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New nanobiocomposites that combine nanoparticles and biomolecules have been shown very relevant
for medical applications. Recently, cancer diagnostics and treatment have benefited from the develop-
ment of nanobiocomposites, in which metallic or magnetic nanoparticles are conjugated with specific
biomolecules for selective cell uptake. Despite recent advances in this area, the biomedical applications
of these materials are still limited by the low efficiency of functionalization, low stability, among other
factors. In this study, we report the synthesis of jacalin-conjugated gold nanoparticles, a nanoconjugate

Iégg’;?g;pamdes with potential application in medical areas, especially for cancer diagnosis. Jacalin is a lectin protein and it
Jacalin was employed due to its ability to recognize the Galf1-3GalNAc disaccharide, which is highly expressed

in tumor cells. Gold nanoparticles (AuNPs) were synthesized in the presence of generation 4 polyami-
doamine dendrimer (PAMAM G4) and conjugated with fluorescein isothiocyanate (FITC)-labeled jacalin.
The AuNPs/jacalin nanoconjugates were characterized by transmission electron microscopy (TEM),
dynamic light scattering (DLS) and vibrational spectroscopy (FTIR). We also performed an investigation
using isothermal titration calorimetry (ITC) and fluorescence quenching measurements to understand
the interactions occurring between the AuNPs and jacalin, which revealed that the nanoconjugate for-
mation is driven by an entropic process with good affinity. Furthermore, in vitro tests revealed that the
AuNPs/jacalin-FITC nanoconjugates exhibited higher affinity for leukemic K562 cells than for healthy
mononuclear blood cells, which could be useful for biomedical applications, including cancer cells imag-
ing.

Nanobiocomposites
Nanomedicine

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The development of new multifunctional materials with high
impact for cancer diagnostics and therapy is a major challenge in
medicine. Nanobiocomposites that combine the recognition prop-
erties of biomolecules with the electronic, optical and magnetic
properties of nanoparticles have been considered strong candidates
for biomedical application [1]. For example, nanoparticle-based
strategies may incorporate multiple types of molecules onto a
single nanoparticle surface, creating nanoconjugates that may
perform multiple functions, and thus have provided important
advances [2].

Gold nanoparticles (AuNPs), in particular, have attracted atten-
tion because of their unique optical and electronic properties,
making them useful for many applications as biosensors [3], con-
trast agents [4], and vehicles for controlled intracellular delivery
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[5] as well as in cancer detection and treatment [6]. Several
strategies have been used to produce gold nanoparticles with
high control over size and shape. Among others, poly(amido
amine) dendrimers have been used as stabilizing agents in
the synthesis of gold nanoparticles with controlled dimensions
[7,8].

For applications in cancer detection and treatment, the parti-
cles must selectively localize at and incorporate into cancer cells.
Nanoparticles may be accumulated in the tumor by a passive target-
ing by taking advantage of the enhanced permeability and retention
effect (EPR effect) [9-11]. On the other hand, the active targeting
may be achieved via functionalization of the nanoparticle sur-
faces [11] with specific proteins [12], peptides [13], aptamers [14]
and antibodies [15]. Therefore, conjugating biomolecules to gold
nanoparticles may provide nanomaterials with additional interac-
tion capabilities [16].

A variety of methods have been used to produce protein-
functionalized nanoparticles. These methods include electrostatic
adsorption, chemisorption of thiol derivatives, covalent binding
through bifunctional linkers and specific affinity interactions[1,16].
As an example of the last method, streptavidin-functionalized
gold nanoparticles have been used for the affinity binding of


dx.doi.org/10.1016/j.colsurfb.2013.07.070
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2013.07.070&domain=pdf
mailto:zuco@ifsc.usp.br
dx.doi.org/10.1016/j.colsurfb.2013.07.070

V.S. Marangoni et al. / Colloids and Surfaces B: Biointerfaces 112 (2013) 380-386 381

biotinylated proteins (e.g., immunoglobulins and serum albumins)
[17]. Nevertheless, despite recent advances in the development
of nanobiocomposites, the application of these materials to
medicine has been limited by the incomplete understanding of
the interactions between nanomaterials and biomolecules and by
experimental factors including the low efficiency of functionaliza-
tion, low stability and high toxicity of nanoparticles.

