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A B S T R A C T

Due to the its physical-chemical properties, alumina nanoparticles have potential applications in several areas,
such as nanobiomaterials for medicinal or orthodontic implants, although the introduction of these devices poses
a serious risk of microbial infection. One convenient strategy to circumvent this problem is to associate the
nanomaterials to antimicrobial peptides with broad-spectrum of activities. In this study we present two novel
synthesis approaches to obtain fibrous type alumina nanoparticles covalently bound to antimicrobial peptides. In
the first strategy, thiol functionalized alumina nanoparticles were linked via disulfide bond formation to a cy-
steine residue of an analog of the peptide BP100 containing a four amino acid spacer (Cys-Ala-Ala-Ala). In the
second strategy, alumina nanoparticles were functionalized with azide groups and then bound to alkyne-deco-
rated analogs of the peptides BP100 and DD K through a triazole linkage obtained via a copper(I)-catalyzed
cycloaddition reaction. The complete physical-chemical characterization of the intermediates and final materials
is presented along with in vitro biological assays and membrane interaction studies, which confirmed the activity
of the obtained nanobiostructures against both bacteria and fungi. To our knowledge, this is the first report of
aluminum nanoparticles covalently bound to triazole-peptides and to a disulfide bound antimicrobial peptide
with high potential for biotechnological applications.

1. Introduction

Nanoparticle research is of interest to large community of scientists
due to its wide variety of applications in different biotechnological
fields. In the current medical scenario, these innovative technologies
allow to build a range of original products that can profoundly influ-
ence and improve human health in the context of both treatment and in
monitoring therapies [1,2]. Some physical-chemical properties of na-
nobiostructures, such as increased surface-to-volume ratio, effects of
shape and size on function, and formation of chemically controlled self-
assembled nanobiostructures impart applications in health, food and
agricultural sciences [3–5]. In addition, the increase in microbial

resistance has boosted research and applications of nanoparticles con-
jugated with biomolecules expanding to field of nano-sized antiseptic
biomaterials [6–8].

Nanophase alumina has been widely used in both dental and or-
thopedic implant fields by regulating the activity of bone cells, espe-
cially by increasing the adhesion and the proliferation of osteoblasts on
the surface of nanofibrous alumina [8–11]. Nevertheless, there is a
serious risk of microbial infection following the insertion of these de-
vices and in this context the use of antimicrobial peptides has proven to
be an excellent alternative to conventional antibiotics in view that these
molecules show low side effects and that they usually do not induce
antimicrobial resistance due to their specificity of interaction with the
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bacterial membrane [12,13]. Therefore, the development of hybrid
ceramic nanoparticles, as alumina containing antimicrobial peptides,
may prove to be a convenient strategy to avoid infection and rejection
of orthodontic or orthopedic implants. Although the coupling of pep-
tides to alumina nanoparticles seems to represent an excellent ad-
vantage in materials used as medical devices, little attention has been
given to these promising nanobiomaterials. It was only recently shown
that a peptide-alumina nanoparticle conjugate can be highly effective
for the treatment of some biological conditions, such as allergic asthma
in rats [14]. Very recently, our team proved the antimicrobial potential
of nanofibrous alumina covalently bound to the antimicrobial peptide
BP100 in assays against Escherichia coli and Salmonella typhimurium
strains [15]. These results indicated that peptide–decorated nanobios-
tructures may present important applications in food packaging in
order to avoid microbial contamination and improve food shelf-life
[16,17].

Despite the advantages of these materials, the low functionalization
degree of alumina with peptides by amide bond formation hampers the
synthesis of these nanobiostructures. In this context we propose here
two novel synthesis approaches to obtain fibrous-like alumina nano-
particles covalently bound to antimicrobial peptides. The first strategy
consists in the functionalization of both, alumina nanoparticles and an
analog of BP100 containing a three-alanine spacer at the N-terminus,
with a cysteine residue (CAAAKKLFKKILKYL-NH2), which allows dis-
ulfide bond formation. The second strategy consists in connecting the
BP100 and DD K peptide structures to the nanoparticle surface via a
copper(I)-catalyzed azide alkyne cycloaddition reaction (CuAAC).
Alkyne-decorated peptides were obtained by incorporating a pro-
pargylglycine (2-aminopent-4-ynoic acid, [Pra]G) residue in the se-
quences of the BP100 analog ([Pra]GAAAKKLFKKILKYL-NH2 and DD K
(GLWSKIKAAGKEAAKAAAK AAGKAALNAVSEAV[Pra]G-NH2) during
the peptide syntheses, whereas the nanoparticle surface was functio-
nalized with azide groups. The CuAAC reaction results in a triazole
linkage between the nanoparticle and the peptide moiety, which is of
great biological interest, since azoles are known to effectively inhibit
fungal growth and development [18]. Therefore, the CuAAC reaction
leads to a nanoparticle–triazole-peptide (NP-TP) conjugates, even for
long peptide chain as DD K, which have potential applications against
fungal pathogens. Besides presenting the synthesis and physical-che-
mical characterization of the obtained nanoparticles, we show here
investigations of their membrane interactions along with their anti-
microbial activities. To analyze the effect of the peptide-nanoparticle
conjugation on the activity of the nanobiostructures, the individual
species, namely, peptides, triazole-peptides and alumina nanoparticles
were also prepared and submitted to similar biophysical and activity
studies.

2. Experimental section

2.1. Materials

Details of materials used in all experiments and most of the ex-
perimental procedures can be found in the Supplementary material
(SM).

