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Abstract
Lung cancer is a neoplasm associated with bacterial infections, main reason, to design a combined chemotherapy and

antimicrobial treatment. Due to adverse drug reactions, we designed and synthetized polymer Poly(3-hydroxybutyrate-co-

3-hydroxyvalerate) (PHBV) nanoparticles loaded with clarithromycin and paclitaxel and Superparamagnetic Iron Oxide

Nanoparticles (SPION). Spherical nanoparticles with diameters ranging between 176 ± 19 and 222 ± 68 nm, hydrophilic

and had a net negative surface charge were obtained. These nanoparticles can be lyophilized and resuspended in polar

environments without affecting their physicochemical characteristics and maintaining their antibacterial activity. Both

drugs interacted differently with the polymer, avoiding competition between them and facilitating the simultaneous

encapsulation. The paclitaxel loaded in these nanoparticles remains almost completely encapsulated during the first 24 h

under physiological conditions, allowing its accumulation and release in sites of high permeability and retention, such as

tumors. In summary, these PHBV nanoparticles loaded with clarithromycin, paclitaxel and SPION are a promising drug

delivery system for use in theranostics against lung cancer.
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Introduction

Cancer is one of the leading causes of death worldwide

according to the World Health Organization (WHO) and

the National Cancer Institute (NIH) of the United States.

Cancer causes 9.6 million deaths per year worldwide, of

which 1.1 million are caused by lung cancer [1]. Lung

cancer is an extremely aggressive neoplasm, and more than

50% of patients die before the first year after being diag-

nosed with lung cancer [2].

There are multiple causes and risk factors for lung

cancer, such as smoking, genetic factors, contamination

and bronchial pathologies [3]. The bronchial pathologies

commonly associated with lung cancer are chronic bron-

chitis and asthma, both of which are associated with

chronic infection with Chlamydophila pneumoniae (Cpn)

[4]. Several antibiotics have activity against Cpn, of which

the most clinically effective are azithromycin and clar-

ithromycin, which have minimum inhibitory concentra-

tions (MICs) of 0.2 ug/ml and 0.03 ug/ml, respectively [5].

Although clarithromycin has a much lower MIC than

that of azithromycin, azithromycin has a longer half-life

and greater tissue penetrability than those of clarithromycin

[5]. One strategy to solve this, is to use nanopharmaceu-

ticals have great potential as vehicles for the spatial and

temporal release of bioactive and diagnostic compounds

[6], allowing the use of drugs with low penetrability in

tissues or the reduction of adverse drug reactions (ADRs).

Strategies to reduce ADRs would be to concentrate or

localize the drug only in the target tissue and decrease the

maximum plasma concentration of the drugs, which would

limit its interaction with healthy tissue. A nanotechnolog-

ical tool would allow strategies to be carried out,

decreasing the plasma concentrations of drugs and simul-

taneously localizing them in the target tissue.

Conventional nanoparticulate systems have been used

and designed to handle each aspect of pathology sepa-

rately; however, from the theoretical point of view, some

nanoparticles can exert multiple actions, leading to the

production of multifunctional nanoparticles with thera-

peutic and diagnostic activity, which is defined as thera-

nostics activity [7, 8].

Magnetic nanoparticles designed for theranostics can be

simultaneously used as (i) contrast media for diagnostic

and imaging follow-up, (ii) a therapy when used for drug

delivery or for hyperthermia and (iii) a localized therapy,

either active or passive. The management of pathologies

through theranostics not only includes high specificity for

the diagnosis and treatment of diseased cells but also

includes the monitoring of the drug release process and its

therapeutic efficacy [9]. The design of nanoparticles and

the choice of their functionalization agents have direct
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effects on the mode of action of nanoparticles at the

diagnostic, monitoring and/or therapeutic levels.

Superparamagnetic Iron Oxide Nanoparticles (SPIONs)

are among the most promising nanoparticles for use in

theranostics due their physical characteristics, as they can

be attracted by a magnetic field without aggregating to

each other, which allows these nanoparticles to be local-

ized in a specific area of the body with the use of a magnet

[10, 11]. SPIONs have wide applications, among which the

best known are the use of contrast media for magnetic

resonance imaging (MRI), drug delivery and hyperthermia

[12, 13]. Hyperthermia consists of a therapeutic procedure

that increases the temperature of a region of the body to

40–43�C, which when carried out at the site of a tumor, is

called oncological hyperthermia [14]. This treatment has

been successful in both preclinical and clinical studies [15].

