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ABSTRACT
Purpose In general, the surface functionalization of poly-
meric nanoparticles is carried out by covalently bounding
ligands to the nanoparticle surface. This process can cause
a lack or decrease of the ligand specificity to its target
receptor, besides the need of purification steps. We pro-
posed a ligand-metal-chitosan-lecithin complex as a new
strategy to functionalize the surface of biodegradable
nanoparticles.
Methods One pot synthesis of scFv anti-LDL(−)-functionalized
nanocapsules was carried out by self-assembly and interfacial
reactions. Particle sizing techniques, lipid peroxidation and molec-
ular recognition by enzyme linked immuno sorbent assays were
carried out.
Results The selected formulation had unimodal size distribution
with mean diameter of about 130 nm. The metals in the complex
did not enhance the oxidative stress, and the scFv anti-LDL(−)-
functionalized nanocapsules recognized LDL(−) and did not react
with native LDL indicating the maintenance of the active site of the
fragment.
Conclusions The one pot synthesis, using the ligand-metal-
chitosan-lecithin complex to functionalize the surface of the bio-
degradable nanocapsules, maintained the active site of the

antibody fragment making the device interesting for applications
in nanomedicine.
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ABBREVIATIONS
DLS Dynamic light scattering
ELISA Enzyme linked immuno sorbent assay
LD Laser diffractometry
LDE Laser Doppler electrophoresis
LDL Low density lipoprotein
LDL(−) Electronegative low density lipoprotein
LNC Lipid-core nanocapsules
MCMN Metal complex multi-wall nanocapsules
MDA Malondialdehyde
MN Multi-wall nanocapsules
nLDL Native low density lipoprotein
NTA Nanoparticle tracking analysis
PCL Poly(ε-caprolactone)
PDI Polydispersity index
Phe Phenylalanine
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scFv anti-LDL(−) Anti-electronegative LDL
single-chain fragment variable

SPAN Polydispersity
TBA Thiobarbituric acid
TBARS Thiobarbituric acid reactive substances
TEM Transmission electron microscopy

INTRODUCTION

Nanotechnology has been impacting the development of new
products in the past 20 years. Specifically in the field of human
health, the evolution in nanomedicine has assumed an impor-
tant role to improve therapy and diagnosis with potential
applications in research, biomedicine or pharmaceutical and
chemical industries (1–5). Different materials have been pro-
posed to constitute the nanoparticles acting as drug delivery
systems or diagnosis agents.

The use of nanoparticles for passive targeting based on the
drug encapsulation, as well as for drug active targeting by
nanoparticle surface functionalization and the use of nano-
particles suitable for in vivo monitoring have provided several
advantages over methods traditionally employed (4–6).
Among the main advantages of those nanoparticles, we can
cite the development and/or improvement of diagnose or
therapeutic methods, which provide better protection of
drugs, nucleic acids, peptides, antibodies and other biomole-
cules, when compared to conventional approaches (7–9).

Different materials can be used to prepare nanoparticles
such as ceramic, carbon nanotubes, organic polymers, lipids,
metal oxides and metals. Nanomaterials (nanostructured ma-
terials) are in general formed by elements or organic mole-
cules (1).

Among the biological applicability of metal nanostructures,
their use to identify or combat microorganisms such as
bacteria, fungi and viruses has been widely investigated (10).
Furthermore, antibody-coated gold nanoparticles or other
nanoparticles for viral detection as agents for images and for
the development of immunodiagnostic kits have been
described (5,11).

The active or passive targeting of nanoencapsulated drugs
in the body depends on the physico-chemical characteristics of
the nanocarriers rather than those of the drugs. Passive
targeting is dependent of the distribution size, shape and
wettability (hydrophilic surface) of the nanoparticles.
Whereas, active targeting involve the use of site specific con-
jugates peripherally bound to the nanostructures, which allow
the connections on particular sites in the body according to the
specificity of the ligand with the target molecular system (4,6).

The nanoparticle surface functionalization with ligands,
such as peptides, antibodies or antibody fragments is carried
out primarily by conjugation methods (12). Those ligands are
in general covalently bound either to the nanoparticle surface

or to a linker molecule, such as poly(ethylene glycol) (6,13).
Conjugation of the antibody can be random or site specific.
Random conjugation can cause a lack of the ligand specificity,
since the new chemical bond may occur exactly on the active
site of the binding antigen. In this case, the ability of those
particles to specifically binding to its target receptor might be
decreased (4). On the other hand, a strategy of site specific
binding assures full ligands activity. Besides, the one-pot syn-
theses of surface functionalized nanoparticles may constitute a
versatile strategy to have different nanoparticles prepared with
similar core-structures with a variety of ligands at their surface.
The advantage of this strategy is the rapid and economic
synthesis of surface-functionalized nanoparticles.
Nevertheless, the challenge of that approach is to obtain the
products in one-pot synthesis with no need of purification
steps.

