous patents covering several aspects
related to their production and exploitation. Such protection might represent a factor hampering the
further study of vaults by other research groups. However, and despite this potentially discouraging
fact, other laboratories are also devoting efforts to the study of different aspects of vaults, from more
basic and structural characterization, to their application in fields other than cancer or infectious
diseases treatment, confirming vaults as one of the most promising protein-based DDS.

Finally, it is worthy to note that vaults appear at present day as a promising tool not only in the
nanomedicine field, but also in another biotechnological applications. A preliminary study [79] showed the
development of efficient and sustainable vault-based bioremediation approaches for removing multiple
contaminants, such as phenol, from drinking water and groundwater, using vaults loaded with the enzyme
manganese peroxidase [80]. In this line, vaults have been recently proposed as a highly efficient system
to immobilize enzymes (“nanosupported” enzymes with biodegradative or antimicrobial activities) with
potential use as portable water treatment technologies [80]. This will surely expand the opportunities and
applications of these protein-based, self-assembled nanoparticle named vaults.
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