2.2. Peptide synthesis

Manual solid phase peptide synthesis (SPPS) was employed to ob-
tain the peptide sequences by using the Fmoc (9-fluorenylmethox-
ycarbonyl) strategy [19]. All details can be found in the SM.

2.3. Preparation of the alumina nanoparticles and derivatives forms

The method for obtaining the alumina nanoparticles was based on a
protocol described in the literature with some modifications [20]. The
functionalization steps and obtaining the derivatives forms, including

disulfide-linked peptide-alumina nanoparticle (route 1) and triazole-
linked peptide-alumina nanoparticle (route 2) are described in detail in
the SM.

2.3.1. Substitution degrees of the NP–(Fmoc)peptides and NP–(Fmoc)
triazole-peptides

The substitution degrees of the amidated alumina nanoparticles
immobilized with Fmoc-Cys(Trt)−OH, Fmoc-peptides and Fmoc-tria-
zole-peptides were achieved by Fmoc quantification, after the final N-
terminus deprotection. See details in SM.

2.4. Characterization

2.4.1. Physical characterization
2.4.1.1. Powder X-ray diffraction (XRD) analysis. The crystalline
structure of the alumina nanoparticles and of their derivatives were
analyzed by XRD using a DRX6000 diffractometer (Shimadzu, Kyoto,
Japan) with Cu Kα radiation (λ=1.540560 Å) at 200mA and 40 kV.
Silicon was used as an external standard. The Rietveld structural
refinement of the XRD data was performed with the software
FullProf_Suite 2015.

2.4.1.2. Transmission Electron Microscopy (TEM). Transmission electron
microscopy (TEM) and high resolution transmission electron
microscopy (HRTEM) images of the of the nanoparticles before and
after immobilization of the peptides and triazole-peptides were
obtained on a Tecnai G2-20 - SuperTwin FEI - 200 kV (FEI Company,
Hillsboro, OR, USA) microscope at an acceleration voltage of 200 kV.
The sample suspensions were deposited on a holey-carbon electron
microscopy grid.

2.4.1.3. Thermal analysis. The mass losses of the NP, NP-OH, NP-NH2,
NP-Cl, NP-N3, NP-Cys, NP-CAAA-BP100, NP-[Trz-β-A1]AAA-BP100 and
NP-[Trz-β-A34]-DD K samples were investigated on a DTG 60H
equipment (Shimadzu, Kyoto, Japan). The analyses were carried out
using an alumina sample holder under inert N2 atmosphere (flow of
50mL.min−1). The analyses were performed from 30 to 600 °C with a
heating rate of 10 °C.min−1.

2.4.2. Structural characterization
2.4.2.1. Fourier transform infrared spectroscopy. In order to characterize
the products obtained after each functionalization step, the infrared
spectra of NP, NP-OH, NP-NH2, NP-Cl, NP-N3, NP-Cys, NP-CAAA-
BP100, NP-[Trz-β-A1]AAA-BP100, NP-[Trz-β-A34]-DD K, CAAA-BP100,
[Trz-β-A1]AAA-BP100, and [Trz-β-A34]-DD K were recorded on a Varian
640-IR FT-IR spectrophotometer (Santa Clara, CA, USA) equipped with
attenuated total reflectance accessory (ATR, Pike Technologies,
GladiATR model). The spectra were recorded in the 4000 to
400 cm−1 region, with 8 cm−1 resolution and 32 accumulations.

2.4.2.2. Solid-state nuclear magnetic resonance (ssNMR)
spectroscopy. Structure characterization was also performed by using
Proton-decoupled 13C solid-state NMR spectra were recorded at 306 K
on a Bruker Avance III 500 (11.75 T) spectrometer (Bruker BioSpin,
Karlsruhe, Germany) equipped with a 4mm CP/MAS probe. All details
are described in the SM.

2.5. Biophysical experiments

2.5.1. Zeta Potential (ζ) measurements
Zeta potential measurements were conducted on a Zeta® Nano ZS®

particle analyzer from Malvern Instrument Ltd (Worcestershire, UK).
Details are described in the SM.

2.5.2. Circular dichroism (CD) spectroscopy
Circular dichroism spectra were recorded using a JASCO J-815
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spectrometer (Easton, MD, USA) coupled to a Peltier Jasco model PTC-
423 L temperature control system, using a quartz cuvette with 1mm
optical path. Details can be found in the SM.

2.5.3. Surface plasmon resonance (SPR)
SPR measurements were performed at 670 nm with a flow rate of

50mL.min−1 on a Multi-Parametric Surface Plasmon Resonance (MP-
SPR) instrument SPRNavi 200 (BioNavis®, Ylöjärvi, Finland). The ex-
periments were carried out at 25 °C employing SiO2 SPR sensor chips
(SPR102-SiO2) and the flow rate for LUV immobilization and for pep-
tide injection was 50 μL min−1. All details are described in the SM.

2.6. Antimicrobial activity assay

Antibacterial and antifungal actions of NP, NP-OH, NP-NH2, NP-Cl,
NP-N3, NP-Cys, NP-CAAA-BP100, NP-[Trz-β-A1]AAA-BP100, NP-[Trz-β-
A34]-DD K, free peptides BP100, CAAA-BP100, and free triazole-pep-
tides [Trz-β-A1]AAA-BP100 and [Trz-β-A34]-DD K were investigated on
three bacterial and two yeast strains. Details of antibacterial and anti-
fungal assays can be found in the SM.