In the past few years, we developed two different structures:
the lipid-core nanocapsules (14,15) and the spray-dried
chitosan-metal microparticles (16). The former are
nanocapsules containing a dispersion of caprylic/capric tri-
glyceride and sorbitan monostearate, as core, poly(ε-
caprolactone), as polymer hydrophobic wall, and polysorbate
80 micelles, as coating material to give the necessary wettabil-
ity to prevent agglomeration of the nanoparticles in the aque-
ous phase. The latter structures are spray-dried microparticles
of chitosan-metal complexes, which surface was cross-linked
with glutaraldehyde. Earlier studies had investigated a metal
complexation with chitin (chitosan precursor) by infrared and
Mössbauer spectroscopy (17). The metal complex is formed as
a chelate by coordinating with the oxygen and nitrogen atoms
of the polysaccharide. Besides, recently we developed
chitosan-coated lipid-core nanocapsules in aqueous turbid
solution (18) demonstrating the technological feasibility of
coating lipid-core nanocapsules, when lecithin is a co-
surfactant. Moreover, we demonstrated the blood compatibil-
ity of those nanocapsules.

To raise our hypothesis we considered that the lipid-core
nanocapsules are kinetically stable colloids (19) and showed to
be a promising platform as drug delivery systems (20); addi-
tionally, we took into consideration that the spray-dried
chitosan-metal microparticles are able to chemically bound
ciprofloxacin by coordination with the metal complexed with
the polysaccharide (16). In this way, we hypothesized that a
lipid-core nanocapsule could constitute the core of a new
nanoparticle having lecithin-chitosan, as coating, complexed
with metals, which, in turns, could complex molecules or
macromolecules having different organic functional groups
containing heteroatoms such as oxygen, nitrogen, sulfur and
phosphorus. The new nanoparticles were called “Metal
Complex Multi-wall Nanocapsules” (MCMN).

Taking all above into consideration, our objective was to
synthesize a new surface-functionalized nanoparticle by pre-
paring lipid-core nanocapsules stabilized with lecithin-
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polysorbate 80, coated with chitosan, which is complexed with
iron or zinc to bind an antibody fragment. To validate our
hypothesis, phenylalanine was used as ligand model to devel-
op the nanoparticles, and the anti-electronegative LDL single-
chain fragment variable [scFv anti-LDL(−)] was selected as
example to demonstrate the application of the approach. To
evaluate the potential contribution of the new nanoparticles to
the oxidative stress, an in vitro lipid peroxidation assay, using
liposomes as substrate, was carried out. Furthermore, to eval-
uate and guarantee the viability of the ligand, molecular
recognition assays against native LDL (nLDL) and electroneg-
ative LDL subfraction [LDL(−)] were performed. If the ter-
tiary structure of scFv anti-LDL(−) is intact after binding to
the metal at the surface of the MCMN, the new nanoparticles
would be able to distinguish native LDL and LDL(−), since
this antibody fragment is specific for the latter. To validate the
result, the molecular recognition was also performed using
2C7 monoclonal antibody to detect the specific binding in an
enzyme linked immuno sorbent assay.

MATERIALS AND METHODS

Materials

Poly(ε-caprolactone) (PCL) (α,ω-dihydroxy functional poly-
mer; Mn: 10,000 g mol−1, Mw: 14,000 g mol−1), sorbitan
monostearate (Span 60®), chitosan low molar weight (Mw:
50,000–190,000 g mol−1, 75–85% deacetylated polymer),
zinc acetate and iron (II) chloride tetrahydrate were supplied
by Sigma-Aldrich Co. Caprylic/capric triglyceride and poly-
sorbate 80 were delivered by Delaware (Porto Alegre, Brazil).
Lipoid S75 (soybean lecithin) was obtained from Lipoid
(Germany). All aqueous solutions were prepared using deion-
ized water (resistivity of 18.2 MΩ) obtained with a Millipore
Direct-Q® system. Phosphate buffered saline (PBS), pH 7.4,
was obtained from Laborclin (Brazil). The solvents, acetone
(analytical grade) and ethanol (analytical grade), were obtain-
ed from Nuclear (Brazil). All reagents were used as received.

One-pot Synthesis of the Surface-Functionalized
Metal-Complex Multi-Wall Nanocapsules (MCMN)

In a flask, poly(ε-caprolactone) (0.1 g), sorbitan monostearate
(0.04 g), caprylic/capric triglyceride (0.120 g) were dissolved
in acetone (25 mL) (1 h at 40°C). Then, a solution of soybean
phosphatidylcholine (Lipoid S 75®) (0.03 g) in ethanol (5 mL)
was added. This organic phase was poured into a round
bottom flask containing polysorbate 80 (0.08 g) in water
(50 mL) under magnetic stirring at room temperature. After
10 min, the round bottom flask was connected to a rotative
evaporator to eliminate acetone and concentrate the turbid
solution under reduced pressure (35–40°C) to a volume of

9 mL. In a separate flask, a 0.3% chitosan aqueous solution
was prepared using 1% acetic acid. This chitosan solution was
filtered and slowly added (1 mL) over the turbid solution
under moderate magnetic stirring. After 4 h, the iron (II)
chloride tetrahydrate aqueous solution or the zinc acetate
aqueous solution was slowly added into the reaction medium
under magnetic stirring (500 rpm) and, then, the ligand aque-
ous solution was added using an excess (3:1 mol/mol, ligand/
metal) to passivate the nanocapsule surface and stabilize the
colloids.

A variety of formulations was prepared using two different
concentrations of Fe2+ (50 and 100 μg mL−1) and four differ-
ent concentrations of Zn2+ (10, 25, 50 and 100 μg mL−1).

To develop and optimize the synthesis, phenylalanine was
used as model ligand. To demonstrate the applicability of the
synthesis, scFv anti-LDL(−) was used at 100 or 200 μg mL−1

as ligand at the surface of the MCMN.