A polymer nanoparticle composed of SPIONs can be

excellent carriers because in the presence of an alternating

magnetic field, the SPIONs can be heated by raising the

local temperature, which would lead to the elimination of

tumor cells via hyperthermia and, at the same time, lead to

increased degradation of the polymer, causing faster and

more efficient release of the drug. On the other hand, the

physical characteristics of SPIONs give them the ability to

function as an excellent contrast medium for MRI, so

hyperthermia can be performed by knowing the location of

the nanoparticles in the body and using them to evaluate

the effectiveness of the treatment [16, 17].

Several investigations have been carried out with

SPIONs functionalized for potential use in theranostics.

SPIONs loaded with doxorubicin shown to be able to serve

for MRI and to have antitumor effects against lung cancer

without systemic toxicity in C57BL6 mice [18]. SPIONs

synthesized with doxorubicin and also conjugated with

trastuzumab (Herceptin�) shown to be a good contrast

medium for MRI and to have better inhibit tumor growth

rate compared with free doxorubicin and Herceptin� [19].

Additionally, have been synthesized magnetic nanopar-

ticles coated with polymer and conjugated with Pluronic�
F127 bound to folic acid with potential for producing

localized activity as well as for use in diagnosis and cancer

therapy [20]. Folic acid was also used in conjunction with

doxorubicin to functionalize SPIONs coated with poly-

ethylene glycol (PEG) [21].

Multifunctional SPIONs covered with chitosan, PEG

and conjugated with a monoclonal antibody against the

Neu receptor (proto-oncogene that is overexpressed in

approximately 30% of the most aggressive breast cancers

resistant to chemotherapy) show highly specific binding to

breast cancer and metastatic cells in the liver, lung and

bone in a transgenic mouse model [22, 23].

Taking into account all this background we decided to

design a nanoparticle with antineoplastic,

superparamagnetic and antimicrobial activity against lung

cancer. The antineoplastic and superparamagnetic activity

would allow attacking the cancer cells, and the antibacte-

rial activity would allow stopping a chronic Cpn infection

or preventing it by acting as a prophylactic. For the anti-

neoplastic activity we use paclitaxel, which is an antineo-

plastic widely used in the clinic. Superparamagnetic

activity will be conferred by the use of SPION, and

antimicrobial activity with the antibiotic clarithromycin.

In this work, we synthesized a novel polymeric Poly(3-

hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) nanopar-

ticles functionalized with paclitaxel, clarithromycin and

SPIONs for improving the solubility, permeability and

retention of the encapsulated drugs. These nanoparticles

would potentially allow favors their accumulation in

tumors. These nanoparticles may be candidates for use in

theranostics against lung cancer.

Methodology

Synthesis of Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV) Nanoparticles
with Paclitaxel, Clarithromycin and SPIONs

Eight types of nanoparticles were synthesized: (1) empty

PHBV nanoparticles (E), (2) PHBV nanoparticles with

SPIONs (S), (3) PHBV nanoparticles with paclitaxel (T),

(4) PHBV nanoparticles with clarithromycin (C), (5)

PHBV nanoparticles with paclitaxel and clarithromycin

(TC), (6) PHBV nanoparticles with clarithromycin and

SPIONs (SC), (7) PHBV nanoparticles with paclitaxel and

SPIONs (ST) and (8) PHBV nanoparticles with paclitaxel,

clarithromycin and SPIONs (SCT). To carry out the syn-

thesis of these nanoparticles, we used a double emulsion

method modified from the method we reported previously

[24, 25]. The first emulsion was carried out with 1 ml of

PHBV with 12% PHV at a concentration of 3 mg/ml and

400 lL of the drugs to be encapsulated: 5 lM paclitaxel

(p.a. C 97%, Sigma) and 100 lg/ml clarithromycin (HPLC

grade, Sigma) dissolved in dimethyl sulfoxide (DMSO)

(p.a. C 99.9%, Merck); both solutions were sonicated at

20% power for 1 min. For the second emulsion, 4 ml of 1%

PVA was added (p.a. 98–99% PM 31.000–50.000, Sigma);

then the mixture was sonicated for 1 min at 80% power,

and the solvent was allowed to evaporate overnight with

agitation at room temperature. Finally, the obtained

nanoparticles were washed and collected in 1 ml of ultra-

pure water [24, 25].
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Electron Microscopy

The morphology of the nanoparticles was determined from

transmission electron microscopy (TEM) images using

low-voltage electron microscopy (LVEM). For this pur-

pose, a drop of nanoparticles was placed on an ultrathin

Lacey carbon-coated 400-mesh copper grid and left to dry

at room temperature for 10 min prior to image acquisition,

ensuring no more than 1 min of exposure of the sample to

the electron beam. Microscopy images were acquired using

an LVEM5 electron microscope (Delong Instrument,

Montreal, Quebec, Canada) with a voltage of 5 kV. The

low voltage used allowed visualization of organic materi-

als, omitting the staining procedure. Digital images were

captured using a Retiga 4000R digital camera (QImaging,

Inc., USA) [25].