3. Results

3.1. Synthesis of the triazole-peptide nanobiostructures

All the peptides were obtained by SPPS and the two triazole-pep-
tides by SPPS followed by CuAAC reaction in the presence of sodium
azide. The products were purified by reverse-phase HPLC and char-
acterized by mass spectrometry (Figure S1, Supporting information).

The synthetic routes used to prepare the peptide–decorated and the
triazole-peptide–decorated alumina nanoparticles (NP-CAAA-BP100,
NP-[Trz-β-A1]AAA-BP100 and NP-[Trz-β-A34]DD K) are presented in
Fig. 1.

3.1.1. NP-CAAA-BP100 (Route 1)
In Route 1, hydroxylated alumina (NP-OH) was reacted with APTES

to produce the aminated nanoparticles (NP-NH2), which were coupled
to pre-activated Fmoc-Cys(Trt)-OH benzotriazole active ester. After two
deprotection steps, the cysteine derivative (NP-Cys), which carries a
free thiol group on the nanoparticle surface, was obtained. The func-
tionalization degree of the nanostructures covalently bound to a cy-
steine residue was determined as 0.21mmol.g−1. The NP-CAAA-BP100
nanobiostructures were obtained by reacting the free peptide CAAA-
BP100 with NP-Cys in slightly alkaline medium to allow the formation
of a disulfide bond. Compared with the functionalization degree of NP-
Cys (0.21mmol.g−1), the degree of CAAA-BP100 immobilization is
significantly lower (0.02 mmol.g−1).

3.1.2. NP-[Trz-β-A1]AAA-BP100 and NP-[Trz-β-A34]-DD K (Route 2)
In this synthetic route the APTES coupling to the NP-OH was re-

placed by the reaction with 3-chloropropyl(triethoxy)silane (CPTES),
which was however performed under very similar conditions. The
presence of chlorine atoms in the nanostructure (NP-Cl) is necessary to
introduce the azide group on the nanoparticle surface (NP-N3) through
a nucleophilic substitution reaction. Finally, NP-[Trz-β-A1]AAA-BP100
was obtained by the 1,3-dipolar cycloaddition reaction between NP-N3

and [Pra]GAAA-BP100 under Cu(I) catalysis. The quantification of
peptide molecules immobilized on the alumina nanoparticles was per-
formed as previously described for the NP-CAAA-BP100. A functiona-
lization degree of 0.07mmol.g−1 was determined for NP-[Trz-β-
A1]AAA-BP100. Similarly, NP-[Trz-β-A34]-DD K was obtained using
[Pra]G34-DD K and a functionalization degree of 0.02mmol.g−1 was
obtained.

3.2. Characterization of the alumina nanoparticles

XRD, TEM and HRTEM - According to the qualitative analysis of the
XRD patterns [15]. the synthesized nanoparticles obtained before
functionalization with peptides (NP, NP-OH, NP-NH2, NP-Cys, NP-Cl,
and NP-N3) consist of a single phase corresponding to a cubic structure
of γ-Al2O3 (Fd-3 m, Figure S2) [21].

The TEM and HRTEM images collected for the alumina nano-
particles (NP) and peptide– and triazol-peptide–decorated alumina
nanoparticles are shown in Fig. 2. The NP sample has a predominantly
fibrous morphology with diameters around 5 nm and lengths smaller
than 100 nm (Fig. 2A). High resolution images of this sample clearly
show the presence of different crystalline planes. The interlayer dis-
tances of the highlighted regions in Fig. 2B (1 and 2) and Fig. 2C (3) are
0.20, 0.24 and 0.42 nm (respectively). Selected area electron diffraction
(SAED) reveals well-crystalized Al2O3 phase (inset in Fig. 2B) with the
presence of 311, 400 and 440 planes [22], which is in agreement with
the observed interplanar distances. These results confirm that the ob-
tained Al2O3 nanostructures have well-defined morphology and crystal
structure. In general, the functionalization with the peptides did not
alter the fibrous morphology of the nanostructures. NP-CAAA-BP100,
NP-[Trz-β-A1]AAA-BP100 and NP-[Trz-β-A34]-DD K images (Fig. 2D-I)
were similar in shape and size to those of the unmodified NP
(Fig. 2A–C). However, an analysis of several regions clearly show that
the peptide–decorated nanostructures show a higher agglomeration
degree.

3.3. Spectroscopic characterization

3.3.1. Fourier transform infrared spectroscopy
Fig. 3 shows the FTIR spectra collected for all alumina nanoparticles

and free peptides. In the NP spectrum (Fig. 3a), a large band at 400-
800 cm−1 is consistent with characteristic vibrations of aluminum
oxide at 621 cm−1 (νAl-O) and 474 cm−1 (δAl-O). [23] Similar bands
were observed for all nanoparticles (peptide-functionalized or not),
resulting in a characteristic profile of the inorganic material in the re-
spective spectra (Fig. 3a-i).

A broad band between 3690 and 3000 cm−1 was observed in the
NP-OH spectrum (Fig. 3b) and attributed to stretching of hydrogen-
bonded O-H groups [24]. In the NP-NH2 spectrum (Fig. 3c), two bands
between 3000 and 2900 cm−1 are related to the C–H stretchings,
caused by the immobilization of a propyl organic group containing a
primary amine. Following the functionalization steps for CAAA-BP100
peptide immobilization on the nanoparticle surface, characteristic vi-
brations of cysteine residues (weak SeH stretch near 2550 cm−1) and
amide bonds were observed for NP-Cys (carboxamide linkage to the
nanoparticle, amide I band near 1650 cm−1) and NP-CAAA-BP100
(Fig. 3a and g). Thus, stretching of the C]O bonds (at 1650 cm−1),
symmetrical angular strain of NeH bonds (between 1200 and
1120 cm−1) and NeH (near 3300 cm−1) and C–H stretchings (between
3000 and 2900 cm−1) are identified in both spectra. Similar vibrations
were also visualized in the spectrum of the non-immobilized CAAA-
BP100 peptide (Fig. 3j), confirming the functionalization of the nano-
particles.