Physicochemical Characterization
of the Surface-Functionalized Metal-Complex
Multi-Wall Nanocapsules (MCMN)

The pH values of the MCMN were determined using a
potentiometer B474 (Micronal, Brazil). The nanocapsule
aqueous suspensions were characterized with respect to their
mean diameter, polydispersity index (PDI) and zeta potencial
(ζ) by dynamic light scattering (DLS) and laser Doppler elec-
trophoresis (LDE) measured at 25ºC (Zetasizer® Nano ZS,
Malvern Instruments Ltd., UK). Samples were previously
diluted with MilliQ® water and 0.01 mol L−1 NaCl aqueous
solution, respectively. The dilution media were filtered
(0.45 μm) before analyses, but each sample was directly used
without filtration or any other treatment avoiding sample
selection. The measurements were carried out using three
different batches for each formulation. Each analysis was
carried out using 20 scans for zeta potential and ten scans
for mean diameter. Mean values were obtained considering
triplicate of analysis for three batches. In this way, the stan-
dard deviations were calculated by the mean values among
the batches. The mean values of size distribution width were
calculated by the software Dispersion Technology Software
(version 4.00, 2002,Malverns Instruments ltd) using data from
three different batches analyzed in triplicate (n=3).

The size distribution measurement was also determined by
laser diffraction (LD) (Mastersizer 2000, Malvern Instruments
Ltd, UK) and nanoparticle tracking analysis (NTA)
(NanoSight LM10 & NTA 2.0 Analytical Software,
NanoSight Ltd). The latter also provided visual information
of the light scattered by the particle in solution. The video
images of the light scattered by the particle in Brownian
motion were followed in real-time via CCD camera. The
MCMN were diluted 5,000 times and each video clip was
captured over 120 s. NTA 2.0 Analytical Software
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(NanoSight®) was used for calculations. All measurements
were performed in triplicates.

Transmission Electron Microscopy

MCMN-Zn (25 μg mL−1 of zinc), MCMN-Fe (50 μg mL−1 of
iron), and Phe-MCMN-Zn (25 μg mL−1 of zinc) and Phe-
MCMN-Fe (50 μg mL−1 of iron) prepared with
phenylalanine/metal at 3:1 molar ratio were diluted with
water and deposited on specimen grid (Formvar Carbon
support film, Electron Microscopy Sciences). Uranyl acetate
solution (2%, w/v) was used as contrast agent (negatively
stained). The transmission electron microscope (TEM; JEM
1200 Exll) was operating at 80 kV at the Centro de Microscopia
Eletrônica from the Federal University of Rio Grande do Sul
(UFRGS).

Evaluation of In Vitro Lipid Peroxidation

In this assay, phosphatidylcholine (Lipoid S-75) liposomes
(50 mg mL−1) were prepared by reverse-phase evaporation
to act as substrate to lipid peroxidation. In vitro lipid peroxi-
dation experiments were conducted as previously described
(21) with some modifications.

The extent of lipid peroxidation was determined by the
thiobarbituric acid method. The amount of lipid peroxidation
was quantified by interpolating the experimental absorbance
with the malondialdehyde responses obtained using the cor-
relation curve of malondialdehyde substance reference and
expressed as thiobarbituric acid reactive substances (TBARS).
The curve had a correlation coefficient of 0.997, a slope of
0.165 and an intercept of −0.0055.

We prepared different controls: one positive and two neg-
ative controls. The positive control consisted of a buffered
reaction medium containing 10 μL of 500 mmol L−1

FeSO4; 10 μL of 10 mmol L−1 ascorbic acid and 53.6 μL of
phosphatidylcholine liposomes. The negative controls were:
(1) control of background absorbance: medium containing
ascorbic acid and liposomes in buffered medium, and (2)
control of absorbance due to the chitosan reactivity: medium
containing ascorbic acid, liposomes in buffered medium
added of MN formulation.

We also compared the lipid peroxidation response of
FeCl2.4H2O and zinc acetate aqueous solutions at the same
concentrations of the metals in the formulations. Additionally,
we also compared the Phe-MCMN-Zn and Phe-MCMN-Fe
formulations with those metals free (LNC and MN). The test
samples were prepared by adding 20 μL of 1 M Tris–HCl
buffer, pH 7.4, in test tubes. Then, 5.86 μL of the samples
[LNC, MN, Phe-MCMN-Zn (25 μg mL−1 of zinc) and Phe-
MCMN-Fe (50 μg mL−1 of iron)] were added in each test
tube. All formulations were diluted in the same concentration
of particles per volume.

All reaction media had a final volume of 200 μL, after
adding all reagents using distilled water to adjust the volume
when needed. In this case, the positive control received
106.4 μL; the negative controls (1) and (2), 116.4 μL and
110.5 μL, respectively; and all other samples [LNC,MN, Phe-
MCMN-Zn (25 μg mL−1 of zinc) and Phe-MCMN-Fe
(50 μg mL−1 of iron)] received 100.4 μL of distilled water.

