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Abstract: Novel reduction-responsive hyaluronic acid–chitosan–lipoic acid nanoparticles
(HACSLA-NPs) were designed and synthesized for effective treatment of breast cancer by
targeting Cluster of Differentiation 44 (CD44)-overexpressing cells and reduction-triggered
17α-Methyltestosterone (MT) release for systemic delivery. The effectiveness of these nanoparticles
was investigated by different assays, including release rate, 3-(4,5-Dimethylthiazol-2-Yl)-2,5-
Diphenyltetrazolium Bromide (MTT), lactate dehydrogenase (LDH), caspase-3 activity, Rhodamine
123 (RH-123), and Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL). In vitro
experiments revealed that Methyltestosterone/Hyaluronic acid–chitosan–lipoic acid nanoparticles
(MT/HACSLA-NPs) illustrated a sustained drug release in the absence of glutathione (GSH), while the
presence of GSH led to fast MT release. HACSLA-NPs also showed high cellular internalization via
CD44 receptors, quick drug release inside the cells, and amended cytotoxicity against positive CD44
BT-20 breast cancer cell line as opposed to negative CD44, Michigan Cancer Foundation-7 (MCF-7)
cell line. These findings supported that these novel reduction-responsive NPs can be promising
candidates for efficient targeted delivery of therapeutics in cancer therapy.

Keywords: reduction-responsive nanoparticles; hyaluronic acid; chitosan; lipoic acid; CD44;
17α-methyltestosterone

1. Introduction

Chemotherapeutic agents inhibit tumor growth, angiogenesis and metastasis, and also increase
the apoptosis of cancer cells through different mechanisms. Typically, these agents are used orally,
and their administration is limited by poor aqueous solubility and bioavailability. Also, for patients who
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cannot take drugs via the oral route, poor aqueous solubility hinders their intravenous administration.
The increase of the drug dose clinically to achieve the therapeutic concentrations at the target tissue
can induce toxicity. Therefore, developing novel delivery approaches for these agents would be
beneficial [1].

Todays, testosterone and its esters are considered important agents in the management of advanced
mammary cancer. However, their application is restricted by the parental administration requirement.
17α-Methyltestosterone (MT) is a clinically effective androgen that can be administrated either via the
oral or buccal cavity, with a different effect from parenterally administered testosterone or its esters on
excretion of hormones, carbohydrate metabolism, production of gynecomastia and the function of the
liver [2]. MT is utilized during menopause as a supplement to typical hormone substitution therapy.
This substance with a weak dependence on the androgen receptor is an orally active synthetic androgen,
which is currently the only androgen in the management of estrogen–androgen Hormone Replacement
Therapy (HRT) in the United States with Food and Drug Administration (FDA)-approval [3–5]. Studies
suggest that dwarfed children and adults with metastatic breast carcinoma subjected to MT showed a
reduction in the protein-bound iodine of serum and also in the uptake of radioiodine [6].

Nanoparticles (NPs) are vehicles that can prolong drug circulation time, transfer hydrophobic
drugs, enhance the accumulation of drugs in tumor tissues through enhanced permeability and
retention effect, and reduce normal tissue toxicity. Therefore, various kinds of NPs, including
liposomes, micelles, and magnetic NPs, were fabricated to enhance the therapeutic effects of anticancer
drugs [7–9]. However, inefficient drug release of the traditional micelles at the tumor site restricts
the therapeutic outcomes. Besides, weak stability of the existing micellar drug formulations in the
circulation leads to the leakage of drugs. Therefore, numerous studies have been accomplished to
develop more stable polymeric micelles and to have more efficient drug release in tumor tissues [10].

Now, nanomaterials, which respond to glutathione (GSH), are of great interest due to their
enhanced drug release in the cytoplasm [11]. Redox stimulus-responsive drug delivery systems have
been recently developed to resolve the above-mentioned challenges. In this method, intracellular redox
potential results in a burst release of encapsulated drugs because of the structure of the NPs containing
disulfide bonds [12]. GSH tripeptide is a biological reducing agent with a low molecular weight and
high redundancy diminished by nicotinamide adenine dinucleotide phosphate (NADPH) and GSH
reductase. GSH is more concentrated in the cytosol and cell nucleus compared to the body fluids and
extracellular matrices (100–1000 times higher); the former has values between 2 to 10 mM, while the
latter has 2–10 M [12,13]. Redox-sensitive hyaluronic acid–chitosan–lipoic acid (HACSLA) conjugates
may enhance the therapeutic efficacy by triggering tumor-specific intracellular drug release since there
is a considerable difference between intra and extracellular environments in the redox potential.

Hyaluronic acid (HA), a biocompatible, biodegradable, and non-antigenic polysaccharide [9],
has various applications as a conjugate, nanogel, and hydrogel in biomedicine [14]. Having potential
for active targeting is the most attractive property of HA in nanomedicine. CD44 receptor and Receptor
for Hyaluronan Mediated Motility (RHAMM) on the surface of cancer cells with a high affinity to
HA has been demonstrated [15,16]. CD44 is a transmembrane glycoprotein overexpressed in various
types of tumor cells, including breast, colorectal, lung, and melanoma cancer cells. HA can specifically
attach to CD44. The unique advantages of HA, including modification flexibility, non-toxicity,
and non-immunotoxicity, make it different from other kinds of targeting moieties [17]. A great number
of methods, including synthesis of the HA-drug conjugate, HA grafted copolymer, HA-coated the
polymeric NPs, hydrophobic associated HA-based soft nanogel carriers, and ionotropic gelation
(IG), have been expanded to fabricate the HA-based drug delivery systems [18]. Chitosan (CS) as a
biocompatible, biodegradable, and nontoxic polymer has been under various investigations for the
fabrication of the HA-coated NPs using the IG method. [18,19]. Thereafter, MT was encapsulated into
the hydrophobic core of the nanoparticle containing a disulfide bond of Lipoic acid (LA) utilized as a
reduction part [20].
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In the present work, we investigated the physicochemical and then biological properties of NPs
to exhibit high drug-loading capacities for MT through redox-sensitive Chitosan-Lipoic acid (CSLA)
conjugates or insensitive HACSLA conjugates. First, drug-loaded NPs were evaluated in terms of any
alteration in morphology and MT state in different reducing environments. In addition, BT-20 cancer
cell line with overexpression of CD44 and MCF-7 cancer cell line with low CD44 expression were
used to confirm the selective binding affinity of HACSLA NPs to the HA receptors [21,22]. In vitro
MTT, lactate dehydrogenase (LDH), Caspase-3 activity, Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL), and Rhodamine 123 (RH-123) assays were also accomplished to evaluate
tumor-specific cytotoxicity and apoptosis induction due to MT-loaded HACSLA-NPs.