Following the route to obtain the NP-triazole-peptides (Route 2), in
the IR spectrum of NP-Cl (Fig. 3e) the C–H stretchings were observed
near 3000 cm−1, together with the characteristic low intensity folding
band of CH2-Cl at 1300-1230 cm−1, which confirms the immobilization
of the chloroalkylsilyl group. In the spectrum of NP-N3 (Fig. 3f), the
C–N stretch band occurs in the range of 1350-1000 cm−1. In the spec-
trum of the NP-triazole-peptides (Fig. 3k-l) bands related to the de-
formation of C]O bonds, symmetrical angular strain of NeH bonds and
NeH and C–H stretchings are observed.

3.3.2. ssNMR chemical shift assignments
In order to obtain detailed information about the chemical
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structures of the synthesized nanoparticles, solid-state 13C NMR spectra
of the free peptides and of all alumina nanoparticles were recorded
(Fig. 4). As expected, no 13C resonance signals were observed for the NP
and NPeOH inorganic nanoparticles (Fig. 4a, and b), indicating that
these materials are not contaminated with organic molecules. Inter-
estingly, intense 13C resonances were observed between 0 and 50 ppm
in the spectra of NP-NH2, NP-Cl and NP-N3, which is consistent with the
saturated ethoxy (Cα, Cβ and Cγ silane carbons) and aminoalkylsilyl /
chloroalkylsilyl / azidoalkylsilyl groups of these nanoparticles (Fig. 4c,
e, and f).

With regard to the synthesis of the disulfide-linked alumina-peptide
(route 1) unequivocal 13C chemical shifts of Cys residue at 57 ppm,
30.9 ppm and 164.2 ppm were attributed to the Cα, Cβ (thiol carbon)
and carboxamide carbon, respectively, for the NP-Cys (Fig. 4d). Typical
13C chemical shifts of side chains, Cα and carboxamide were observed in

the spectra of free CAAA-BP100 (Fig. 4k) and of NP-CAAA-BP100
(Fig. 4l). An intense signal at 38 ppm, which corresponds to the re-
sonance of Cβ of the cystine residue, confirms that most of the original
thiol groups of the cysteine residues (observed at 30.9 ppm either for
NP-Cys or for CAAA-BP100) were oxidized, resulting in the disulfide
bond formation (Fig. 4l) [25–27].

Regarding the syntheses of the triazole-peptide–decorated nano-
particles (route 2), the spectra of the free triazole-peptides (Fig. 4g, i)
and NP-triazole-peptides (Fig. 4h, j) show chemical shift ranges char-
acteristics of Cα (50–60 ppm) and aliphatic (10–30 ppm) side chains.
The spectra of the free triazole-peptides (Fig. 4g, i) and NP-triazole-
peptides (Fig. 4h, j) show chemical shift ranges characteristic of the
peptide structures. It is worth to highlight the presence of two 13C
chemical shifts of the triazole carbon resonances between 114 and
134 ppm in the spectra of the NP-[Trz-ß-A1]AAA-BP100 and NP-[Trz-ß-

Fig. 1. Synthetic pathways to obtain the alumina nanobiostructures. Route 1: synthesis of disulfide-linked peptide-alumina nanoparticles NP-CAAA-BP100. Route 2:
synthesis of triazole-linked peptide-alumina nanoparticles NP-[Trz-β-A1]AAA-BP100 and NP-[Trz-β-A34]-DD K.

L.M.F.C. Torres et al. Colloids and Surfaces B: Biointerfaces 177 (2019) 94–104

97



A34]-DD K (Fig. 4h, j) [28]. These signals confirm the cycloaddition
reaction between the alkyne-decorated peptides ([Pra]GAAA-BP100
and [Pra]G34-DD K) and the azide-nanoparticles (NP-N3).

3.4. Stability of the nanoparticles

3.4.1. Thermal analysis
Thermogravimetric analysis of the γ-Al2O3 functionalized

Fig. 2. TEM and HRTEM images obtained for nanoparticles. (A, B, and C) Unmodified NP. Inset: electron diffraction pattern of the corresponding selected area for γ-
Al2O3 NP. Functionalized NP: (D and G) NP-CAAA-BP100; (E and H) NP-[Trz-β-A1]AAA-BP100; (F and I) NP-[Trz-β-A34]-DD K.

Fig. 3. FTIR. Left Panel: (A) NP, (B) NP-OH, (C) NP-NH2, (D) NP-Cys, (E) NP-Cl and (F) NP-N3. Right Panel: (G) NP-CAAA-BP100, (H) NP-[Trz-β-A1]-AAA-BP100, (I)
NP-[Trz-β-A34]-DD K, (J) CAAA-BP100, (K) [Trz-β-A1]-AAA-BP100 and (L) [Trz-β-A34]-DD K.