Dynamic Light Scattering (DLS)

The size and Z potential of the nanoparticles were mea-

sured with a Malvern Zetasizer nano ZS�. The obtained

nanoparticles were centrifuged and resuspended in 1 ml of

ultrapure water. The measurements were performed using a

reflectance of 0.33 [24, 25].

Contact Angle

Hydrophobicity was determined by contact angle mea-

surement using a goniometer (OCA 15EC, Dataphysics).

For this purpose, freeze-dried nanoparticles were placed on

a film, and then, a drop of water was deposited on them.

The image obtained from the drop of water was used to

measure the contact angle between the nanoparticles and

the drop, which indicated the degree of hydrophobicity of

the sample. After depositing the drop of water on the

sample, 1 photo per second was taken for 20 s to calculate

the advance angle (AA), recoil angle (AR) and stationary

angle (ASS) [29].

Determination of the Encapsulation Effectiveness

The encapsulation effectiveness of the drugs was deter-

mined by the extraction method previously described by

Mao et al. [26]. Briefly, 10 mg of nanoparticles was dis-

solved in 2 ml of dichloromethane (DCM) (HPLC grade,

Merck) and 5 ml of methanol (p.a. 99.9%, Merck) and left

for 24 h at 378C with shaking at 100 rpm. The concen-

tration of the encapsulated drugs was measured by an ultra-

performance liquid chromatography (UPLC) Acquity sys-

tem (Waters, Milford, MA, USA) using a calibration curve.

The encapsulation efficiency percentage (%EE) was cal-

culated with the following equation [24–26]:

%EE ¼ mg encapsulated =mg theoreticalð Þ � 100%

Evaluation of Drug-Polymer Affinity

The Monte Carlo method was used to evaluate the affinity

of the drugs to the PHBV polymer [27]. A conformational

sampling algorithm based on a strategy using the Euler

angle between two molecules, which contacted each other

via their Van de Waals surfaces, was implemented. Force

fields for the polymer and compounds were generated using

HF/6-31G** quantum mechanics methods.

Drug Release Profile

A rapid equilibrium dialysis RED Device (Pierce, Thermo

Scientific) certified dialysis system was used to measure

the release of the encapsulated drugs. Seven milligrams of

nanoparticles was dialyzed at 378C with shaking against

PBS (pH 7.4, Pierce, Thermo Scientific). The solution was

extracted from the sampling chamber at 3 min and at 3, 7

and 28 h. To determine the release of paclitaxel, the

supernatants were analyzed by HPLC [25]. Briefly, a

4.6 9 50 mm C18 column with a 5 lm particle size

operated at room temperature was used. The mobile phase

was acetonitrile/water 70/30 v/v at a flow rate of 1 ml/min.

Measurement of the Activity of the Nanoparticle
Components

The activity of encapsulated clarithromycin (HPLC grade,

Sigma) was measured using the Kirby-Bauer assay, which

is better known as an antibiogram. The aim of this mea-

surement was to determine whether the antibiotic remained

active after being encapsulated in PHBV nanoparticles.

Neisseria gonorrhoeae (Ngo strain P9-17) was used in the

clarithromycin assay. Each Petri dish was inoculated with

GC agar (BD) with 106 CFU of Ngo. The optical density

was determined using a spectrophotometer (Synergy H1,

Biotek) at a wavelength of 600 nm. Four milligrams of

nanoparticles was loaded in each sensidisc, and 10 lg of

free drug was used as a control. Ten micrograms of the

antibiotic was used because this amount was within the

range of the encapsulated antibiotic. The activity of

encapsulated paclitaxel was not evaluated, as it has been

previously evaluated for the same type of nanoparticle

following the same synthesis protocol [25]. Additionally,

the superparamagnetism of the nanoparticles was not

evaluated because it has been shown that SPIONs in PHBV

maintain their superparamagnetic activity [24].
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In Vitro Toxicity