Each test sample reaction was initiated by adding, in each
test tube, 10 μL of 500 mmol L−1 FeSO4 solution, 10 μL of
10 mmol L−1 ascorbic acid and 53.6 μL of phosphatidylcho-
line liposome. All reactionmedia were incubated for 30min at
37ºC. Then, 200 μL of TCA (trichloroacetic acid 12%) and of
TBA (thiobarbituric acid 0.73%) were added under stirring
and maintained for 30 min at 100ºC. Each reaction medium
was centrifuged (15,300×g) for 10 min at room temperature
(Sigma 1–14, SIGMA Laborzentrifugen GmbH, Germany)
and analyzed by spectrophotometry at 535 nm (UV-1601 PC
Spectrophotometer, Schimadzu, Japan). The experimental
absorbance for the reactions of FeCl2.4H2O and zinc acetate
aqueous solutions, as well as of LNC was obtained by
subtracting the absorbance observed from the absorbance of
the negative control (1). Furthermore, the experimental ab-
sorbance for the reactions of MN, Phe-MCMN-Zn
(25 μg mL−1 of zinc) and Phe-MCMN-Fe (50 μg mL−1 of
iron) was obtained by subtracting the absorbance observed
from the absorbance of the negative control (2). The solutions
and formulations were prepared in triplicate batches, and one
replicate of each batch was reacted with FeSO4 and ascorbic
acid in the presence of phosphatidylcholine liposome.

Molecular Recognition Against Native
LDL and LDL(−)

Ethics Approval

The LDL subfractions were isolated from human blood,
which experimental protocols were approved by the
Research Eth i c s Commi t t ee o f the Facu l t y o f
Pharmaceutical Sciences of the University of Sao Paulo.

Dynamic Light Scattering

Two subfractions of low density lipoprotein [native LDL and
LDL(−)] were used in order to evaluate the selective reactivity
of scFv anti-LDL(−) after complexation at the MCMN sur-
face. Both LDL subfractions were isolated from human plas-
ma as previously reported (22). The in vitro molecular recog-
nition assay was based on the reactivity of LDL(−) with scFv
anti-LDL(−)-functionalized nanocapsules. In this way, dy-
namic light scattering (DLS) was used to evaluate the reactiv-
ity by observing the variation of mean particle diameter and
polydispersity index (PDI) as a function of the concentration of
LDL(−).
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The first step consisted of incubating LDL(−) or native
LDL with scFv anti-LDL(−)-functionalized nanocapsules
[prepared with zinc at 25 mg mL−1 and scFv anti-LDL(−) at
25, 50 or 100 μg mL−1]. In separate flasks, 25 μL of the
LDL(−) solution (361.6 μg mL−1) were added of 25 μL of
each formulation [scFv anti-LDL(−)-MCMN-Zn]. In parallel,
the same procedure was carried out using 25 μL of the native
LDL solution (690 μg mL−1) and 25 μL of each formulation
[scFv anti-LDL(−)-MCMN-Zn at 25, 50 or 100 μg mL−1].
Using an automated pipettor, each sample was mixed thor-
oughly for 10× and subsequently incubated at 25ºC for 2 min
prior to DLS evaluation. The mean sizes (z-average) and size
distributions were calculated by the Dispersion Technology
Software (version 4.00, 2002 Malverns Instruments ltd) using
data from three different batches analyzed in triplicate (n=3).

Enzyme Linked Immuno Sorbent Assay

ELISA assays were carried out according to a previous work
(23) with modifications. The 96-well plates were coated with
25 μg mL−1 of scFv anti-LDL(−)-MCMN-Zn or scFv anti-
LDL(−) solution (positive control) at 4ºC overnight. Then,
2C7 monoclonal antibody, developed as previously described
(23), was added at a concentration of 10 μg mL−1 and incu-
bated for 1 h at 37ºC to recognize the LDL(−) binding to scFv
anti-LDL(−)-MCMN-Zn. In parallel, an assay using nLDL
was performed as negative control. A goat anti-mouse HRP
(diluted 1:1,500 with 1% skim milk; Immuno Tools; Cat. N.
22339919) was added for 1 h at 37ºC. Specific binding was
detected with tetramethyl benzidine (TMB) substrate for color
development, and the absorbance was measured at 450 nm
using a microplate reader (Apollo LB 911; Berthold
Technologies). The data from two independent experiments,
performed in triplicate, were analyzed using ANOVA test and
all calculations were performed using GraphPad Prism
software.

RESULTS AND DISCUSSION

Synthesis of the Metal-Complex Multi-wall
Nanocapsules

The metal-complex multi-wall nanocapsules, represented
schematically in Fig. 1, are formed by an organogel as core,
poly(ε-caprolactone) as first wall, polysorbate 80 and lecithin
as stabilizer system, chitosan as second wall complexed with
metals (iron or zinc). We selected iron and zinc as metals in
this approach because they are biocompatible and essential
elements for the body (24).

The coating of lipid-core nanocapsules (LNC) with the
cationic polymer (chitosan) is a critical step to reach the
supramolecular structure of multi-wall nanocapsules (MN).

Initially, we tried unsuccessfully reacting LNC with 1% and
2% chitosan aqueous solutions. Then, better results were
obtained using chitosan solutions at 0.3% and 0.5%.
Chitosan at 0.3% produced better reproducible MN formu-
lations having unimodal and nanoscopic particle size profiles
(Fig. 2a). The almost superimposed granulometric profiles
comparing the size distribution by volume to the size distribu-
tion by number of particles indicated a high homogeneity of
the sample in particle sizes. The formation of multi-wall
nanocapsules is based on the electrostatic interactions at their
surface between the ammonium groups of chitosan and the
negatively charge groups present in Lipoid S75 (lecithin) as
impurities. The addition of the Fe+2 or Zn+2 solution into the
suspension containing themulti-wall nanocapsules leads to the
chitosan-metal complex formation. This complex is highly
reactive, and, then, capable of combining with different mo-
lecular or macromolecular compounds.