2. Results

2.1. FT-IR and 1H NMR Techniques for Confirmation of HACSLA-NPs Synthesis

Figure 1 shows the Fourier transform infrared spectroscopy (FT-IR) spectra of CS, LA, CSLA-NPs,
HA, HACSLA-NPs, MT, MT/CSLA-NPs, and MT/HACSLA-NPs. When CS and LA peaks are compared
with CSLA-NPs, the changes can be ascribed to the formation of the amidic bond between CS and
LA. The peak at 1670 cm−1 (C=O stretching) is characteristic of the amide group. The spectra of MT
loading CSLA-NPs were compared to MT (Figure 1d) and CSLA-NPs (Figure 1c), respectively. Thus,
the FT-IR spectra of the reaction product are similar to the suggested structural formulae presented in
(Figure 1e). Therefore, the bands correspond to the stretching vibration at 3450 cm−1 of O–H from
MT, and the disappearance of the stretching vibration at 1664 cm−1 corresponds to the C=O bond
from MT [23]. The construction of HA-coated CSLA-NPs was investigated using IR spectroscopy,
as shown in (Figure 1g). It was observed that the characteristic absorption peaks of CSLA-NPs and HA
were all visible along the spectrum of the HA-coated CSLA-NPs. This confirmed that CSLA-NPs and
HA were involved in HACSLA-NPs formation. Compared with the spectra of CSLA-NPs and HA
(Figure 1f), there were no obvious new absorption peaks in the spectrum of HA-coated CSLA-NPs,
thus indicating that no new bonds were formed during the preparation of HA-coated CSLA-NPs.
HA was absorbed to the surface of the CSLA-NPs via electrostatic interactions between CS and HA,
rather than by chemical conjugation [24]. CSLA-NPs were prepared via the acylation reaction between
the CS and LA [20]. HA and CSLA-NPs were formed via electrostatic interactions and purified by
dialysis method and filtration.
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Figure 1. Fourier transform infrared spectra (FT-IR) of (a) Chitosan (CS), (b) Lipoic
acid (LA), (c) Chitosan–lipoic acid nanoparticles (CSLA-NPs), (d) 17α-Methyltestosterone
(MT), (e) 17α-Methyltestosterone/Chitosan–lipoic acid nanoparticles (MT/CSLA-NPs),
(f) Hyaluronic acid (HA), (g) Hyaluronic acid–chitosan–lipoic acid nanoparticles (HACSLA-NPs),
(h) 17α-Methyltestosterone/Hyaluronic acid–chitosan–lipoic acid nanoparticles (MT/HACSLA-NPs)
(The peaks which are discussed in the text were marked by stars).
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CSLA-NPs and HACSLA-NPs were also characterized by proton nuclear magnetic resonance
(1HNMR), as shown in Figure 2. The 1H NMR spectrum of CS showed virtually three sets of signals
at 4.67 ppm, 3.20–4.00 ppm, and 2.01 ppm attributed to H1, sugar ring, and –CH2, respectively.
The successful LA conjugated CS was proved by specific proton peaks of penta-heterocyclic structure
in LA at 2.31 ppm, 2.67 ppm, and 3.18 ppm [25]. The introduction of HA to HACSLA-NPs was also
confirmed by the presence of two peaks at 7.70 ppm and 6.84 ppm. All the above-mentioned results
recommended the successful synthesis of CSLA-NPs and HACSLA-NPs.

Molecules 2020, 25, 1181 4 of 19 

Methyltestosterone /Chitosan–lipoic acid nanoparticles (MT/CSLA-NPs), (f) Hyaluronic acid (HA), 
(g) Hyaluronic acid–chitosan–lipoic acid nanoparticles (HACSLA-NPs), (h) 17α-Methyltestosterone/ 
Hyaluronic acid–chitosan–lipoic acid nanoparticles (MT/HACSLA-NPs) (The peaks which are 
discussed in the text were marked by stars). 

CSLA-NPs and HACSLA-NPs were also characterized by proton nuclear magnetic resonance 
(1HNMR), as shown in Figure 2. The 1H NMR spectrum of CS showed virtually three sets of signals 
at 4.67 ppm, 3.20–4.00 ppm, and 2.01 ppm attributed to H1, sugar ring, and –CH2, respectively. The 
successful LA conjugated CS was proved by specific proton peaks of penta-heterocyclic structure in 
LA at 2.31 ppm, 2.67 ppm, and 3.18 ppm [25]. The introduction of HA to HACSLA-NPs was also 
confirmed by the presence of two peaks at 7.70 ppm and 6.84 ppm. All the above-mentioned results 
recommended the successful synthesis of CSLA-NPs and HACSLA-NPs. 

 
Figure 2. Proton nuclear magnetic resonance (1HNMR) spectrum of in Deuterium Oxide (D2O) of (a) 

CS, (b) CSLA-NPs and (c) HACSLA-NPs. 

2.2. Size and Surface Charge 

Dynamic light scattering (DLS) analysis showed a relatively narrow hydrodynamic diameter of 
240 ± 0.056 nm in CSLA-NPs, as confirmed by low polydispersity index (PDI) values of 0.369 ± 0.056. 
Laser Doppler velocimetry (LDV) analysis also demonstrated the zeta potential of CSLA-NPs up to 
+26 mV. After the addition of HA, the size of HACSLA-NPs was increased to 280 ± 0.045 nm with 
PDI values of 0.327 ± 0.002, and the zeta potential decreased to +19 mV. The positive charge of NPs 
was related to unbounded H of CS, but less zeta potential of HACSLA-NPs was related to the 
negative charge of HA, so the size and surface charge of the NPs were changed significantly, from 
240 to 280 nm and 26.0 to 19 mV, respectively. 
  

Figure 2. Proton nuclear magnetic resonance (1HNMR) spectrum of in Deuterium Oxide (D2O) of
(a) CS, (b) CSLA-NPs and (c) HACSLA-NPs.

2.2. Size and Surface Charge

Dynamic light scattering (DLS) analysis showed a relatively narrow hydrodynamic diameter of
240 ± 0.056 nm in CSLA-NPs, as confirmed by low polydispersity index (PDI) values of 0.369 ± 0.056.
Laser Doppler velocimetry (LDV) analysis also demonstrated the zeta potential of CSLA-NPs up to
+26 mV. After the addition of HA, the size of HACSLA-NPs was increased to 280 ± 0.045 nm with PDI
values of 0.327 ± 0.002, and the zeta potential decreased to +19 mV. The positive charge of NPs was
related to unbounded H of CS, but less zeta potential of HACSLA-NPs was related to the negative
charge of HA, so the size and surface charge of the NPs were changed significantly, from 240 to 280 nm
and 26.0 to 19 mV, respectively.

2.3. Morphology

Scanning electron microscope (SEM) images of HACSLA-NPs (Figure 3a) indicate orderly spherical
shape with no accumulation and distribution of the prepared NPs. HACSLA-NPs have the size around
50 and 130 nm in diameter, respectively. Energy dispersive X-ray microanalysis (EDX) was performed
for the qualitative analysis of CSLA-NPs. Elemental analysis of the NPs was carried out using EDX in
SEM. The EDX spectrum of the NPs is shown in Figure 3b. The vertical and horizontal axis shows the
number of x-ray counts and energy (Kev), respectively. The EDX analysis was performed to investigate
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the elemental composition of the NPs, and to ensure the presence of S as an indication for the presence
of LA embedded in the NPs. The EDX spectrum indicated various intensive peaks that are associated
with H, N, O, and S atoms for the samples, in which the presence of S peak is completely obvious.
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dispersive X-ray microanalysis (EDX) (b) analysis of HACSLA-NPs.