To determine the toxicity of nanoparticles, cell viability was

determined quantitatively using alamar blue (alamarBlueTM

cell viability reagent, Thermo Fisher Scientific), using the

Eahy.926 cell line. Maintenance and expansion of the cul-

ture was carried out as recommended by ATCC using 10%

fetal bovine serum IMDM medium [24, 25]. Briefly, to

perform this Alamar Blue test and determine cytotoxicity in

EA.hy926 cells, we first determined the number of cells

capable of reducing an amount of Alamar Blue that was

within the linear detection range of the equipment, using the

manufacturer’s suggested protocol. The experiment was

conducted with 32,000 Eahy.926 cells that were cultured at

80% confluence for 24 h in IMDM (Hyclone) supplemented

with 10% fetal bovine serum (FBS) in 96-well plates, fol-

lowed by 24 h in serum-free medium. After this, Eahy.926

cells were cultured for 24 h under different treatment at

378C and 5% CO2. The treatment consisted of 0.1, 1, 10 and

100 mg/mL nanoparticles in IMDM culture medium. The

determinations were made in duplicate, for each of the

synthesized nanoparticles, by performing three independent

experiments. After incubation, treatment was removed and

110 ll of a solution with 100 lL of IMDM medium plus 10

lL of Alamar Blue were added. The cells were incubated for

3 h in darkness at 37 �C and 5% CO2, and then the con-

centration of reduced Alamar Blue was measured by optical

density in an ELISA reader (Synergy H1, Biotek) at 570 and

600 nm absorbance. The data obtained were plotted using

the Graph pad Prism 5 program. The controls consisted of

untreated cells, corresponding to 100% viability; a target

control corresponding to cell-free medium, which was

assigned 0% viability, and reduced 100% Alamar Blue. The

result was expressed as a percentage of viability.

Statistical Analysis

The physicochemical characteristics of the nanoparticles

are expressed as the mean ± standard deviation (SD) of 3

different samples in duplicate, measured three times each.

In vitro analyses were analyzed by two-tailed ANOVA

with a 95% confidence interval, and each nanoparticle was

compared with each of the controls by the T-test followed

by a paired assay.

Results

To physicochemically characterize PHBV nanoparticles

with antineoplastic, bactericidal and superparamagnetic

properties, we synthetized eight types of nanoparticles that

differed in regard to their functionalizing molecules:

(i) empty PHBV nanoparticles (E), (ii) PHBV nanoparti-

cles functionalized with clarithromycin (C), (iii) PHBV

nanoparticles functionalized with paclitaxel (T), (iv) PHBV

nanoparticles functionalized with SPIONs (S), (v) PHBV

nanoparticles functionalized with paclitaxel and clar-

ithromycin (CT), (vi) PHBV nanoparticles functionalized

with SPIONs and paclitaxel (ST), (vii) PHBV nanoparti-

cles functionalized with SPIONs and clarithromycin (SC)

and (viii) PHBV nanoparticles functionalized with

SPIONs, paclitaxel and clarithromycin (SCT). For each

category of synthesized nanoparticles, their size, polydis-

persity and z potential were evaluated by DLS. Table 1

show that all the evaluated nanoparticles have the appro-

priate dimensions, and the polydispersity indices (Pld)

show that the synthesized nanoparticles have an adequate

size distribution for biological use (B 0.20). On the other

hand, the net surface charge (Z potential) of the nanopar-

ticles is negative, indicating an adequate half-life in blood,

without toxicity to endothelial cells via autophagy. The

data show that the synthesized nanoparticles have an ade-

quate size and surface charge to be able to be administered

through an intravenous bolus and are candidates to have

enhanced permeability and retention to allow them to

accumulate in neoplastic tissues, according to the Nan-

otechnology Characterization Laboratory of the United

States (NCL), in this research NCL assayed 130 different

types of nanoparticles, and concluded that nanoparticles

with negative surface charge, and size between 100 to

220 nm, and high solubility will has EPR effect [28].

To ensure that these nanoparticles have all the necessary

characteristics of the desired in vivo behavior, it was

necessary to measure their hydrophobicity, as shown in

Table 2. Contact angle measurements above 90� corre-

spond to hydrophobic materials, between 90� and 30� to

hydrophilic materials and less than 30� to superhydrophilic

materials [29]. The contact angles measured in the syn-

thesized PHBV nanoparticles indicate that they correspond

to hydrophilic materials. The data show that the synthe-

sized nanoparticles have the ideal physicochemical char-

acteristics of the desired behavior [30].

To evaluate the stability of the nanoparticles and their

optimal storage conditions, the synthesized nanoparticles

were lyophilized and stored at – 20 �C. The lyophilized

nanoparticles used for the hydrophobicity measurement

were resuspended in ultrapure water to measure their size,

Z potential and polydispersity. The Table 3 show that

lyophilized nanoparticles were reconstituted without any

problems. Despite small variations in their size and Z

potential, all the values were within the same range as

newly synthesized nanoparticles.

The size and morphology of the synthesized nanoparti-

cles were also evaluated by low voltage electron micro-

scopy. These results corroborate the data obtained through
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DLS; we observed only one hydrodynamic diameter

between 176 ± 19 nm and 222 ± 68 nm, which indicates

with spherical nanoparticles. It was observed that

nanoparticles containing clarithromycin had more electro-

dense points than those that did not contain this drug.

Representative images are shown in Fig. 1.

After obtaining the physicochemical parameters of the

synthesized nanoparticles, the effectiveness of drug

encapsulation of the nanoparticles was measured in the

presence and absence of SPIONs. These data are summa-

rized in Table 4. The effectiveness of SPION encapsulation

and their activity, was measured in previous research [24].