Aberrant glycosylation has been observed in all types of
human cancers and many glycosyl epitopes constitute tumor-
associated antigens [18]. Due the capability to bind specifically
and reversibly to mono- and oligosaccharides [19], lectins may
be used as cancer targeting upon conjugation with nanopar-
ticles [20-23]. However, the synthesis and applications of
lectins conjugated with gold nanoparticles are little explored so
far.

Jacalin is a lectin from jackfruit seeds that has a molecular
weight of 66,000gmol-! and forms a tetramer at neutral pH
[24]. This protein may specifically recognize a tumor-associated
T-antigenic disaccharide Galf31-3GalNAc [24-27], overexpressed
in more than 85% of human carcinomas, including breast, colon,
bladder, cavity and prostate [26].

In this study, we describe the development and a detailed
characterization of jacalin-gold nanoparticle conjugates, aimed at
understanding the interactions occurring between the protein and
AuNPs. Furthermore, in vitro tests in culture cells were performed to
evaluate the capability of the new nanoconjugated in target cancer
cells.

2. Experimental
2.1. Materials

All reagents were used as received, and all solutions were
prepared with Milli-Q water (18.2MQcm~!) from a Millipore
system. Tetrachloroauric acid (HAuCl,), generation 4.0 PAMAM
dendrimers (PAMAM G4), formic acid and fluorescein isothio-
cyanate (FITC) were acquired from Sigma-Aldrich. Buffer solutions
were prepared using sodium phosphate monobasic and sodium
phosphate dibasic from Sigma-Aldrich and sodium chloride from
].T. Baker.

2.2. Synthesis of gold nanoparticles stabilized by PAMAM-G4

Generation 4 dendrimers were chosen for their ability to form
small and highly stabilized particles in aqueous medium [7,8].
Nanoparticles may be encapsulated into the cavities of PAMAM or
stabilized by several PAMAM molecules. In the former, dendrimer-
encapsulated AuNPs with diameters of less than 4nm may be
obtained by a fast reduction process using NaBH4 [8]. In con-
trast, a reduction by a weak reducing agent can yield larger
nanoparticles that may be useful in cellular labeling and imag-
ing studies [28]. In this study, we used formic acid as reducing
agent to promote a slow reduction of the nanoparticles. The syn-
thesis started by mixing equal volumes of HAuCl, (1.0 mmol L-1)
and PAMAM G4 (0.7 mmol L-1) and then a solution of formic acid
10% v/v. The system was stirred for 30 min at room temperature
and protected from light. Following, it was removed from stir-
rer and kept for four hours at room temperature, protected from
light.

The average number of Au atoms (N) in the each AuNP was
estimated according to [29]. We assumed spherical particles with
average diameter of about 6.1 nm obtained from TEM (see Sup-
plementary Material). This result was used to estimate the molar
concentration of the AuNPs suspension [29] for using in fluores-
cence quenching analysis and ITC.