At a first approach, the aminoacid phenylalanine was used
to passivate the surface of the metal-complex multi-wall
nanocapsules (MCMN). In all formulations, the aminoacid
was used in excess in relation to the stoichiometry of the metal
(3:1, mol/mol) to guarantee the passivation of the surface,
avoiding aggregation of the nanoparticles. For Phe-MCMN-
Fe, we observed unimodal distributions when 50 μg mL−1

iron was added with a volume-weighted mean diameter
(D[4,3]) of 130 nm and polydispersity (SPAN) of 0.96
(Fig. 2b). However, when 100 μg mL−1 iron was used a
bimodal profile was observed (Fig. 2c). As a consequence,
D[4,3] was 1.10 μm with a SPAN of 1.02 for the latter.
Both formulations had unimodal granulometric profiles cal-
culated by number of particles indicating that the latter is
contaminated with few micrometric particles. In this case,
the results indicated that 100 μg mL−1 iron was in excess
compared to the concentration of chitosan. This excess caused
aggregation of the particles in suspension and as a conse-
quence the microscopic contamination.

In parallel, MN added of zinc at concentrations equal or
lower than 25 μg mL−1 followed by the addition of phenylal-
anine (3:1, mol/mol) showed unimodal granulometric profiles
for the Phe-MCMN-Zn formed with narrow size distributions
(Fig. 2d and e). Whereas, MN added of 50 μg mL−1 or

Fig. 1 Schematic representation of the MCMN structure containing iron or
zinc as metal complex at the surface.
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100 μg mL−1 zinc and phenylalanine (3:1, mol/mol) favored
the aggregation of the particles with consequent instability of
the colloidal system (Fig. 2f and g). The D[4,3] and SPAN
values for Phe-MCMN-Zn after adding zinc (10 μg mL−1,
25 μg mL−1, 50 μg mL−1 and 100 μg mL−1) and phenylala-
nine (3:1, mol/mol) were respectively 124 nm and 0.87;
128 nm and 0.87; 1,300 nm and 1.01; and 1,420 nm and 2.65.

MCMN systems containing iron or zinc were also investi-
gated without adding phenylalanine to surface passivation.
MN samples were added exclusively of zinc or iron at the
same concentrations described above. MCMN-Fe and
MCMN-Zn showed polymodal granulometric profiles
(Fig. 3). Thus, the metal complexed with MCMN is
highly reactive easily combining with near nanocapsules
causing an aggregation process, and consequently the
formation of the microparticles. This process was increasingly
evident as higher was the concentrations of the metals in the
formulations.

Considering the high reactivity of the surface of
MCMN, passivation is crucial to reach kinetically stable
colloidal suspensions. Phenylalanine was essential for
blocking the cross-linking of chitosan between neighbor-
ing particles. In our study, phenylalanine was added
exactly 1 min after the addition of the metal ions in
solution. Preliminary studies showed the lack of stability
testing the addition of phenylalanine after 30 min, 15 min or
5 min.

The pre-formulation study was carried out using Laser
diffractometry as technique to distinguish satisfactory the par-
ticle size profiles (unimodal at the nanoscopic scale from
multimodal and/or presence of microscopic contaminants).
Two formulations were selected for further analysis in order to
better characterize their nanoscopic populations: Phe-
MCMN-Fe prepared using iron at 50 μg mL−1, and Phe-
MCMN-Zn prepared using zinc at 25 μg mL−1. In this way,
the particle size distributions were investigated using
Zetasizer® ZS and NanoSight®.

The zeta potential values varied from −10.1±0.6 mV
(LNC) to +8.2±0.3 mV (MN) after coating the nanocapsules
with chitosan. It is interesting to note that unimodal peaks of
zeta potential distributions were observed for both LNC and
MN formulations with reproducible profiles for different

�Fig. 2 Granulometric profiles obtained by laser diffractometry (Mastersizer
2000) of (a) MN, (b) Phe-MCMN-Fe 50 μg.mL−1, (c) Phe-MCMN-Fe
100 μg.mL−1, (d) Phe-MCMN-Zn 10 μg.mL−1, (e) Phe-MCMN-Zn
25 μg.mL−1, (f) Phe-MCMN-Zn 50 μg.mL−1 and (g) Phe-MCMN-Zn
100 μg.mL−1. Measurements were made in triplicate of batches.

Fig. 3 Granulometric proflies by laser diffractometry (Mastersizer 2000) of MCMN-Fe and MCMN-Zn obtained with different concentrations of iron and zinc.
Measurements were made in triplicate of batches (n=3) without adding phenylalanine.
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batches (Supplementary material). The results indicated the
high homogeneity of coating by the cationic polymer.

Regarding the dynamic light scattering analysis
(Zetasizer®), a single exponential was fit to the correlation
functions (Cumulants analysis). In this way, the z-average
diameters showed an increase in the mean size of the particles
after coating them with chitosan (about 10 to 15 nm, p<0.05)
remaining constant with the addition of the metal (Table I). In
addition, the particle size distributions by intensity were cal-
culated by fitting a multiple exponential to the correlation
functions (CONTIN algorithm). The results showed an in-
crease of 20 nm after coating the LNC with the cationic
polysaccharide, chitosan (Table I). The metal complexation
at the nanocapsule surface had no influence on the size

distributions (p>0.05). The polydispersity indexes (PDI) were
lower than 0.21 for all formulations corroborating that those
formulations have a great homogeneity and narrow particle
size distributions.