Briefly, we performed a hysteresis curve to ensure that

SPIONs were encapsulated in the PHBV nanoparticles and

maintained their physicochemical properties be making the

PHBV nanoparticles superparamagnetic. On the other

hand, the efficiency of the encapsulation (% EE) of pacli-

taxel decreases when encapsulated with SPIONs and also

decreases when encapsulated with clarithromycin. There

were no significant differences between both % EE. Even

so, a significant decrease in the %EE of paclitaxel was

expected, as both drugs are hydrophobic and compete for

insertion into the polymeric matrix. However, clar-

ithromycin alone has much lower encapsulation effective-

ness than that of paclitaxel; however, the net amount of

encapsulation is much higher because the amount of

encapsulated clarithromycin is greater than that of pacli-

taxel (1.45 lg for paclitaxel and 15.05 lg for clar-

ithromycin for 10 mg of nanoparticles). Although the

physicochemical characteristics of nanoparticles with

paclitaxel do not significantly differ from those of

nanoparticles with clarithromycin, there are morphological

differences, as seen in electron microscopy images by

LVEM. Considering the morphological differences and the

differences in %EE, the drug-polymer affinity was modeled

using the Monte Carlo method. In this way, the structural

elements that guide the gradual release of these molecules

were identified.

The energy data for minimum interaction and the

average energy between the compounds and the polymer

are reported in the table of Fig. 2a, where the total inter-

action energy is indicated along with the energy compo-

nents of the Van der Waals interaction and electrostatics

that adopt the most stable conformation of the molecule

with the polymer. It is observed that paclitaxel has the

strongest interaction with the polymer, which, due to its

structural characteristics, has an oxetane ring that main-

tains a strong van der Waals interaction with the polymer.

As seen in Fig. 2b, c), both drugs have minimal energy

Table 1 Size, polydispersity

and Z potential of synthesized

nanoparticles

Nanoparticle Diameter (nm) ± SD Pdl ± SD Zeta potential (mV) ± SD

E 220 ± 10 0.2 ± 0.0 - 10.8 ± 1.5

T 198 ± 14 0.1 ± 0.0 - 13.2 ± 1.2

C 215 ± 24 0.1 ± 0.0 - 11.2 ± 1.3

CT 201 ± 15 0.2 ± 0.0 - 13.4 ± 0.7

S 215 ± 4 0.2 ± 0.0 - 14.7 ± 1.2

SC 233 ± 4 0.2 ± 0.0 - 12.7 ± 0.2

ST 232 ± 19 0.2 ± 0.0 - 14.3 ± 1.0

SCT 215 ± 11 0.1 ± 0.0 - 17.7 ± 1.2

(E) Empty PHBV nanoparticles, (T) PHBV nanoparticles containing paclitaxel, (C) PHBV nanoparticles

containing clarithromycin, (CT) PHBV nanoparticles containing clarithromycin and paclitaxel, (S) PHBV

nanoparticles containing superparamagnetic iron oxide nanoparticles (SPIONs), (SC) PHBV nanoparticles

containing SPIONs and clarithromycin, (ST) PHBV nanoparticles containing SPIONs and paclitaxel, and

(SCT) PHBV nanoparticles containing SPIONs, clarithromycin and paclitaxel. PdL = polydispersity. Data

were presented as mean ± SD (n = 3)

Table 2 Contact angle of synthesized nanoparticles

Nanoparticle FA8 ± SD RA8 ± SD SSA8 ± SD

E 84.9 ± 5.3 47.8 ± 9.2 66.4 ± 3.0

T 76.9 ± 4.7 43.4 ± 7.0 60.2 ± 1.2

C 77.4 ± 0.4 36.8 ± 3.8 57.1 ± 2.1

CT 66.5 ± 1.6 58.9 ± 3.2 51.3 ± 2.2

S 78.6 ± 12.9 49.2 ± 7.8 63.9 ± 10.3

SC 83.5 ± 0.5 77.0 ± 4.0 70.5 ± 1.2

ST 82.5 ± 3.2 43.9 ± 5.7 63.2 ± 2.1

SCT 80.1 ± 1.2 74.4 ± 3.6 68.6 ± 1.3

(FA) Forward angle, (RA) reverse angle and (SSA) stationary angle.

(E) Empty PHBV nanoparticles, (T) PHBV nanoparticles containing

paclitaxel, (C) PHBV nanoparticles containing clarithromycin, (CT)

PHBV nanoparticles containing clarithromycin and paclitaxel,

(S) PHBV nanoparticles containing superparamagnetic iron oxide

nanoparticles (SPIONs), (SC) PHBV nanoparticles containing

SPIONs and clarithromycin, (ST) PHBV nanoparticles containing

SPIONs and paclitaxel, and (SCT) PHBV nanoparticles containing

SPIONs, clarithromycin and paclitaxel. Data were presented as

mean ± SD (n = 3)
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interactions in different parts of the polymeric structure,

decreasing competition for the binding sites of both drugs.