3. Purification of jacalin

The jacalin protein was obtained from the crude extract derived
from seeds of Artocarpus integrifolia (jackfruit). The seeds were
washed in Milli-Q water, crushed and resuspended in PBS buffer
(pH=7.4). This mixture was stirred for 12 h at 4 °C and centrifuged
at 4000 rpm. The supernatant was separated and purified by affin-
ity chromatography using a Sepharose D-galactose-immobilized
resin. The other proteins were eluted in PBS buffer, and jacalin was
eluted in PBS buffer containing p-galactose (0.2 mol L~1). This frac-
tion was purified again using molecular exclusion chromatography.
Volumes of 1 mL were added to a Superdex75 3.2/30 (Pharmacia
Biotech Smart System) column coupled to an Akta purifier sys-
tem (GE Healthcare) in PBS buffer. The flow was 0.5 mlmin~!, and
the absorbance was monitored at 220 and 280 nm. The purity was
checked using polyacrylamide gel electrophoresis. The mass con-
centration of Jacalin was estimated by measuring the absorbance
at 280 nm and using &,g0 = 1.14 cm? mg~! and the molecular mass
of 66,000Da, which corresponds to four carbohydrate-binding
sites [30]. Jacalin was further labeled with fluorescein (FITC)
by adding a FITC solution (1.0mgmL~!) to a jacalin solution
(1.0mgmL-') at pH ~8.0. The system was stirred and protected
from light for one hour at room temperature and more two hours
at 4°C. The excess FITC was eliminated using dialysis against
PBS buffer pH=7.4 with a 25kDa membrane (Spectra/Por) at
4°C. The ratio of FITC to protein was estimated by measuring
the absorbance at 495 nm and 280 nm according to Beer-Lambert
law.

3.1. Preparation of AuNPs/jacalin nanoconjugates

The AuNPs/jacalin nanoconjugate was prepared by adding
300 L of AuNPs (about 5mg mL~1)to 1.3 mLof 0.6 mg mL~! jacalin
or jacalin-FITC. The system was gently stirred at 4°C and protected
from light for 24 h. Free jacalin was separated with centrifuga-
tion at 13,000 rpm and 4°C for 15 min using a Centrifuge 5415 R
(Eppendorf). The precipitated was suspended in phosphate buffer
(10mmolL-1, pH=7.4).

4. Characterization

Transmission electron microscopy (TEM) images were obtained
using a JEOL/JEM-2100 transmission electron microscope (200 kV).
One drop of each of the diluted samples was deposited on a car-
bon film copper grid 300 mesh (Ted Pella, Inc.) and dried at room
temperature.

UV-vis spectra experiments were carried out on a Hitachi U-
2900 spectrometer using a 1cm quartz cell. Circular dichroism
(CD) spectra were measured using a Jasco-720 spectropolarime-
ter with a 0.1 cm quartz cell. The CD spectra were recorded from
190 to 250 nm. The CD spectra of AuNPs and of the buffer were
also measured and subtracted from nanoconjugate. The secondary
structures, such as a helix, B sheet, turn and unordered, of pure
jacalin and the AuNPs/jacalin nanoconjugates were calculated from
the CD data using the CONTIN/LL (CD-pro) program.

Dynamic light scattering (DLS) has been extensively used to
measure the in situ size distribution in nanoparticles suspension.
The analyses were performed in triplicate at 25 °C using a Malvern
Nano-ZS spectrometer (Malvern Instruments, UK).

Fourier transform infrared spectroscopy (FTIR) was used to iden-
tify the molecular groups involved in the interaction between the
AuNPs and the protein. The samples were lyophilized and com-
pressed with KBr. The FTIR spectra were obtained in a Thermo
Nicolet 6700 Spectrophotometer with a resolution of 4cm~1! in the
transmittance mode.
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Fig. 1. (a) TEM image of AuNPs before (inset) and after conjugation with jacalin and (b) DLS measurements for free jacalin, AuNPs and AuNPs/jacalin nanoconjugate.

Fluorescence spectroscopy was used to measure the quench-
ing of the fluorescence from tryptophan and tyrosine upon the
binding of jacalin to the AuNPs. Different concentrations of AuNPs
were added to the jacalin (0.7 mg mL~1) solution. The spectra were
collected from 295 to 500 nm in a quartz cell using a ISS-K2 fluo-
rometer (Illinois, USA) upon an excitation wavelength of 280 nm.
The data were analyzed using the Stern-Volmer and modified
Stern-Volmer equations [31].