L.M.F.C. Torres et al. Colloids and Surfaces B: Biointerfaces 177 (2019) 94–104

98



nanoparticles (Figure S4) clearly shows the presence of organic struc-
tures on the surface of the functionalized samples [15]. A well-defined
mass loss (2–5%) was observed around 380 °C for the samples NP-NH2,
NP-Cys and NP-CAAA. For the triazole-peptide–decorated nano-
particles, mass losses are even greater. In addition, an intermediate

process around 250 °C (Fig. S4D) is probably related to mass losses of
the triazole rings, inasmuch as differential calorimetry experiments
show that 1,2,3-triazoles decompose in the range of 218–338 °C,
starting with an exothermic phenomenon [29].

3.4.2. Zeta potential (ζ) measurements
The electrophoretic mobility experiments for all nanoparticles were

carried out to assess the chemical changes in their surfaces as result of
the functionalization steps of both synthetic routes (Figure S5).
Whereas the ζ-potential values of NP and NPeOH (white bars) are near
zero, the derivative forms obtained following the steps of route 1 for the
synthesis of NP-CAAA-BP100 provided a large increase in zeta potential
values (black bars). The presence of the aminopropyl group in NP-NH2

and of the α-amino termini in the NP-Cys raise the ζ-potential values to
+30.5 and +23.0, respectively. Although with less magnitude, due the
low substitution degree of peptide, an increase in the ζ-potential value
in comparison with NPeOH was reached for NP-CAAA-BP100 (+17.2)
also, as the result of the presence of five Lys residues in the peptide
chain [15].

Nanoparticles coming from subsequent functionalizations per-
formed to obtain the triazole linked alumina-peptide nanoparticles
(route 2) also led to major changes in the ζ-potential values of the
nanostructures, when compared to NP and NPeOH. Derivatizations
with chloropropyl (NP-Cl) and azidopropyl (NP-N3) groups lead to ex-
tremely negative ζ-potentials values (-13.8 and -16.4, respectively).
Nevertheless, the immobilization of both peptide chains after cycload-
dition reaction results in a marked increase of the ζ-potential values for
NP-[Trz-β-A1]AAA-BP100 (Δζ of 13.1mV) and NP-[Trz-β-A34]-DD K (Δζ
of 3.1 mV), mainly due to the presence of positively charged lysine
residues.

3.5. Biophysical investigations: membrane interactions of the NP-peptides
and NP-triazole-peptides

3.5.1. Circular dichroism spectroscopy
Secondary structural preferences of the free and nanoparticle-bound

peptides and triazole-peptides were investigated in Tris−HCl buffer
solutions, pH 8.5, as well as in the presence of membrane-mimetic
phospholipid vesicles by CD spectroscopy. The CD spectra recorded for
all peptides and triazole-peptides in aqueous buffer solutions (Fig. 5A)
showed a negative band at about 200 nm, which is typical of peptides in
random coil conformations. Higher degrees of helix formation are

Fig. 4. 13C solid-state NMR spectra. NP (a), NP-OH (b), NP-NH2 (c), NP-Cys (d), NP-Cl (e), NP-N3 (f), [Trz-ß-A34]-DD K (g), NP-[Trz-ß-A34]-DD K (h), [Trz-ß-A1]AAA-
BP100 (i), NP-[Trz-ß-A1]AAA-BP100 (j), CAAA-BP100 (k) and NP-CAAA-BP100 (l).

Fig. 5. CD spectra of (A) the free peptides and of the (B) peptide–decorated and
triazole-peptide–decorated nanoparticles in presence of 10mM Tris-HCl buffer
solution, pH 8.5, or 1.0 mM POPC:POPG (3:1) LUVs.
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observed in the spectra of all free peptides in presence of POPC:POPG
(3:1, molar ratio) LUV suspensions (Fig. S6). Even at 125 μM of lipids,
well-defined helical profiles are recognized in the spectra of the free
species, since two clear minima are observed at 222 and 208 nm, and a
maximum point is observed at 193 nmA saturation plateau is reached
at smaller lipid concentrations for CAAA-BP100 when compared to the
triazole-peptides.

Contrary to the free peptides, the spectra of the peptide-alumina
nanoparticles NP-CAAA-BP100; NP-[Trz-ß-A1]AAA-BP100 and NP-[Trz-
ß-A34]-DD K suspended in Tris−HCl buffer solutions (Fig. 5B) are in-
dicative of β-sheet conformations, which are characterized by a positive
band at about 200 nm and a negative band at 222 nm. As observed for
the free species, the nanoparticle-bound species also adopt α-helical
conformations in the presence of LUVs, confirming the interaction of
the linked peptide chains in the nanostructures with the anionic phos-
pholipid membranes [30].

3.5.2. Surface plasmon resonance
In order to investigate the membrane interactions of the alumina

nanoparticle and its derivative forms we used SPR for investigating the
affinity of the materials to POPC:POPG (3:1, molar ratio) LUVs im-
mobilized on a SiO2 sensor chip in the presence of Tris−HCl running
buffer, pH 8.5 (Fig. 6). The NP (black curves) present low-grade binding
since the RU signal intensity virtually returns to the value observed for
the lipid bilayers soon after injection time (˜45min) [31]. On the other
hand, the sensograms for nanoparticles containing peptides exhibit high
values of RU signal intensity even after completed the sample injec-
tions. Sensograms for free peptides were also obtained to compare the
membrane interactions of the free and nanoparticle-bound peptides.
Differences in the RU signal intensities are observed when the senso-
grams obtained for the free peptides (CAAABP100, [Trz-ß-A1]AAA-
BP100, and [Trz-ß-A34]-DD K, green curves in Fig. 6a–c) are compared
to the ones obtained for the respective nanobiostructures (red, magenta
and blue curves, in Fig. 6a–c, respectively), which suggests that pep-
tide-nanoparticle bond may interfere on the strength of the peptide-
membrane binding.