2.4. X-ray Powder Diffraction (XRD)

To realize the nature of MT after being encapsulated into CSLA-NPs, the X-ray powder diffraction
(XRD) method was used. The diffraction patterns of the MT, HA-CSLA NPs, and MT/HACSLA-NPs
are shown in Figure 4. The pure MT exhibited sharp peaks in the range of 14.48, 15.72, 16.78 and
19.82, which implied a high crystalline structure (Figure 4a) [26]. Nevertheless, this characteristic was
not observed in the MT/HACSLA-NPs (Figure 4c), which indicates that MT entrapped in the core of
HACSLA-NPs in the amorphous or disordered-crystalline phase. In addition, there was not much
difference in the diffraction pattern between HACSLA-NPs (Figure 4b) and MT/HACSLA-NPs, which
suggests that the addition of MT did not change the nature of the HACSLA-NPs [26,27].
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2.5. MT Release from NPs at Different pH Values and Conditions

The tumor microenvironment could always play the main role in controlling the release of
anticancer drugs because GSH content or pH value of cancer cells differ from healthy cells. Therefore,
the above-mentioned differences could avoid drug leakage and its burst release to enhance drug delivery
and therapeutic efficacy [28]. Loading of MT into CSLA-NPs and HACSLA-NPs was performed at a
theoretical drug loading (DL) of 10.30 wt% and a polymer concentration of 2 mg/mL. MT-loaded NPs
showed the highest MT loading efficiency up to 96.59%.

The in vitro drug release studies were also performed on CSLA-NPs and HACSLA-NPs at 37 ◦C,
pH of 7.4 (Figure 5a), and 6.5 (Figure 5b) and also at the concentration of 2 mg/mL. The results
showed that the release of MT from CSLA-NPs and HACSLA-NPs at a pH of 7.4 and 6.5 without
GSH was largely inhibited, in which only about 31.33, 31.73% and 34.75, 20.56% of the drug were
released in 24–120 h from CSLA-NPs and HACSLA-NPs (Figure 5a,b). Nonetheless, 10 mM of GSH
induced significantly the drug release up to 100, 73.30% at pH 7.4 and 55.15, 57.32% at pH 6.5 from
CSLA-NPs and HACSLA-NPs, respectively. That was due to the opened lipoyl rings of the NPs core
under the GSH reduction, which led to the swelling of the MT-loaded NPs and triggered drug release.
Under 10 mM concentration of GSH and at pH values of 7.4 and 6.5, the release of MT from non-pH-
sensitive CSLA-NPs and HACSLA-NPs was also examined. According to the results, CSLA-NPs and
HACSLA-NPs did not show any pH-sensitive manner. CSLA-NPs and HACSLA-NPs released an
insignificant amount of MT in the circulatory system as opposed to cancer cells. In addition to lower
systemic toxicity, this manner might facilitate an enhanced anti-tumor effect.
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2.6. Biological Assays

2.6.1. MTT Assay

The cell viability data by MTT assay are shown in (Figure 6a,b). Different samples inhibited cell
growth in a dose-dependent manner. For MCF-7 cells MT/CSLA-NPs showed strongest inhibition
compared to MT/HACSLA-NPs and for BT-20 cells MT/HACSLA-NPs > MT/CSLA-NPs. These results
support that both blank CSLA-NPs an HACSLA-NPs were nontoxic toward MCF-7 and BT-20 cells
up to the tested NPs concentration of 2 mg/mL [29,30]. The MT had IC50 of 40.85 ± 0.904 µM and
47.58 ± 0.792 µM in MCF-7 and BT-20 cells, respectively. MT/CSLA-NPs enhanced the sensitivity
of MCF-7 cell lines 1.3 fold lower than free MT (31.27 ± 0.547 µM comparing to 40.85 ± 0.904 µM).
However, in BT-20 cells, the IC50 of MT/HACSLA-NPs (32.59± 0.538µM) was lower than MT/CSLA-NPs
(79.47 ± 1.02 µM). These results showed that HACSLA-NPs have the ability to target CD44-positive
cells and then deliver and release MT into them.
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2.6.2. LDH Assay

The cytotoxicity data of samples proved our assumption about cell viability data. In MCF-7 cells
(Figure 7a), after 48 h, the cell cytotoxicity increased in a dose-dependent manner by MT/CSLA-NPs
compared to MT/HACSLA-NPs. By contrast, in BT-20 cells (Figure 7b), the cytotoxicity of
MT/HACSLA-NPs was significantly high. LDH and MTT assay confirmed that CSLA-NPs and
HACSLA-NPs showed no toxicity toward MCF-7 and BT-20 cells, and the integrity of the cell
membrane is mostly preserved. As mentioned before in BT-20 cells, MT/HACSLA-NPs exhibited
increase internalization via CD44 receptor compare to MT/CSLA-NPs, but in CD44 negative MCF-7 cell
lines, both NPs can only be internalized via endocytosis [29] by means of other factors including size,
and morphology. It should be mentioned that smaller NPs show greater cytotoxicity via induction of
oxidative stress [1]. Therefore, MT/CSLA indicates more toxicity comparing to MT/HACSLA.
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2.6.3. TUNEL Assay

TUNEL can detect the early stages of DNA fragmentation in apoptotic cells [31]. The tunnel
staining assay by evaluation the mean cell death index showed a significant difference between the
various concentrations of MT and the control groups (p < 0.05). TUNEL data exhibited the detectable
apoptosis by MT /CSLA-NPs in MCF-7 and MT/HACSLA-NPs in BT-20 as opposed to the unloaded
NPs in both cell lines. The data were in agreement with MTT and LDH data (Figure 8).
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2.6.4. Caspase-3 Assay

Due to the central role of caspase-3 in cell death, activation of caspase-3 will increase the cytotoxicity
effects and then apoptosis [32]. In most groups, apoptosis improved by increasing the concentration of
MT (Figure 9). According to the data, the unloaded NPs did not show any caspase-3 activity. There
was increased caspase-3 activity in MT- loaded NPs as compared to free MT in both MCF-7 and BT-20
cell lines. Caspase-3 activation of MT-loaded-NPs in MCF-7 was in the order of MT/CSLA-NPs >

MT/HACSLA-NPs and for BT-20 MT/HACSLA-NPs > MT/CSLA-NPs.
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2.6.5. Rhodamine 123 (RH-123) Assay