It is possible that there is a greater amount of clar-

ithromycin in the most amorphous fraction of the poly-

meric matrix and a greater of paclitaxel in the crystalline

fraction, which would affect the release of both drugs by

first facilitating the release of clarithromycin and then

delaying the release of paclitaxel. To determine whether

situation occurs, it is necessary to determine the simulta-

neous release profile of the drugs. Only the paclitaxel

Fig. 1 Representative electron microscopy images of synthesized

nanoparticles. The nanoparticles are dark grey. a Empty PHBV

nanoparticles, b PHBV nanoparticles containing paclitaxel, c PHBV

nanoparticles containing superparamagnetic iron oxide nanoparticles

(SPIONs), d PHBV nanoparticles containing clarithromycin, e PHBV
nanoparticles containing clarithromycin and paclitaxel, f PHBV

nanoparticles containing SPIONs, clarithromycin and paclitaxel.

Scale bar are 1 lm

Table 3 Size, polydispersity

and Z potential of lyophilized

nanoparticles

Nanoparticle Diameter (nm) ± SD Pdl ± SD Zeta potential (mV) ± SD

E 219 ± 47 0.3 ± 0.0 - 13.0 ± 7.4

T 194 ± 53 0.2 ± 0.0 - 15.8 ± 6.1

C 195 ± 35 0.2 ± 0.0 - 12.2 ± 5.7

CT 176 ± 19 0.2 ± 0.1 - 16.9 ± 1.8

S 222 ± 68 0.2 ± 0.0 - 14.2 ± 0.3

SC 232 ± 35 0.2 ± 0.1 - 8.0 ± 10.1

ST 196 ± 27 0.2 ± 0.0 - 12.3 ± 2.8

SCT 202 ± 9 0.3 ± 0.1 - 14.0 ± 11.8

(E) Empty PHBV nanoparticles, (T) PHBV nanoparticles containing paclitaxel, (C) PHBV nanoparticles

containing clarithromycin, (CT) PHBV nanoparticles containing clarithromycin and paclitaxel, (S) PHBV

nanoparticles containing superparamagnetic iron oxide nanoparticles (SPIONs), (SC) PHBV nanoparticles

containing SPIONs and clarithromycin, (ST) PHBV nanoparticles containing SPIONs and paclitaxel, and

(SCT) PHBV nanoparticles containing SPIONs, clarithromycin and paclitaxel. Data were presented as

mean ± SD (n = 3)
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release profile was analyzed (Fig. 3), because we dońt need

high levels of free paclitaxel during the first hours of

treatment, to reduce its toxic effects on healthy tissues.

This concept is key to prove that encapsulation of pacli-

taxel in PHBV nanoparticles reduces its toxic effects pre-

sent in its conventional pharmaceutical form, a problem

that does not have clarithromycin. At 28 h, a release per-

centage of 0.7% paclitaxel was determined from T

nanoparticles and 1.8% from ST nanoparticles. As expec-

ted, no paclitaxel release from the control E nanoparticles

(empty nanoparticles) was detected.

The bioactivity of encapsulated clarithromycin against

Neisseria gonorrhoeae (Ngo) was analyzed by Kirby-Bauer

test to determine whether the antibiotic maintained its

antimicrobial activity after the synthesis protocol. The

Fig. 4a, b show that encapsulated clarithromycin has sim-

ilar diameter of inhibition halo (mm) compared to clar-

ithromycin non-encapsulated. This result was expected

because non-encapsulated clarithromycin levels in the

control are similar to the clarithromycin encapsulated. The

nanoparticles with clarithromycin was previously treated

Fig. 2 Minimum energy conformation between drugs and polymers.

a The table with total interaction energy including the Van der Waals

(VdW) and electrostatic energy components. b The minimum energy

conformation between clarithromycin and PHBV. c The minimum

energy conformation between paclitaxel and PHBV

Table 4 Efficiency of the encapsulation (%EE) of paclitaxel and

clarithromycin in polymeric nanoparticles

Nanoparticle %EE paclitaxel %EE clarithromycin

E 0 0

T 48.5 ± 1.5 0

C 0 37.6 ± 6.2

CT 41.2 ± 6.3 36.1 ± 4.1

S 0 0

SC 0 33.0 ± 0.2

ST 44.1 ± 0,6 0

SCT 44.4 ± 1.3 32.6 ± 1.5

(E) Empty PHBV nanoparticles, (T) PHBV nanoparticles containing

paclitaxel, (C) PHBV nanoparticles containing clarithromycin, (CT)