Isothermal titration calorimetry (ITC) was utilized to investi-
gate the thermodynamic parameters of the interaction between
jacalin and AuNPs [32]. The measurements were performed in a
VP-ITC Microcal microcalorimeter at 25 °C. AuNPs and jacalin were
dialyzed against phosphate buffer (10 mmolL~1, pH=7.4). AuNPs
(0.047 wmol L-1) was titrated in constant volumes of 9L on a
cell containing 1.47 mL of jacalin (10 wmolL~1), and the cell was
stirred at 255 rpm. A higher concentration of AuNPs was impos-
sible to be used due their low stability in this pH. The reference
cell was filled with 1.47 mL of Milli-Q water for all experiments.
The heat of dilution was determined by titrating the AuNPs on
phosphate buffer and subtracted from the experimental titration
data.

5. Cell culture

Tests in cell cultures were performed to investigate the interac-
tion of AuNPs/jacalin-FITC nanoconjugates with human leukemia
(K562) and healthy mononuclear cells. All reagents were auto-
claved beforehand to avoid contamination, and the experiments
were performed in a laminar flow cabinet. The K562 cells
(1 x 10° cells/mL) were incubated in RPMI culture media supple-
mented with 10% with fetal bovine serum (FBS), 0.06gL-! of
penicillin and 0.1 gL' of streptomycin in a stove at 37 °C with 5%
CO,. The cellular growth was monitored using a Nikon Eclipse TS
100 inverted microscope (Japan).

Peripheral blood mononuclear cells (PBMCs) were collected
from healthy adult female and male volunteers, excluding preg-
nant women and tobacco or medication users. The subjects were
informed of all the legal procedures. The study was approved
by the Ethics Committee of the Federal University of Sdo Car-
los in accordance with the principles in the Declaration of
Helsinki. Mononuclear cells were isolated using Ficoll-Hypaque
1077 (Histopaque, Sigma-Aldrich) fractionation. The PBMCs were
collected carefully, washed in PBS twice (240 x g for 10 min), and
suspended in RPMI 1640 medium with 10% FBS. The individual
PBMC-derived cultures were acquired from separate volunteers at
different times. Cells viability was investigated immediately before
all the assays (data not shown), showing viability higher than
95% according to the trypan blue (Sigma-Aldrich®, USA) exclusion
assay.

5.1. Incubation of the cells with the nanoconjugate

The cells were incubated in microplate cultures in a final volume
of 500 pL and were treated with 1.0 umol L~ of free jacalin-FITC
and AuNPs/jacalin-FITC. The concentration was based on the pro-
tein concentration in all cases measuring by the absorbance at
280 nm. After 3 h of incubation, the cells were washed two times
with sterile PBS buffer by centrifugation, and images were obtained
using a Nikon Eclipse TS 100 fluorescence microscope coupled with
a Nikon DS-Ri1 digital camera and a 40x objective.

6. Results and discussion

Fig. 1a shows a TEM image of AuNPs before (inset) and
after the conjugation with jacalin-FITC. In contrast to AuNPs, the
AuNPs/jacalin-FITC nanoconjugate presented a shadow around the
particle surface, which may be an indicative of the formation of
a protein layer around the AuNPs. This phenomenon has been
observed by other authors in the study of protein-conjugated
nanoparticles [12,33,34].

The DLS measurements (Fig. 1b) also revealed a significant
increase in size compared with that of the free jacalin and AuNPs.
This increased size in the nanoconjugate may be associated with
the conjugation of protein on the nanoparticle surface. The thick-
ness of this protein shell on the AuNPs surface is approximately
3.2 nm based on the TEM images and is smaller than the thickness
expected from the DLS analyses (about 6.1 nm), which measure the
hydrodynamic diameter. This decrease has also been described to
be a result of drying and subjecting the sample to a high-vacuum
and high-energy electron beam on the TEM images [33].