We used RH-123 assay to specifically localize mitochondria in living cells and dead cells [33].
According to caspase-3 activity results, it was expected that MT, MT/CSLA-NPs, and MT/HACSLA-NPs
ultimately trigger an apoptotic pathway after changing the mitochondrial membrane potential (∆ϕm).
To check the changing of ∆ϕm in the treated cells, cells were exposed to various concentrations of
MT, MT/CSLA-NPs, and MT/HACSLA-NPs. Then, ∆ϕm was measured by RH-123 staining and
colorimetric assay after 24h (Figure 10). These data demonstrate that MCF-7 and BT-20 cells poorly
accumulate RH-123 after treatment with MT- loaded NPs; by contrast, both cells showed a high RH-123
level in blank NPs.
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2.6.6. Immunocytochemical Staining of CD44

Immunohistochemistry can be used to evaluate the expression and subcellular localization of
proteins and other molecules in tissues. It can be a perfect tool in cancer therapy, where it is used
as a method to verify the identity of tissue types, to categorize tumors, and to estimate the presence
of specific molecules for different applications such as therapeutic or prognostic goals [21]. Herein,
We used Immunohistochemistry to characterize CD44 expression levels on the surface of MCF-7 and
BT-20 breast cancer cells, as shown in (Figure 11b) proved that MCF-7 was negative CD44, while BT-20
showed positive CD44 [22]. Our results (Figure 11b) also confirmed a high expression of CD44 in BT-20
breast cancer cell line, while the CD44 expression was not detectable in the MCF-7 cell line.
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3. Materials and Methods

3.1. Materials

CS (degree of deacetylation (DDA) 90.28% and molecular weight (MW) 50–200 kDa) was purchased
from MP Biomedicals (Eschwege, Germany), HA, R-Alpha-LA, 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-hydroxysuccinimide (NHS), GSH, Tween 20, Trypsin/EDTA solution 0.25%,
rabbit polyclonal antibodies (Abs): CD44, and MTT were provided from Sigma–Aldrich (St. Louis, MO,
USA). Fetal Bovine Serum (FBS), L-glutamine (200 mM), and penicillin-streptomycin (10000 U/mL)
were obtained from Biochrom (Berlin, Germany). Dead-end Fluorometric TUNEL System and Cell
Titer 96® Aqueous One Solution Cell Proliferation Assay were prepared from Promega (Madison,
USA). MCF-7 and BT-20 cell lines were supplied from Pasteur Institute (Tehran, Iran) and MT from
Aburaihan Pharmaceutical (Tehran, Iran). Dulbecco’s Modified Eagle Medium (DMEM) and MEM
media, Fluorescein isothiocyanate (FITC)-conjugated (green) secondary Ab, and anti-fade reagent were
obtained from GIBCO Invitrogen (Grand Island, NY). Kits of LDH cytotoxicity, Caspase-3 Fluorescence
assay, and JC-1 Mitochondrial Membrane Potential assay were supplied from (Cayman Chemical,
Michigan, MI, USA). All of the other chemicals and solvents were purchased from Merck (Darmstadt,
Germany).

3.2. Synthesis of the Chitosan-Lipoic Acid Nanoparticles (CSLA-NPs)

The CSLA-NPs were produced by an amidation reaction. LA was conjugated onto CS using
EDC/NHS. First, CS (0.01 g) was dissolved in 5 mL of acetic acid (2% v/v) under bath sonication for
90 min. Thereafter, an equal amount of EDC and NHS (0.05 g) were added to the solution of LA
(0.05 g) in ethanol under stirring at 45 ◦C for 15 min. The amide bonds were formed after addition of
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CS solution into the LA solution under stirring at 45 ◦C for 12 h. Afterwards, dialysis tube (12 kDa
MWCO) was utilized for 24 h against dH2O and finally the freeze-dried NPs were obtained [20].

3.3. Preparation of MT-Loaded CSLA-NPs

The dialysis method was used for the production of MT-loaded NPs. For this purpose, 1 mL MT
solution (3.05 mg/mL) was added to 7 mL of blank CSLA-NPs (2 mg/mL) described in Section 3.2.
MT-loaded NPs were dialyzed against dH2O for adequate time (8 h) to remove the free MT. Then,
the entrapment efficiency (EE) and DL were calculated by the following formulas [34].

EE (%) =
Wa
Wt
× 100% (1)

DL (%) =
Wa
Wt
× 100% (2)

Wa, Wt, and W are the weight of MT loaded in the nanoparticle, the total weight of MT added
into the system, and nanoparticle weight, respectively.

3.4. Synthesis of the MT/HACSLA-NPs

MT/HACSLA-NPs blend was prepared by previously reported methods [35,36]. NPs were created
by ionotropic gelation interaction. CS with opposite charge were cross-linked with HA [37]. For
this purpose, MT/CSLA-NPs and HA were mixed in the ratio 2:1 without the use of a cross-linking
agent. 7 mL of MT/CSLA solution was mixed into HA (13.3 mg/mL) solution and stirred for 10 min.
Thereafter, MT/HACSLA-NPs were characterized by Fourier transform infrared spectroscopy (FT-IR)
(Bruker, Bremen, Germany) and 1H NMR (Bruker, Bremen, Germany).

3.5. Particle Size and Zeta Potential

Hydrodynamic diameter and zeta potential of the NPs were analyzed by dynamic light scattering
(DLS) and laser Doppler velocimetry (LDV) (Zetasizer, Malvern Nano ZS, Malvern Instruments,
(Worcestershire, UK), respectively.

3.6. Morphology

SEM ((FE-SEM) Field Emission Scanning Electron Microscope: TESCAN BRNO-Mira3 LMU, Brno,
Czech Republic) was used for the determination of the morphology characteristics of HACSLA-NPs at
an operating voltage of 25 kV. An Energy Dispersive X-Ray Analyzer (EDX) (Brno, Czech Republic)
was also used to provide elemental (H, O, C, S) identification and quantitative NPs information.

3.7. XRD

The crystalline/amorphous structure of NPs was performed using a powder X-ray diffractometer
(PANalytical, X’PertPro, and the Netherlands) with a copper anode (CuKa radiation). The instrument
was set at 40 kV and 30 mA, and the diffraction angle was set from 0 < 2 > 80 at a step size of 0.05 and
step time of 1 s. XRD patterns were obtained with DFFRAC plus X-Ray Diffraction Software (XRD
Laboratory — University of Kashan) having an XRD commander program.

3.8. In Vitro Release of MT-Loaded CSLA-NPs and MT-Loaded HACSLANPs

The release profiles of MT loaded CSLA-NPs and HACSLA-NPs were studied by the dialysis
bag diffusion technique at 37 ◦C in different release media, including Phosphate Buffered Saline (PBS)
(pH 7.4), GSH (10 mM), PBS (pH 6.5), GSH (10 mM). The MT-loaded CSLA and HACSLA NPs were
poured into the dialysis tube (3.5 kDa MWCO), then they were soaked in 40 mL of the release media
under shaking conditions at a speed of 100 rpm at 37 ◦C. Thereafter, the released MT was evaluated by
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UV–vis spectrophotometry (Cecil Instruments Limited, Model: CE 1021, Cambridge, UK) technique at
241 nm versus a calibration curve [20].