The sensograms recorded at different concentrations for the three
alumina NP-peptides (Fig. S8) indicate that the amount of NP-peptide

interacting with the lipids depends on the peptide concentration, until a
saturation point is reached [32]. Although the concentration depen-
dence of the sensograms and association constant (Ka) for NP-CAAA-
BP100 or NP-[Trz-ß-A1]AAA-BP100 binding (Fig. 6d) are similar to
each other (6200 and 6900 M−1, respectively), markedly higher re-
sponse levels are noticed for the binding of the NP-[Trz-ß-A34]-DD K, as
a significantly greater association constant (11,050 M−1) is observed
(Table S2).

3.6. Antimicrobial activities

The antimicrobial activity of the synthesized peptide– and triazole-
peptide–decorated nanostructures were investigated against three bac-
terial strains. In order to verify the antimicrobial potential of the or-
ganic and inorganic moieties, the activities of NP (in g L−1), NP−OH
(in g L−1), the respective peptide-modified nanostructures (in
mmol L−1 and in g L−1) and of the free peptide/triazole-peptides (in
mmol L−1) were also investigated and the results are presented in
Fig. 7.

Whereas NP and NP−OH show no antibacterial activity at the
tested concentrations, these species show some antifungal potential. All
of the investigated free peptides also show antibacterial and antifungal
activities. Although no significant differences in the antibacterial ac-
tivities of free BP100, CAAA-BP100 and [Trz-ß-A1]AAA-BP100 are ob-
served, [Trz-β-A34]-DD K is less active than the wild-type peptide.
Interestingly, whereas the binding of BP100 derivatives to the nano-
particles seems to keep its antimicrobial potential in comparison to the
free peptides, the antimicrobial potential of [Trz-β-A34]-DD K is sig-
nificantly improved after conjugation to the nanoparticle.

4. Discussion

The antimicrobial BP100 is a shorter-chain hybrid peptide com-
posed of eleven residues (KKLFKKILKYL-NH2), which corresponds to
the union of segments from Cecropin A and Melittin [33]. On the other
hand, the antimicrobial peptide dermadistinctin K (DD K), originally
isolated from the skin secretion of the anuran species Phyllomedusa
distincta, is a long peptide-chain composed of 33 amino acid residues

Fig. 6. Interactions between NP, its derived
forms and free peptides measured by SPR.
POPC:POPG (3:1) bilayers were immobilized
onto the surface of a SiO2 sensor chip during 5
up to 25min and the peptides were injected at
27min in 10mM Tris-HCl buffer, pH 8.5.
Surface plasmon resonance sensograms for the
bilayer interactions of CAAA-BP100 and NP
derivatives forms of route synthesis of NP-
CAAA-BP100 (A), [Trz-ß-A1]-AAA-BP100 and
NP derivatives forms of synthesis route of NP-
[Trz-ß-A1]-AAA-BP100 (B), and [Trz-ß-A34]-
DD K and NP derivatives forms of synthesis
route of NP-[Trz-ß-A34]-DD K (C).
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(GLWSKIKAAGKEAAKAAAKAAGKAALNAVSEAV-NH2) [33–39].
Previous structural and biophysical studies revealed that both DD K

and BP100 exert their biological activities by interacting with bacterial
membranes. CD and NMR spectroscopies showed that both peptides
have random conformations in water, although they acquire α-helical
conformations in the presence of negatively charged
membranes.Although both peptides show bilayer disruptive properties,
the mechanisms of action depend on the bilayer composition and on the
peptide-to-lipid ratios [38,40–42]. In this context, the analog peptides
synthesized here were designed to prevent risks of activity loss. As
BP100 is a relatively small peptide chain, composed of 11 amino acid

residues, we decided to add a spacer of three alanine residues at the N-
termini of the two synthesized analogs to prevent disruption of the
helicity after binding to the nanoparticles. CAAA-BP100 carries a cy-
steine residue, whereas [Pra]GAAA-BP100 carries a propargylglycine
residue at the N-terminus to allow binding to the nanoparticles through
disulfide bond and CuAAC reaction, respectively. Contrarily, the analog
of DD K, [Pra]G34-DD K was designed only with an extra pro-
pargylglycine at the peptide C-terminus, since intrinsic fluorescence
spectroscopy indicated that the Trp-3 residue is essential to anchor the
peptide in the bilayer interface [40].

The NP-CAAA-BP100 nanobiostructure was obtained according to

Fig. 7. Antimicrobial Activity of NPs, conjugated NPs-peptides and free peptides. (A) Bar graphs of antibacterial assays using S. aureus (red*), E. coli (green*) and S.
typhimurium (magenta*) strains and (B) bar graphs of antifungal assays using C. krusei (red*) and C. parapziloziz (green*). The black bars correspond to MIC at
μmol.L−1 and blue bars correspond to MIC in g.L−1. n.a. showed no biological activity at the concentration tested. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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Route 1 (Fig. 1), i.e., via disulfide formation between previously pre-
pared NP-Cys and the peptide CAAA-BP100. Interestingly, the func-
tionalization degree to obtain NP-CAAA-BP100 was about ten times
smaller than the degree to obtain NP-Cys. This result may be related to
the competitive formation of undesired disulfide bonds, for example
between cysteine derivatives immobilized on the nanoparticle surface,
which reduces the number of available binding sites. In addition, there
is the possibility of homodimer formation from the reaction between
two CAAA-BP100 monomeric chains [25], which might reduce the
amount of peptide available for binding to the NP-Cys. Two NP-triazole-
peptides were obtained according to Route 2 (Fig. 1), i.e., via CuAAC
reaction between azide-nanoparticles and two alkyne-decorated pep-
tides. When the functionalization degrees to obtain the nanoparticles
functionalized with BP100 derivatives through the two routes are
compared to each other, a higher reaction yield is observed for route 2.
Therefore, from the synthesis point of view, the peptide binding from
click chemistry gives higher reaction yields in comparison to the linkage
via disulfide bond formation.