In parallel, comparing the size distributions of the formu-
lations by intensity, volume and number (Zetasizer®), high
homogeneity in particle sizes were verified since the mean
diameters varied few nanometers for each formulation
(Table I). The slight decrease in the mean sizes regard-
ing the distributions by intensity, volume and number
was expected considering that the intensity of scattering
is proportional to d6 from Rayleigh approximation com-
pared to d3 for volume and d1 each particle interacting with
the laser beam.

Table I Particle Size Distributions for LNC, MN, Phe-MCMN-Fe (50 μg.mL−1) and Phe-MCMN-Zn (25 μg.mL−1)

Particle diameters

Formulation z-averagea (nm) Intensityb Volume Number

Peakc (nm) Width (nm) Peakc (nm) Width (nm) Peakc (nm) Width (nm)

LNC 123±1.05 141 53 117 53 80 27

MN 133±3.11* 160 70 130 71 76 29

Phe-MCMN-Fe 133±0.78* 161 74 129 75 75 28

Phe-MCMN-Zn 139±0.42* 159 54 128 56 77 30

aMean diameter calculated by the method of cumulants and standard deviations obtained from triplicate batches (n=3)
bMean diameter calculated by the CONTIN algorithm
cUnimodal particle size distributions

*p<0.05, Tukey Test

Fig. 4 Particle size distributions
(nm), sample video frame
(picture in black) and distribution
data by NTA of LNC (a), MN (b),
Phe-MCMN-Fe (50 μg.mL−1)
(c) and Phe-MCMN-Zn
(25 μg.mL−1) (d).
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Nanoparticle tracking analysis (NanoSight®) can be used
as an alternative to Dynamic Light Scattering (DLS) to deter-
mine the size distribution profiles of the formulations. The
advantage of this technique is that the measurements are
carried out by observing the light scattered from individual
nanoparticles. In this way, the results are expressed in number
of particles (25,26). NTA analysis is also based on the diffu-
sional coefficient of the particles in Brownian motion relating
this movement to their equivalent hydrodynamic diameters.
Due to the particle-by-particle measurement basis, NTA is
able to characterize better the polydisperse samples.
The particle-by-particle approach allows the resolution
of discrete populations of similar sizes. The formulations
were diluted in water showing mean diameters of
133 nm (LNC), 152 nm (MN), 144 nm [Phe-MCMN-Fe
(50 μg mL−1 of iron)] and 151 nm [Phe-MCMN-Zn
(25 μg mL−1 of zinc)] (Fig. 4).

All formulations presented narrow size distributions. An
increase in the particle size was observed comparing LNC to
MN samples. The addition of iron (50 μg mL−1) and zinc
(25 μg mL−1) did not affect the width of the distributions. The
mean size diameters by NTA are slightly higher than the
values obtained by Zetasizer® analysis. The difference could
be attributed to the different particle counts between each
technique (26). Spectroscopic analysis (Fourier transform

infrared and nuclear magnetic resonance) carried out to elu-
cidate the structure of the nanocapsules did not show any peak
relative to chitosan (data not shown). The results can be
explained by the lack of sensitivity of those techniques consid-
ering the small mass of chitosan in our formulations compared
to the mass of the other constituents. The mass of chitosan is
distributed at the surface of the nanocapsules causing an
increase about 10 to 20 nm (cumulants or CONTIN) in their

Fig. 5 Photomicrographs obtained
by TEM of Phe-MCMN-Fe (a) and
MCMN-Fe (b), and of Phe-
MCMN-Zn (c) and MCMN-Zn (d)
(bar=200 nm).

Table II Lipid Peroxidation Expressed as Thiobarbituric Acid Reactive
Substances (TBARS) for the Formulations (LNC, MN, Phe-MCMN-Fe and
Phe-MCMN-Zn) and the Iron and Zinc Solutions (Fe2+ and Zn2+)

Formulations Lipid peroxidation* (nmols TBARS mL−1)

Positive control 12.9±0.1a

Fe2+ solution 15.2±1.3a

Zn2+ solution 12.7±0.8a

LNC 5.1±2.1b

MN 6.9±0.9 [6.6±0.9]b

Phe-MCMN-Fe 8.0±0.8 [7.6±0.5]b

Phe-MCMN-Zn 7.3±0.6 [6.9±0.6]b

*Values in brackets calculated by discounting the background absorbance
generated by the chitosan reactivity

Different letters indicate statistically different values (p<0.05, Tukey test)
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average diameters, as well as an inversion in the zeta potential
from negative to positive.

Images obtained by TEM for MCMN-Fe and Phe-
MCMN-Fe at 50 μg mL−1 of iron and for MCMN-Zn
and Phe-MCMN-Zn at 25 μg mL−1 of zinc showed the
influence of phenylalanine in avoiding aggregation. Phe-
MCMN-Fe and Phe-MCMN-Zn had particles spherical-
ly shaped (Fig 5a and c), while MCMN-Fe and MCMN-
Zn showed agglomerates (Fig 5b and d). The images illustrate
the results obtained by Laser diffractometry. The Phe-
MCMN-Fe and Phe-MCMN-Zn had similar particle mean
diameters to those determined by DLS and NTA (below
200 nm).