3.9. In Vitro Cellular Studies

3.9.1. Cell Culture

DMEM and MEM media were used for culturing MCF-7 and BT-20 cell lines, respectively [38,39].
These media were supplemented with FBS (10%), penicillin (100 U/mL), and streptomycin (100 mg/mL)
and incubated at 37 ◦C in a humidified conditions in an atmosphere of 5% CO2.

3.9.2. MTT Assay

MTT assay was utilized for cell viability evaluation. 15 × 103 cells were seeded in 96-well plate for
24 h in the presence of 200 µL of media containing 10% FBS. Thereafter, MCF-7 and BT-20 cells were
subjected to the various samples ((a) MT, (b) CSLA-NPs, (c) MT-loaded CSLA-NPs, (d) HACSLA-NPs
and (e) MT-loaded HACSLA-NPs) containing different concentration of MT (0.0–60 µM) for 24 h.
Thereafter, each well was exposed to 50 µL of MTT solution (5 mg/mL) for 3 h and then 100 µL of
dimethyl sulfoxide (DMSO). Finally, the optical density of each well was determined by an ELISA
reader at 570 and 630 nm [40].

3.9.3. LDH Assay

LDH assay was also used for the determination of cell toxicity because the damaged cells would
release LDH into the media. Therefore, the increased amount of LDH in each media indicates that the
solutions have shown cytotoxicity effects on cells [41]. For LDH assay, 2 × 105 cells/well were seeded in
24-well plate for 12 h. After exposure to the samples for 24 h, conditioned media of cells were collected
and added to a fresh 96-well plate containing LDH assay reagent. The colorimetric assay of LDH
activity was performed using an Enzyme Linked Immunosorbent Assay (ELISA) reader at 490 nm
after incubation for 30 min.

3.9.4. Caspase-3 Activity Assay

MCF-7 and BT-20 cells were seeded in a 96-well plate at density15 × 103 for 24, and 48 h, treated
with different concentrations of MT (i.e., 5, 10, 20, 30 and 40 µM) as five groups including (a), (b), (c),
(d) and (d) described at section (2.9.1.) and then incubated for 24 and 48 h. Finally, cleavage of the
caspase-3 substrate (N-acetyl-DEVD-p-nitroaniline) [42] was monitored by measuring the fluorescent
density at emission and excitation wavelengths of 535 nm and 485 nm, respectively. Data were obtained
from two independent experiments.

3.9.5. Rhodamine 123 (RH-123) Assay

For quantitative analysis, mitochondria membrane potential (MMP) was measured using the
cell-permeable cationic fluorescent probe RH-123. Briefly, MCF-7 and BT-20 cells (3 × 104 cells/well)
were cultured and treated in different MT solutions. After washing with PBS, they were incubated by
1 µM RH-123 in a dark room at 37 ◦C for 30 min. Finally, the absorbance of the cells was measured
at specified excitation (488 nm) and emission (525 nm) wavelengths using an ELISA Reader [43].
The reference wavelengths should be more than 630 nm. Experiments were repeated independently at
least 3 times.

3.9.6. TUNEL Assay

A dead-end fluorometric TUNEL System was used according to the manufacturer’s protocol
to identify the apoptotic cells. Briefly, after seeding the cells in 96-well plates and treatment with
the five samples, 4% w/v paraformaldehyde in PBS was utilized for 10 min at 4 ◦C to fix the cells.
Thereafter, they were permeabilized by ice-cold Triton-x100 (2%) for 2 min, and incubated with the
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reagent to catalyze the polymerization of labeled nucleotides to 3′OH terminals of DNA fragments.
After addition of propidium iodide (PI), the treated cells were observed by a fluorescent microscope
(Olympus AX-70, Missouri City, TX, USA) [44].

3.9.7. Immunocytochemical Staining of CD44

MCF-7 and BT-20 cell lines were seeded in 96-well culture plates with the density of 104 cells/well
for 24 h, fixed in 4% w/v paraformaldehyde for 20 min at 25 ◦C, and then permeabilized in Triton/PBS
(0.1%) for 5 min. To decrease nonspecific binding, the cells were incubated with PBS containing FBS
(0.5%) and Tween 20 (0.1%) for 30 min. After that, the cells were incubated overnight with the rabbit
polyclonal Abs: CD44 (1:60) at 4 ◦C. After washing, FITC-conjugated (green) secondary Ab (1:100)
was used for 1 h at 25 ◦C. Finally, the cells were treated with an anti-fade reagent and analyzed by a
fluorescent microscope (Olympus AX-70) [45].

3.10. Statistical Analysis

Data were analyzed using Excel program version 2013 were used to analyzing data. All results
were expressed as mean ± standard deviation (SD). One-way analysis of variance (ANOVA) followed
by t-test was used to parallel the differences among the means and comparison of data using SPSS
statistical software, version 21 (SPSS Inc., Chicago, IL, USA). A value of p < 0.05 was considered
statistically significant.

4. Conclusions

In this work, we successfully synthesized CSLA-NPs and HACSLA-NPs as drug delivery systems
with effective intracellular MT release and improved cellular internalization. The decoration of the
cationic CSLA-NPs with HA changed their size from 240 ± 0.056 to 280 ± 0.045 nm and Zeta potential
from 24.0 to 19.0 mV. The larger size of the HA-coated NPs is indicative of the HA layer on the
surface [46], and the decrease in Zeta potential of HACSLA-NPs is due to the reduced protonation
of CS. It can be a cause of amending HACSLA-NPs’ stability in blood circulation and reducing the
non-specific interaction with serum proteins in comparison with CSLA-NPs [20]. Then, we have
compared the in vitro performance of the HA-coated and uncoated NPs. HA-coated NPs reduced
MT release at pH 7.4 and increased MT release at pH 6.5. Therefore, HACSLA-NPs improved
selective targeting against cancer cells by a faster drug release profile at pH 6.5, which simulates the
cytoplasm environment of the targeted tissue with an improved therapeutic efficacy. We have also
confirmed highly efficient and targeted therapy of breast cancer cell lines (i.e., BT-20 and MCF-7) by
MT/CSLA-NPs and MT/HACSLA-NPs using cytotoxicity and apoptosis assays, which confirmed that
MT/HACSLA-NPs exhibited more detectable cytotoxicity and apoptosis effect on positive CD44 BT-20
cells than MT/CSLA-NPs. MT/CSLA-NPs and MT/HACSLA-NPs have several features such as small
size, spherical morphology and fast GSH-responsive drug release, in addition to higher selectivity
toward CD44 receptors by MT/HACSLA-NPs. It can be postulated that the presence of HA on the
NPs’ surface will affect not only on MT release rate at different pH values but also on their preferential
internalization in cancer cells overexpressing HA receptors. Thereafter, we have investigated the
cellular responses of MCF-7 and BT-20 cell lines to unloaded and MT-loaded NPs at varying doses.
The results confirmed that MT-loaded NPs would damage the plasma and mitochondrial membranes,
which can be attributed to LDH release into the extracellular medium. In summary, our results
proved that HA surface modification played a major role in the biological responses, and these
reduction-sensitive NPs can be utilized effectively in biomedical applications.