The morphology of the obtained materials (intermediates and na-
nobiostructures) were investigated by XRD, TEM and HRTEM. The
functionalization with the peptides did not alter the significantly fi-
brous morphology of the nanostructures, as expected for the reactions
performed with pre-prepared alumina nanoparticles. Nevertheless the
peptide–decorated nanostructures, especially NP-[Trz-β-A34]-DD K,
presented a higher agglomeration degree, probably due to association
of the 34-amino acid peptide chains. The linkage of the peptide struc-
tures to the nanoparticle surface was also confirmed by thermal ana-
lysis, as mass losses consistent with the decomposition of the peptide
and triazole segments were observed. Structural information about the
inorganic portion as well as general information about the organic
functional groups were assessed by IR spectroscopy. In addition, the 13C
chemical shifts obtained from the ssNMR spectra allowed the detailed
characterization of the functional groups within the organic portion of
the nanobiomaterials, mainly the covalent bonds which connect the
peptide chains with the organic portion of the derivative nanoparticles.

Several biophysical approaches were used to investigate the mem-
brane-interactions of the obtained materials. In order to compare the
effect of the peptide-nanoparticle conjugation to membrane-interac-
tions, experiments were performed for the free peptides, alumina na-
noparticles and peptide–decorated alumina nanoparticles.

CD spectroscopy indicated that the peptides and triazole-peptides
adopt random coil conformations in aqueous environments, whereas
membrane-active helical arrangements are observed in the presence of
phospholipid vesicles. This is a quite common feature of linear anti-
microbial peptides, which present well-defined structural arrangements
after membrane binding [43]. Interestingly, the nanoparticle-bound
species adopt β-sheet conformations in aqueous buffer. Since random
coil conformations were observed for the free peptides in water, the β-
conformations of the nanoparticle-bound peptides in aqueous buffer is
an indicative of polypeptide interchain interactions within the nanos-
tructure, as suggested by the TEM images. As observed for the free
species, the nanoparticle-bound peptides adopt α-helical conformations
in the presence of phospholipid vesicles, which indicates that the pep-
tides retain their membrane-active conformation regardless the pre-
sence of the nanoparticles.

The affinity of the nanobiostructures to anionic membranes was also
investigated by SPR spectroscopy. The low-grade binding of the pure
nanoparticles to the phospholipid vesicles indicate that the peptide
moiety is responsible for the membrane association of the peptide–de-
corated nanoparticles. By comparing the RU signal intensities of the
free peptides to the respective nanobiostructures, it becomes clear that
the peptide-membrane interactions are less affected when a long pep-
tide chain is linked to the nanosized structures in comparison to smaller
peptide sequences. Whereas NP-CAAA-BP100 and NP-[Trz-ß-A1]AAA-
BP100 sensograms revealed lower RU signal intensity when compared
to CAAA-BP100 and [Trz-ß-A1]AAA-BP100, respectively, NP-[Trz-ß-

A34]-DD K presents slightly higher RU signal intensity in comparison to
free [Trz-ß-A34]-DD K (Fig. 6a–c).

The association constants (Ka) of the interactions between the free
peptides or peptide-nanostructures with the phospholipid vesicles were
evaluated to better understand how the peptide-membrane interactions
are related to their antimicrobial and antifungal activities. Markedly
higher response levels are observed when the membrane-binding of the
NP-[Trz-ß-A34]-DD K is compared to that of [Trz-ß-A1]AAA-BP100,
since the association constant of the longer-chain NP-triazole-peptide is
about twice as high (Table S2) [44]. These results are in line with the
CD experiments, since higher helicities are observed for the nano-
particles containing DD K than for nanoparticles containing BP100
(Fig. 5B). These results altogether confirm the greater membrane in-
corporation of the longer peptide chain when the two NP-triazole-
peptides are compared to each other. Considering that the mechanisms
of action of both BP100 and DD K depend on the in-plane alignment of
the amphipathic helices on the bilayer surface [38,41,42], our findings
indicate that the chain length is important to retain the membrane
disruptive properties of the peptides. The sensograms for the binding
between either NP-CAAA-BP100 or NP-[Trz-ß-A1]AAA-BP100 and the
negative lipid bilayers are similar to each other, as the respective Ka

values, confirming that the triazole ring does not increase the affinity of
the NP-peptide to the membrane.