Different mechanisms have being proposed for the
metal-chitosan complex. Zimmermann and co-workers
(27) have proposed a hexacoordinate complex for iron-
crosslinked chitosan and Tang and Hon (28) have con-
sidered a tetrahedral coordination as plausible mecha-
nisms for the zinc-chitosan complex. We could envisage
that similar mechanisms could occur to form Phe-
MCMN-Fe and Phe-MCMN-Zn considering the metal
complexation with the nitrogen atoms from the chitosan
portion and the oxygen atoms from the carbonyl
moieties of Phe.

In vitro Lipid Peroxidation

In vitro lipid peroxidation was investigated to determine the
applicability of the new carriers specially the MCMN prepared
with iron, since the nanoparticle could act as potential oxidant
enhancing the oxidative stress and, therefore, being inadequate
for medical purposes. Oxidative processes are related to the
occurrence of a variety of changes in biological and biochem-
ical steps at the cellular level (29). The presence of antioxidants
in pharmaceutical dosage forms, such as nanoparticles, helps to
avoid the incidence of these events (29,30). Tests assessing lipid
peroxidation can be used to evaluate the in vitro occurrence of
oxidative processes (21,31). In this study, we determined the
extent of lipid peroxidation by the thiobarbituric acid method
using liposomes as substrate (Table II).

The experimental absorbances obtained for Fe2+ and Zn2+

solutions and LNC were subtracted from the absorbance of
the negative control (1) (0.51±0.04 nmol TBARS mL−1).
Likewise, the experimental absorbances obtained for MN,
Phe-MCMN-Zn and Phe-MCMN-Fe were subtracted from
the negative control (2) (0.49±0.06 nmol TBARS mL−1).

The measurements are based on the presence of a second-
ary product from the oxidation of polyunsaturated fatty acids,
known as malondialdehyde (MDA), and its complexation with

Fig. 6 Particle size distributions by
dynamic light scattering
(Zetasizer® ZS) (a) MN, (b) scFv
anti-LDL(−)-MCMN-Zn
(at 25 μg.mL−1 of zinc and
100 μg.mL−1 of scFv), (c) scFv
anti-LDL(−)-MCMN-Zn
(at 25 μg.mL−1 of zinc and
200 μg.mL−1 of scFv).
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the nucleophile group thiobarbituric acid (TBA). The reaction
promotes the formation of a chromophore with high molar
absorptivity in the visible spectrum (21,32). The results showed
that the Fe2+ and Zn2+ solutions had similar values to the
positive control (12.9±0.1 TBARS mL−1). However, the Phe-
MCMN-Zn and Phe-MCMN-Fe showed lower values of lipid

peroxidation in relation to the respective Fe2+ and Zn2+ solu-
tions (p<0.05). An important observation is that the extent of
lipid peroxidation caused by the formulations containingmetals
(Phe-MCMN-Zn and Phe-MCMN-Fe) was similar to that
determined for LNC and MN, in which the metals are not
present (p>0.05), indicating that iron and zinc were not free in
solution but complexed with the nanocapsules. The formula-
tions decreased the ascorbyl radical formation and thereby
limited the peroxidation of the substrate (liposomes). Thus,
the results suggested that Phe-MCMN-Fe and Phe-MCMN-
Zn are not potential formulation to enhance the oxidative
stress.

Synthesis of scFv Anti-LDL(−)-Functionalized
Nanocapsules

The in vitro lipid peroxidation assay gave us evidence of pos-
sible applications of these new nanocapsules in therapeutics.
However, considering the possibility of in vivo release of iron
after i.v. administration in further investigations, we firstly
selected the zinc, as metal, specifically to synthetize the scFv
anti-LDL(−) surface functionalized nanocapsules, since the
future application of those nanoparticles in an atherosclerosis
experimental model could be compromised by the potential
iron release.

Anti-electronegative LDL single-chain fragment variable
[scFv anti-LDL(−)], expressed in P. pastoris (23), was added
just after the addition of zinc acetate solution in the MN
formulation. The recombinant antibody fragment contains

Fig. 7 Mean particle diameter (z-
average) by dynamic light scattering
(Zetasizer® ZS) of scFv anti-
LDL(−)-MCMN-Zn [prepared
with zinc at 25 mg mL−1 and scFv
anti-LDL(−) at 25 μg mL−1 (a),
50 μg mL−1 (b) or 100 μg mL−1

(c)] after no addition of LDL(−) or
nLDL (1), after addition of LDL(−)
(2) and after addition of nLDL (3).

Fig. 8 Evaluation of the specificity of scFv anti-LDL(−)-MCMN-Zn to
LDL(−) by ELISA. LDL(−) or nLDL were added at a concentration of
10 μg/mL to 96-well microplate coated with 25 μg.mL−1 of scFv anti-
LDL(−)-MCMN-Zn or scFv anti-LDL(−). A goat anti-mouse HRP was
diluted 1:1,500 and incubated for 1 h. TMB was used as substrate for color
development and the absorbance was measured at 450 nm. The results of
two independent experiments, performed in triplicate, are expressed as the
means±SD ***p<0.001 compared with control [scFv anti-LDL(−)-
MCMN-Zn+nLDL]; ANOVA followed by the Tukey-Kramer test.
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the complete binding site to the [LDL(−)] antigen.
Furthermore, the C-terminal portion of the protein has an
insertion of six histidine residues (hexahistidine) which can
specifically bind to zinc at the MCMN-Zn surface.