Molecules 2020, 25, 1181 17 of 19

Author Contributions: S.R. planned and carried out the experiments under the S.K. supervision. Y.B. contributed
to the interpretation of the results and editing the manuscript. L.J.C. aided in interpreting the results and analyzed
the data. M.M. worked on the manuscript and polished its language. All authors discussed the results and
contributed to the final manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by project grants from the European Commission H2020-MSCA-RISE
(644373—PRISAR), H2020-MSCA-RISE (777682—CANCER), H2020-WIDESPREAD-05-2017-Twinning
(807281—ACORN), H2020-WIDESPREAD-2018-03 (852985—SIMICA), H2020-SCA-RISE-2016
(734684—CHARMED) and MSCA-ITN-2015-ETN (675743—ISPIC), 861190 (PAVE), 857894 (CAST), 859908
(NOVA-MRI); 860173 (RISE-WELL); 872860 (PRISAR2). This work was also financially supported by the VIDI
personal grant (project number 723.012.110) L.J.C.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

1. Elsaid, Z.; Taylor, K.M.; Puri, S.; Eberlein, C.A.; Al-Jamal, K.; Bai, J.; Klippstein, R.;
Wang, J.T.-W.; Forbes, B.; Chana, J. Mixed micelles of lipoic acid-chitosan-poly (ethylene glycol) and
distearoylphosphatidylethanolamine-poly (ethylene glycol) for tumor delivery. Eur. J. Pharm. Sci. 2017, 101,
228–242. [CrossRef] [PubMed]

2. Segaloff, A.; Horwitt, B.N.; Carabasi, R.A.; Murison, P.J.; Schlosser, J.V. Hormonal therapy in cancer of the
breast. V. The effect of methyltestosterone on clinical course and hormonal excretion. Cancer 1953, 6, 483–487.
[CrossRef]

3. Mor, G.; Eliza, M.; Song, J.; Wiita, B.; Chen, S.; Naftolin, F. 17α-Methyl testosterone is a competitive inhibitor
of aromatase activity in Jar choriocarcinoma cells and macrophage-like THP-1 cells in culture. J. Steroid
Biochem. Mol. Biol. 2001, 79, 239–246. [CrossRef]

4. Sun, J.; Wei, Q.; Zhou, Y.; Wang, J.; Liu, Q.; Xu, H. A systematic analysis of FDA-approved anticancer drugs.
BMC Syst. Biol. 2017, 11, 87. [CrossRef]

5. Barbosa, I.R.; Lopes, S.; Oliveira, R.; Domingues, I.; Soares, A.M.; Nogueira, A.J. Determination of
17α-methyltestosterone in freshwater samples of tilapia farming by high performance liquid chromatography.
Am. J. Anal. Chem. 2013, 4, 207. [CrossRef]

6. Federman, D.D.; Robbins, J.; Rall, J. Effects of methyl testosterone on thyroid function, thyroxine metabolism,
and thyroxine-binding protein. J. Clin. Invest. 1958, 37, 1024–1030. [CrossRef]

7. Song, Y.; Cai, H.; Yin, T.; Huo, M.; Ma, P.; Zhou, J.; Lai, W. Paclitaxel-loaded redox-sensitive nanoparticles
based on hyaluronic acid-vitamin E succinate conjugates for improved lung cancer treatment. Int. J. Nanomed.
2018, 13, 1585. [CrossRef]

8. Wu, L.; Zou, Y.; Deng, C.; Cheng, R.; Meng, F.; Zhong, Z. Intracellular release of doxorubicin from
core-crosslinked polypeptide micelles triggered by both pH and reduction conditions. Biomaterials 2013, 34,
5262–5272. [CrossRef]

9. Yang, G.; Fu, S.; Yao, W.; Wang, X.; Zha, Q.; Tang, R. Hyaluronic acid nanogels prepared via ortho ester
linkages show pH-triggered behavior, enhanced penetration and antitumor efficacy in 3-D tumor spheroids.
J. Colloid Interface Sci. 2017, 504, 25–38. [CrossRef]

10. Deng, B.; Xia, M.; Qian, J.; Li, R.; Li, L.; Shen, J.; Li, G.; Xie, Y. Calcium phosphate-reinforced reduction-sensitive
hyaluronic acid micelles for delivering paclitaxel in cancer therapy. Mol. Pharm. 2017, 14, 1938–1949.
[CrossRef]

11. Qiu, J.; Cheng, R.; Zhang, J.; Sun, H.; Deng, C.; Meng, F.; Zhong, Z. Glutathione-sensitive hyaluronic
acid-mercaptopurine prodrug linked via carbonyl vinyl sulfide: A robust and CD44-targeted nanomedicine
for leukemia. Biomacromolecules 2017, 18, 3207–3214. [CrossRef] [PubMed]

12. Li, J.; Yin, T.; Wang, L.; Yin, L.; Zhou, J.; Huo, M. Biological evaluation of redox-sensitive micelles based on
hyaluronic acid-deoxycholic acid conjugates for tumor-specific delivery of paclitaxel. Int. J. Pharm. 2015, 483,
38–48. [CrossRef]

13. Sun, H.; Meng, F.; Cheng, R.; Deng, C.; Zhong, Z. Reduction-responsive polymeric micelles and vesicles for
triggered intracellular drug release. Antioxid. Redox Signal. 2014, 21, 755–767. [CrossRef] [PubMed]

14. Dosio, F.; Arpicco, S.; Stella, B.; Fattal, E. Hyaluronic acid for anticancer drug and nucleic acid delivery.
Adv. Drug Deliv. Rev. 2016, 97, 204–236. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ejps.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28163163
http://dx.doi.org/10.1002/1097-0142(195305)6:3&lt;483::AID-CNCR2820060306&gt;3.0.CO;2-O
http://dx.doi.org/10.1016/S0960-0760(01)00162-5
http://dx.doi.org/10.1186/s12918-017-0464-7
http://dx.doi.org/10.4236/ajac.2013.44026
http://dx.doi.org/10.1172/JCI103683
http://dx.doi.org/10.2147/IJN.S155383
http://dx.doi.org/10.1016/j.biomaterials.2013.03.035
http://dx.doi.org/10.1016/j.jcis.2017.05.033
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00025
http://dx.doi.org/10.1021/acs.biomac.7b00846
http://www.ncbi.nlm.nih.gov/pubmed/28835099
http://dx.doi.org/10.1016/j.ijpharm.2015.02.002
http://dx.doi.org/10.1089/ars.2013.5733
http://www.ncbi.nlm.nih.gov/pubmed/24279980
http://dx.doi.org/10.1016/j.addr.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26592477


Molecules 2020, 25, 1181 18 of 19

15. Pedrosa, S.S.; Pereira, P.; Correia, A.; Gama, F. Targetability of hyaluronic acid nanogel to cancer cells: In vitro
and in vivo studies. Eur. J. Pharm. Sci. 2017, 104, 102–113. [CrossRef] [PubMed]