The antimicrobial activities of the synthesized peptide–decorated
nanoparticles were investigated against three bacterial strains. When
the activities of free BP100 and CAAA-BP100 are compared to each
other, it is observed that the N-terminal extension only affects the ac-
tivity against E. coli, which is reduced by a factor of four. These results
suggest that the extra amino acid residues at the N-terminus of CAAA-
BP100 generally do not alter the antimicrobial potential of the designed
peptide. The triazole-derivative [Trz-β-A1]AAA-BP100 also show si-
milar activities, confirming that the insertion of an azole ring does not
alter the antibacterial activity of the peptide. In fact, neither the posi-
tive net charge was modified nor the extra four amino acid residues
produce a sufficiently long structure to enable the transmembrane pore
formation, which could modify the mechanism of action of BP100, al-
ready reported elsewhere [38]. Contrary to BP100 derivatives, DD K
antibacterial potential was impaired by the triazole ring inserted at the
peptide C-terminus, as [Trz-β-A34]-DD K is less active than the wild-
type peptide against two bacterial strains. ssNMR spectroscopy in-
dicated that DD K adopts an in-plane alignment when reconstituted into
phospholipid bilayers [41] and effects as partition of hydrophilic and
hydrophobic residues among others are important to the peptide-
membrane topology and activity [46]. The incorporation of the hy-
drophobic β-alanine-triazole residue (Trz-β-A) may alter the partition of
hydrophilic and hydrophobic residues within the membrane surface
and weakens peptide-membrane interactions as indeed confirmed by
SPR measurements (see Fig. S8 and Table S2).

When the activity of free CAAA-BP100 is compared to the activities
of the correspondent NP-peptide and NP-triazole-peptide higher MIC
values are observed for the nanobiostrucures. A different profile was
observed for the nanoparticle containing DD K, since NP-[Trz-β-A34]-
DD K was significantly more active than the triazole-peptide ([Trz-β-
A34]-DD K) alone. Because BP100 and DD K peptides present distinct
mechanisms of action [38,41], the alumina nanoparticles seem to im-
pair the action of CAAA-BP100, however they do not debilitate the
potential of [Trz-β-A34]-DD K.

As regards the antifungal properties of the synthesized NP-peptide
and NP-triazole-peptides, whereas the peptides BP100 and CAAA-
BP100 presented the same MIC values against C. krusei and C. para-
psilosis, the presence of the triazole ring enhanced the antifungal ac-
tivity of [Trz-β-A1]AAA-BP100. The antifungal properties related to the
triazole ring are widely reported in literature [47,48], and its associa-
tion to antimicrobial peptides has led to the increase of their antifungal
potential [45,49]. In this case, the antifungal action is associated to the
inhibition of ergosterol biosynthesis, an important fungi cell membrane
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component [50], rather than to membrane disruption effects, as the
affinity to anionic membranes is not significantly modified by the
presence of the triazole ring, as proved by SPR experiments with NP-
[Trz-β-A1]AAA-BP100 and NP- CAAA-BP100.

Although the binding of CAAA-BP100 to the nanostructures does
not lead to an increase of activity, the association of triazole-DD K
derivative to the nanoparticles [NP-[Trz-β-A34]-DD K] clearly increases
its antifungal potential. Therefore, it is very likely that the longer
peptide chain of DD K ensures an adequate spacing and the nano-
particle-bound peptide retains membrane disruptive properties similar
to those of the wild-type sequence. As a result, NP-[Trz-ß-A34]-DD K
ignites higher disruption in the microbial membrane and consequently
higher activity is observed for the nanoparticle containing the longer
peptide chain [51]. Furthermore, this higher antimicrobial activity can
be associated to the increase of the local concentration of peptide
chains on the bilayer surface, since these organic molecules are ag-
glomerated (0.02 g.mol−1) on the nanoparticle surface. Strong mem-
brane-disruptive properties associated to intracellular effects have al-
ready been reported for alumina nanoparticles acting on Candida yeasts
[52]. In addition, mesoporous alumina inhibits the growth of the
phytopathogen Fusarium oxysporium in vitro and in infected tomato
plants [53]. The material obtained by Jalal and co-workers was active
on several Candida species and HRTEM revealed that the nanoparticle
anchoring occurs on the cell surface and that subsequent internalization
of minor nanostructures in the yeast cells leads to the rupture of the
wall and cell membranes and, consequently, to cell death.

5. Conclusion

Two novel synthetic approaches to incorporate peptides in alumina
nanoparticles were presented. Antimicrobial sequences were covalently
bound to the nanoparticles either through disulfide bond formation or
through the copper(I)-catalyzed azide alkyne cycloaddition (CuAAC)
reaction, which resulted in the linkage of the peptides to the nano-
particles via a dimeric cystine residue or via a 1,4-disubstituted 1,2,3-
triazole ring. Although alumina NP and its derivative forms presented
similar nanofiber structures, triazole-peptide–decorated nanoparticles
and the higher aggregation level is related to interactions between the
peptide chains. The triazole-peptide–nanoparticles have significantly
stronger antifungal activities in comparison with the peptide–nano-
particles, which is certainly related to the combined action of the
peptide and triazole moieties. Interestingly, SPR spectroscopy shows
that the triazole ring does not increase the association constant of the
nanoparticle–triazole-peptides to mimetic membranes, which indicates
that the stronger antifungal potential of the triazole-peptide–nano-
particles is related to the well-known effects of the azoles on the in-
hibition of ergosterol biosynthesis. By allying the antibacterial and
antifungal potentials of antimicrobial peptides/triazole-peptides to the
well-known advantages of nanostructured alumina, the synthetic
methodologies proposed here open new possibilities for the develop-
ment of promising biomaterials. One important point to be addressed is
how to apply these nanomaterials associated to polymeric supports for
use in orthopedic or orthodontic implants, in order to increase tissue
regeneration while at the same time preventing rejection caused by
microbial infections.
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