MCMN-Zn samples were added of two different concen-
trations of scFv anti-LDL(−) (Fig. 6). The mean particle diam-
eters (z-average) and PDI were 146 nm and 0.16 after adding
100 μg mL−1 of scFv anti-LDL(−), and 197 nm and 0.25 after
adding 200 μg mL−1 of scFv anti-LDL(−). For both
formulations, we observed an increase in the mean
particle size as compared to MN (133 nm and 0.12).
For each formulation, the narrow peak and the absence of
secondary peaks in the size distribution profiles suggested the
effective binding of the antibody fragments to the nanoparticle
surfaces.

Molecular Recognition

Once formed, the complex scFv anti-LDL(−)-MCMN-Zn
should maintain the ability to bind with LDL(−). Thus, in vitro
tests were carried out comparing the reactivity of LDL(−) to
native LDL with scFv anti-LDL(−)-MCMN-Zn.

Themean particle size of 22 nmwas previously determined
for LDL(−) (33,34). Therefore, because LDL(−) is highly
specific to scFv anti-LDL(−) our strategy was based on the
increase in the mean particles size of the colloids after reacting
LDL(−) with scFv anti-LDL(−)-MCMN-Zn (positive recogni-
tion). Because of the lack of specificity of native LDL for scFv
anti-LDL(−)-MCMN-Zn, no size variation was expected to be
observed (negative recognition). To verify this hypothesis, we
assay scFv anti-LDL(−)-MCMN-Zn [prepared with zinc at
25 mg mL−1 and scFv anti-LDL(−) at 25, 50 or 100 μg mL−1]
with native LDL and LDL(−) (Fig. 7).

In the recognition assay, the size variation (DLS) was
compared to the initial particle mean sizes (Fig. 7, 1a–c).
The particle mean sizes did not vary with the increase in the
scFv concentration in the formulation. Continuing our study,
the scFv anti-LDL(−)-MCMN-Zn added of native LDL or
LDL(−) showed significant (p<0.05) different mean particle
diameters (z-average) (Fig. 7, 2a–c and 3a–c). Moreover, scFv
anti-LDL(−)-MCMN-Zn added of LDL(−) showed increased
mean particle diameters (p <0.05) as a function of the con-
centration of scFv anti-LDL(−) in the formulation. After
adding LDL(−), the mean particle diameter and PDI for the
complex LDL(−)-scFv anti-LDL(−)-MCMN-Zn (prepared at
100 μg mL−1 of scFv) were 403 nm and 0.26, while for the
colloidal solution of scFv anti-LDL(−)-MCMN-Zn added of
native LDL those values were 127 nm and 0.18, respectively.
On the contrary, we observe that all reactions carried out with
scFv anti-LDL(−)-MCMN-Zn added of native LDL showed
similar particle sizes (p>0.05) (Fig. 7, 3a–c) due to the lack of
receptor in native LDL for a specific binding with scFv anti-
LDL(−). Our hypothesis was validated and the results

indicated the maintenance of reactivity for scFv anti-
LDL(−)-MCMN-Zn added of LDL(−).

To verify quantitatively the reactivity, we performed an
ELISA assay in order to compare the reactivity of scFv anti-
LDL(−) to the reactivity of scFv anti-LDL(−)-MCMN-Zn with
LDL(−) (Fig. 8). The statistical analysis demonstrated that scFv
anti-LDL(−)-MCMN-Zn added of LDL(−) had similar reac-
tivity and specificity to scFv anti-LDL(−) added of LDL(−). On
the other hand, the reactivity of scFv anti-LDL(−)-MCMN-Zn
with LDL(−) was statistically significant higher (p<0.001) com-
pared to its reactivity with native LDL. The results showed that
either reactivity or specificity of the scFv were preserved after its
binding to the MCMN-Zn surface.

The results open the possibility of applying this new strat-
egy as an interesting tool to bind diverse molecules or
macromolecules at the nanocapsule surface envisaging a
broad application for those new nanoparticles, including
active drug targeting or new theranostics. The new
nanocapsules could be administered by i.v., nasal, pulmonary
and oral routes.

CONCLUSIONS

We proposed a new strategy to functionalize the surface of
nanoparticles. The new metal-complex multiwall
nanocapsules are innovative considering the one-pot synthesis
of a completely biodegradable structure. The diverse response
of scFv anti-LDL(−)-functionalized nanocapsules after adding
either LDL(−) or native LDL indicate the maintenance of the
active site of the fragment after reacting with the metal at the
MCMN surface. Furthermore, the reactivity and the specific-
ity of scFv anti-LDL(−)-MCMN-Zn in recognizing LDL(−)
was unequivocally demonstrated. The new approach to bind
ligands at the surface of biodegradable polymeric nanoparti-
cles did not affect the native conformation or the active site of
the antibody fragment. The performance of scFv anti-
LDL(−)-MCMN-Zn makes this supramolecular structure in-
teresting for applications in nanomedicine. Furthermore, the
synthetic approach is a solvent free process of surface decora-
tion with no need of further purification of the product.
Finally, the new strategy is an interesting tool to bind diverse
molecules or macromolecules at the nanoparticle surface en-
visaging a broad use for those new nanoparticles in
Pharmaceutical Nanotechnology.
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