16. Zhong, P.; Zhang, J.; Deng, C.; Cheng, R.; Meng, F.; Zhong, Z. Glutathione-sensitive hyaluronic
acid-SS-mertansine prodrug with a high drug content: Facile synthesis and targeted breast tumor therapy.
Biomacromolecules 2016, 17, 3602–3608. [CrossRef] [PubMed]

17. Chen, Z.; He, N.; Chen, M.; Zhao, L.; Li, X. Tunable conjugation densities of camptothecin on hyaluronic acid
for tumor targeting and reduction-triggered release. Acta Biomater. 2016, 43, 195–207. [CrossRef]

18. Chiesa, E.; Dorati, R.; Conti, B.; Modena, T.; Cova, E.; Meloni, F.; Genta, I. Hyaluronic acid-decorated chitosan
nanoparticles for CD44-targeted delivery of everolimus. Int. J. Mol. Sci. 2018, 19, 2310. [CrossRef]

19. Almalik, A.; Alradwan, I.; Majrashi, M.A.; Alsaffar, B.A.; Algarni, A.T.; Alsuabeyl, M.S.; Alrabiah, H.;
Tirelli, N.; Alhasan, A.H. Cellular responses of hyaluronic acid-coated chitosan nanoparticles. Toxicol. Res.
2018, 7, 942–950. [CrossRef]

20. Li, F.; Chen, W.-l.; You, B.-g.; Liu, Y.; Yang, S.-d.; Yuan, Z.-q.; Zhu, W.-j.; Li, J.-z.; Qu, C.-x.; Zhou, Y.-j.
Enhanced cellular internalization and on-demand intracellular release of doxorubicin by stepwise
pH-/reduction-responsive nanoparticles. ACS Appl. Mater. Interfaces 2016, 8, 32146–32158. [CrossRef]

21. Wu, X.; Zahari, M.S.; Renuse, S.; Jacob, H.K.; Sakamuri, S.; Singal, M.; Gabrielson, E.; Sukumar, S.; Pandey, A.
A breast cancer cell microarray (CMA) as a rapid method to characterize candidate biomarkers. Cancer Biol.
Ther. 2014, 15, 1593–1599. [CrossRef] [PubMed]

22. Jin, J.; Krishnamachary, B.; Mironchik, Y.; Kobayashi, H.; Bhujwalla, Z.M. Phototheranostics of CD44-positive
cell populations in triple negative breast cancer. Sci. Rep. 2016, 6, 27871. [CrossRef] [PubMed]

23. Meltzer, V.; Pincu, E. Thermodynamic study of solvent-free reaction between 17-methyltestosterone and
o-aminophenol. J. Chem. Thermodyn. 2011, 43, 1011–1016. [CrossRef]

24. Wang, T.; Hou, J.; Su, C.; Zhao, L.; Shi, Y. Hyaluronic acid-coated chitosan nanoparticles induce ROS-mediated
tumor cell apoptosis and enhance antitumor efficiency by targeted drug delivery via CD44. J. Nanobiotechnol.
2017, 15, 7. [CrossRef] [PubMed]

25. Wei, R.; Cheng, L.; Zheng, M.; Cheng, R.; Meng, F.; Deng, C.; Zhong, Z. Reduction-responsive
disassemblable core-cross-linked micelles based on poly (ethylene glycol)-b-poly (N-2-hydroxypropyl
methacrylamide)–lipoic acid conjugates for triggered intracellular anticancer drug release. Biomacromolecules
2012, 13, 2429–2438. [CrossRef] [PubMed]

26. Sacchetin, P.S.C.; Morales, A.R.; Moraes, Â.M.; e Rosa, P.d.T.V. Formation of PLA particles incorporating
17α-methyltestosterone by supercritical fluid technology. J. Supercrit. Fluids 2013, 77, 52–62. [CrossRef]

27. Sacchetin, P.S.C.; Setti, R.F.; e Rosa, P.d.T.V.; Moraes, Â.M. Properties of PLA/PCL particles as vehicles for oral
delivery of the androgen hormone 17α-methyltestosterone. Mater. Sci. Eng. C 2016, 58, 870–881. [CrossRef]

28. Cheng, R.; Meng, F.; Deng, C.; Zhong, Z. Bioresponsive polymeric nanotherapeutics for targeted cancer
chemotherapy. Nano Today 2015, 10, 656–670. [CrossRef]

29. Liu, G.; Li, K.; Wang, H. Polymeric micelles based on PEGylated chitosan-g-lipoic acid as carrier for efficient
intracellular drug delivery. J. Biomater. Appl. 2017, 31, 1039–1048. [CrossRef]

30. Zhong, Y.; Zhang, J.; Cheng, R.; Deng, C.; Meng, F.; Xie, F.; Zhong, Z. Reversibly crosslinked hyaluronic acid
nanoparticles for active targeting and intelligent delivery of doxorubicin to drug resistant CD44+ human
breast tumor xenografts. J. Control. Release 2015, 205, 144–154. [CrossRef]

31. Zhu, X.; Wen, Y.; Zhao, Y.; Liu, Y.; Sun, J.; Liu, J.; Liu, J.; Chen, L. Functionalized chitosan-modified
defect-related luminescent mesoporous silica nanoparticles as new inhibitors for hIAPP aggregation.
Nanotechnology 2019, 30, 315705. [CrossRef] [PubMed]

32. Jain, A.; Jain, S.; Jain, R.; Kohli, D.V. Coated chitosan nanoparticles encapsulating caspase 3 activator for
effective treatment of colorectral cancer. Drug Deliv. Transl. Res. 2015, 5, 596–610. [CrossRef] [PubMed]

33. Lampidis, T.J.; Bernal, S.D.; Summerhayes, I.C.; Chen, L.B. Selective toxicity of rhodamine 123 in carcinoma
cells in vitro. Cancer Res. 1983, 43, 716–720. [PubMed]

34. Motiei, M.; Kashanian, S.; Lucia, L.A.; Khazaei, M. Intrinsic parameters for the synthesis and tuned properties
of amphiphilic chitosan drug delivery nanocarriers. J. Control. Release 2017, 260, 213–225. [CrossRef]

35. Lu, H.-D.; Zhao, H.-Q.; Wang, K.; Lv, L.-L. Novel hyaluronic acid–chitosan nanoparticles as non-viral gene
delivery vectors targeting osteoarthritis. Int. J. Pharm. 2011, 420, 358–365. [CrossRef]