PHBV nanoparticles containing clarithromycin and paclitaxel,

(S) PHBV nanoparticles containing superparamagnetic iron oxide

nanoparticles (SPIONs), (SC) PHBV nanoparticles containing

SPIONs and clarithromycin, (ST) PHBV nanoparticles containing

SPIONs and paclitaxel, and (SCT) PHBV nanoparticles containing

SPIONs, clarithromycin and paclitaxel. Data were presented as

mean ± SD (n = 3)
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with dichloromethane for release all encapsulated antibi-

otic. Finally, to determine the in vitro toxicity of all PHBV

nanoparticles synthesized an in vitro toxicology tests on

cell viability of Eahy.926 cells were carried out, Fig. 4c.

These results show that all the evaluated nanoparticles had

an IC 50 above 100 mg/ml. These results indicate that all

PHBV nanoparticles synthesized can be administered

through an intravenous bolus, without being toxic to the

vascular endothelium.

Discussion

The present study shown that only modifying the paclitaxel

solvent, we improve the solubility of the drug and

increasing the encapsulation area, which improved the

encapsulation efficiency to 48.53%. These nanospheres

Fig. 3 Profile of paclitaxel release from PHBV nanoparticles.

Percentage of paclitaxel released at different time from nanoparticles

E (empty), T (with paclitaxel) and ST (with SPIONs and paclitaxel).

Data were presented as mean ± SD (n = 3)

Fig. 4 The bioactivity of encapsulated clarithromycin and In Vitro

toxicology tests of all PHBV nanoparticles synthesized. a The

table shows Kirby-Bauer test against Ngo by the inhibition halos

diameter. The positive (?) control consisted of 10 lg of unencap-

sulated clarithromycin. For each sensidisc, 4 mg of lyophilized

nanoparticles was used. (E) Empty PHBV nanoparticles, (C) PHBV

nanoparticles with clarithromycin, (CS) PHBV nanoparticles with

clarithromycin and superparamagnetic iron oxide nanoparticles

(SPIONs), (CT) PHBV nanoparticles with clarithromycin and pacli-

taxel and (SCT) PHBV nanoparticles with clarithromycin, SPIONs

and paclitaxel. Data were presented as mean ± SD (n = 3). b The

figure shows an antibiogram representative image. c The graph shows

the effect of PHBV nanoparticles on cell viability of Eahy.926 cells.

Cells viability was measured by absorbance analysis with 4 different

concentrations of nanoparticles. (T) PHBV nanoparticles with pacli-

taxel, (SCT) PHBV nanoparticles with SPION, clarithromycin and

paclitaxel, (ST) PHBV nanoparticles with SPION and paclitaxel, (CT)

PHBV nanoparticles with clarithromycin and paclitaxel, (SC) PHBV

nanoparticles with SPION and clarithromycin, and (E) empty

nanoparticles. Data were presented as mean ± SD (n = 3)
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were synthesized using DMSO as a solvent for the PHBV

polymer and for paclitaxel, because paclitaxel is a highly

hydrophobic, it does not have good solubility in aqueous

solutions. With this modification, nanospheres were syn-

thesized instead of nanocapsules, compared to previous

studies that show nanocapsules synthesized using aqueous

solution as a solvent for paclitaxel and DMSO for the

PHBV polymer. These results are according with previous

studies that show that our protocol is capable of encapsu-

lating and maintaining paclitaxel activity, with encapsula-

tion efficiency over 37.25% [25].