36. Vasiliu, S.; Popa, M.; Rinaudo, M. Polyelectrolyte capsules made of two biocompatible natural polymers.
Eur. Polym. J. 2005, 41, 923–932. [CrossRef]

http://dx.doi.org/10.1016/j.ejps.2017.03.045
http://www.ncbi.nlm.nih.gov/pubmed/28385630
http://dx.doi.org/10.1021/acs.biomac.6b01094
http://www.ncbi.nlm.nih.gov/pubmed/27723970
http://dx.doi.org/10.1016/j.actbio.2016.07.020
http://dx.doi.org/10.3390/ijms19082310
http://dx.doi.org/10.1039/C8TX00041G
http://dx.doi.org/10.1021/acsami.6b09604
http://dx.doi.org/10.4161/15384047.2014.961886
http://www.ncbi.nlm.nih.gov/pubmed/25535895
http://dx.doi.org/10.1038/srep27871
http://www.ncbi.nlm.nih.gov/pubmed/27302409
http://dx.doi.org/10.1016/j.jct.2011.02.003
http://dx.doi.org/10.1186/s12951-016-0245-2
http://www.ncbi.nlm.nih.gov/pubmed/28068992
http://dx.doi.org/10.1021/bm3006819
http://www.ncbi.nlm.nih.gov/pubmed/22746534
http://dx.doi.org/10.1016/j.supflu.2013.02.029
http://dx.doi.org/10.1016/j.msec.2015.09.071
http://dx.doi.org/10.1016/j.nantod.2015.09.005
http://dx.doi.org/10.1177/0885328216685755
http://dx.doi.org/10.1016/j.jconrel.2015.01.012
http://dx.doi.org/10.1088/1361-6528/ab13ef
http://www.ncbi.nlm.nih.gov/pubmed/30917341
http://dx.doi.org/10.1007/s13346-015-0255-x
http://www.ncbi.nlm.nih.gov/pubmed/26334865
http://www.ncbi.nlm.nih.gov/pubmed/6848187
http://dx.doi.org/10.1016/j.jconrel.2017.06.010
http://dx.doi.org/10.1016/j.ijpharm.2011.08.046
http://dx.doi.org/10.1016/j.eurpolymj.2004.11.017


Molecules 2020, 25, 1181 19 of 19

37. Oyarzun-Ampuero, F.; Brea, J.; Loza, M.; Torres, D.; Alonso, M. Chitosan–hyaluronic acid nanoparticles
loaded with heparin for the treatment of asthma. Int. J. Pharm. 2009, 381, 122–129. [CrossRef]

38. Yang, J.; Zeng, Z.; Peng, Y.; Chen, J.; Pan, L.; Pan, D. IL-7 splicing variant IL-7δ5 induces EMT and metastasis
of human breast cancer cell lines MCF-7 and BT-20 through activation of PI3K/Akt pathway. Histochem. Cell
Biol. 2014, 142, 401–410. [CrossRef]

39. Abarzua, S.; Serikawa, T.; Szewczyk, M.; Richter, D.-U.; Piechulla, B.; Briese, V. Antiproliferative activity of
lignans against the breast carcinoma cell lines MCF 7 and BT 20. Arch Gynecol. Obstet. 2012, 285, 1145–1151.
[CrossRef]

40. Son, S.; Nam, K.; Kim, H.; Gye, M.C.; Shin, I. Cytotoxicity measurement of Bisphenol A (BPA) and its
substitutes using human keratinocytes. Environ. Res. 2018, 164, 655–659. [CrossRef]

41. Kumar, P.; Nagarajan, A.; Uchil, P.D. Analysis of cell viability by the lactate dehydrogenase assay. Cold Spring
Harb. Protoc. 2018, 2018, pdb-prot095497. [CrossRef] [PubMed]

42. Khalilzadeh, B.; Shadjou, N.; Kanberoglu, G.S.; Afsharan, H.; de la Guardia, M.; Charoudeh, H.N.;
Ostadrahimi, A.; Rashidi, M.-R. Advances in nanomaterial based optical biosensing and bioimaging of
apoptosis via caspase-3 activity: A review. Microchim. Acta 2018, 185, 434. [CrossRef]

43. Pritchard, R.; Rodríguez-Enríquez, S.; Pacheco-Velázquez, S.C.; Bortnik, V.; Moreno-Sánchez, R.; Ralph, S.
Celecoxib inhibits mitochondrial O2 consumption, promoting ROS dependent death of murine and human
metastatic cancer cells via the apoptotic signalling pathway. Biochem. Pharmacol. 2018, 154, 318–334.
[CrossRef] [PubMed]

44. Darzynkiewicz, Z.; Galkowski, D.; Zhao, H. Analysis of apoptosis by cytometry using TUNEL assay. Methods
2008, 44, 250–254. [CrossRef] [PubMed]

45. Ringel, J.; Jesnowski, R.; Schmidt, C.; Ringel, J.; Köhler, H.J.; Rychly, J.; Batra, S.K.; Löhr, M. CD44 in normal
human pancreas and pancreatic carcinoma cell lines. Teratog Carcinog. Mutagen. 2001, 21, 97–106. [CrossRef]

46. Zaki, N.M.; Nasti, A.; Tirelli, N. Nanocarriers for cytoplasmic delivery: Cellular uptake and intracellular fate
of chitosan and hyaluronic acid-coated chitosan nanoparticles in a phagocytic cell model. Macromol. Biosci.
2011, 11, 1747–1760. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2020 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/).

http://dx.doi.org/10.1016/j.ijpharm.2009.04.009
http://dx.doi.org/10.1007/s00418-014-1222-1
http://dx.doi.org/10.1007/s00404-011-2120-6
http://dx.doi.org/10.1016/j.envres.2018.03.043
http://dx.doi.org/10.1101/pdb.prot095497
http://www.ncbi.nlm.nih.gov/pubmed/29858337
http://dx.doi.org/10.1007/s00604-018-2980-6
http://dx.doi.org/10.1016/j.bcp.2018.05.013
http://www.ncbi.nlm.nih.gov/pubmed/29800556
http://dx.doi.org/10.1016/j.ymeth.2007.11.008
http://www.ncbi.nlm.nih.gov/pubmed/18314056
http://dx.doi.org/10.1002/1520-6866(2001)21:1&lt;97::AID-TCM9&gt;3.0.CO;2-O
http://dx.doi.org/10.1002/mabi.201100156
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	FT-IR and 1H NMR Techniques for Confirmation of HACSLA-NPs Synthesis 
	Size and Surface Charge 
	Morphology 
	X-ray Powder Diffraction (XRD) 
	MT Release from NPs at Different pH Values and Conditions 
	Biological Assays 
	MTT Assay 
	LDH Assay 
	TUNEL Assay 
	Caspase-3 Assay 
	Rhodamine 123 (RH-123) Assay 
	Immunocytochemical Staining of CD44 


	Materials and Methods 
	Materials 
	Synthesis of the Chitosan-Lipoic Acid Nanoparticles (CSLA-NPs) 
	Preparation of MT-Loaded CSLA-NPs 
	Synthesis of the MT/HACSLA-NPs 
	Particle Size and Zeta Potential 
	Morphology 
	XRD 
	In Vitro Release of MT-Loaded CSLA-NPs and MT-Loaded HACSLANPs 
	In Vitro Cellular Studies 
	Cell Culture 
	MTT Assay 
	LDH Assay 
	Caspase-3 Activity Assay 
	Rhodamine 123 (RH-123) Assay 
	TUNEL Assay 
	Immunocytochemical Staining of CD44 

	Statistical Analysis 

	Conclusions 
	References