All the nanoparticles obtained had a size between 190

and 230 nm, with a single hydrodynamic diameter com-

patible with spherical nanoparticles (Tables 1 and 3), as

verified by electron microscopy (Fig. 1). The nanoparticles

had a negative Z potential (Tables 1 and 3) and were

hydrophilic (Table 2), allowing their use in living organ-

isms [30]. Nanoparticles with these characteristics should

have low toxicity and a high half-life in blood, having all

the necessary characteristics for EPR and intravenous

injection [30]. Taking into account the physicochemical

characteristics of all the nanoparticles obtained, it is

expected that they will have a high half-life in the blood-

stream [30–32] and that they will be passively located in

areas with a high blood supply and permeability [30]. This

type of microenvironment is typical of carcinomas where

angiogenesis is relevant, so it is expected that these

nanoparticles will accumulate in the microenvironments of

tumor masses, which makes then excellent vehicles for

antineoplastic drugs. On the other hand, nanoparticles that

contain SPIONs can be actively directed through the use of

a magnetic field. Therefore, the dose of drugs to be used

against lung cancer should be recalculated to reach a

therapeutic dose only in that organ [10]. On the other hand,

the hydrophilicity of the synthesized nanoparticles allows

their solubilization and administration in physiological

serum or other polar vehicles, which is an advantage over

commercial paclitaxel, which is administered with poly-

ethoxy castor oil and dehydrated alcohol. Polyethoxylated

castor oil is related to several hypersensitivity reactions,

such as anaphylaxis, dyspnea, hypotension, angioedema,

and generalized urticaria; fatal reactions to castor oil have

even occurred despite the administration of a medication

that decreases these hypersensitivity reactions [33]. These

reactions are why all patients should be pretreated with

corticosteroids (e.g., dexamethasone), diphenhydramine

(H1 antagonist), and H2 antagonists (e.g., cimetidine or

ranitidine), as H2 receptors are related to hypotension

symptoms and secondary edema [34]. The development of

a pharmaceutical form of paclitaxel that allows avoidance

of the use of an excipient will have a great impact reducing

these side effects. On the other hand, the PHBV polymer

used in this new pharmaceutical form is biodegradable and

biocompatible. In addition, PHBV is non-toxic, has high

compatibility with a large number of cell lines and can be

produced on a large scale [27, 35, 36].

Finally, SPIONs are highly biodegradable, since they

can be dissociated into iron and oxygen within the body

and safely eliminated using the metabolism and oxygen

transport system [37, 38]. Iron released from SPIONs is

metabolized by the liver and subsequently used in the

formation of red blood cells or excreted via the kidney

[39].

As the synthesized nanoparticles had the desired

behavior, their %EE, component activity and the molecular

interactions between them were evaluated. Although all the

biologically active components of the nanoparticles were

hydrophobic, encapsulation of more than one component at

a time had little effect on the %EE of paclitaxel. This may

be because, as shown in Fig. 2, paclitaxel and clar-

ithromycin interact differently with the PHBV polymer in

their lowest energy conformation, limiting competition

between the two drugs. According with the molecular

modeling results is possible that paclitaxel mostly interacts

in the crystalline phases of the polymer in the nanoparticles

and that clarithromycin mostly interacts with the amor-

phous phases, affecting its release profile as well as the

ratio of both phases, which would be interesting to evaluate

by means of a calorimetry test. The ratio between the

amorphous phase and the crystalline phase of the polymer

has a strong impact on the dissolution and release of the

drugs, as well as on the absorption of the active principles

by the organism. If we compare the amorphous phase with

the crystalline phase of a polymer, the compaction of the

amorphous phase is less than the crystalline phase, with

spaces between the polymer chains. These spaces favor the

entry of water between the polymeric matrix, increasing

the speed of liberation and dissolution of drugs. The

molecular modeling results show that clarithromycin is

preferably found in the amorphous phases of the polymer,

while paclitaxel is preferably found in the more crystalline

phases. These localization impact the release profiles of

these drugs, as it is expected that the rate of release of

clarithromycin from the polymeric matrix is higher than the

rate of release of paclitaxel and that, in addition to being

simultaneously encapsulated within a polymeric nanopar-

ticle, paclitaxel is released faster than when it is encapsu-

lated alone. This situation was partly demonstrated by

analyzing the release profile of paclitaxel from polymer

nanoparticles when encapsulated along (T) or accompanied

by SPIONs (ST) (Fig. 3). As observed from, paclitaxel is

released more quickly when encapsulated in PHBV

nanoparticles in conjunction with SPIONs. The only dif-

ference between the two nanoparticles is the addition of

SPIONs to the polymer matrix, which increases the amount

of amorphous phase of the polymer, facilitating the entry of
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water and the dissolution and subsequent release of pacli-

taxel from the PHBV nanoparticles. Previous results

showed that PHBV nanoparticles have an increased volume

in aqueous solutions at pH 7.4 [25].

Interestingly the bioactivity of encapsulated clar-

ithromycin, antimicrobial activity, was similar compared to

clarithromycin non-encapsulated. Finally the in vitro toxi-

city of the synthesized nanoparticles was quantified, and an

IC50 greater than 100 mg/ml was found in Eahy.926

endothelial cells. This results was expected, because in the

first 28 h only 0.7% of paclitaxel was released while that

the 99,3% of paclitaxel remains encapsulated and non-

bioavailable. Since the synthesized nanoparticles have been

designed and selected to be administered through an

intravenous bolus, it was of enormous importance to

quantify the cytotoxicity of these nanoparticles in this cell

type.

Conclusion

PHBV polymer nanoparticles can be used as hydrophilic

vehicles for hydrophobic drugs with different physico-

chemical properties, such as antineoplastic paclitaxel,

macrolide clarithromycin and SPIONs. None of these

compounds lose their biological activity and all would be

candidates for use in the theranostics of lung cancer or

other type cancer associated with bacterial infections.
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