Fig. 2a displays the UV-vis spectra of jacalin, AuNPs and
AuNPs/jacalin. The individual spectral features of jacalin and the
nanoparticles appear in the spectrum of the nanoconjugate at
approximately 280 and 523 nm, respectively, even after washing.
It is possible to observe a slightly red shift on the AuNPs band
compared with its individual spectra, which may be indicative of
its surface modification [12]. The AuNPs/jacalin nanoconjugated
also presented higher stability at neutral pH than free AuNPs.
AuNPs precipitated after 24 h at neutral pH, while the AuNPs/jacalin
nanoconjugate was stable for several months (data not shown).

The inset of Fig. 2a shows the spectra of jacalin-FITC and
AuNPs/jacalin-FITC. The spectra shows the FITC absorbance peak
at about 490 nm and Fig. 2b shows its emission band at 518 nm,
which overlaps with the AuNPs surface plasmon band at 523 nm.
In this way, it should be expected an effective quenching of FITC flu-
orescence due the presence of the AuNPs. However, as we can see at
Fig. 2b, itis still possible to observe a considerable FITC fluorescence
in the AuNPs/jacalin-FITC conjugates. Further, the fluorescence
microscopy images, shown in Fig. 7, presented good fluorescence
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Fig. 2. (a) UV-vis spectra of AuNPs, jacalin and AuNPs/jacalin conjugate and the inset shows the spectra of free jacalin labeled with FITC and AuNPs/jacalin-FITC. (b) Emission
spectra for jacalin-FITC and AuNPs/jacalin-FITC at about the same concentration of jacalin.
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Fig. 3. CD spectra of free jacalin and the AuNPs/jacalin nanoconjugate.

when excited with 488 nm. This behavior was also observed by
Shukla et al. [35]. The authors showed that AuNP/Lysine-FITC
and AuNP/Poly-Lysine-FITC conjugates when excited with 488 nm
argon laser showed considerably stable fluorescence and excellent
confocal miscrocopy images. In contrast, FITC conjugated directly
with AuNPs showed no fluorescence [35]. These observations sug-
gest that the addition of spacer groups between AuNPs and FITC
could avoid energy transference and rapid quenching of fluores-
cence emission from FITC [35].

For targeting properties of the nanoconjugate it is impor-
tant that the protein keeps its structure and function. CD was
used to investigate the secondary structure of the protein in the
AuNPs/jacalin nanoconjugate. Fig. 3 shows the spectra of free
jacalin (black line) and AuNPs/jacalin (blue line). Both indicate a
typical 3 sheet spectrum. The deconvolution of the spectra was per-
formed using the CONTINLL (CD/Pro Package) program [36]. The
data (Table 1) suggest that there was no significant modification
in the protein structure percentages and indicate that the protein
maintained its secondary structure even after conjugation with the
nanoparticles, what is important for biological applications.

FTIR analysis may provide important information about the
groups involved in the interaction between nanoparticles and pro-
teins [37]. The FTIR spectra of AuNPs, jacalin and AuNPs/jacalin are
shown in Figure 4. The bands in the AuNPs spectrum are from the

Table 1
Percentages of secondary structures of free jacalin and the AuNPs/jacalin nanocon-
jugate (CONTINLL CD/Pro Package).

o helix B sheet turns unrd
Jacalin 3.7% 42.9% 20.9% 32.5%
AuNP/jacalin 3.5% 41.7% 20.7% 34.1%

PAMAM G4 dendrimer. The strong bands at 1651 and 1594 cm™~!
correspond to the C=0 stretch, N—H deformation, and C—N stretch.
The main bands from jacalin are the vibrational mode of the
amide groups [38]. The amide I vibration (about 1630 cm~1) arises
mainly from the C=0 stretching vibration, and the amide II mode
is mainly the out-of-phase combination of the N—H in-plane bend
and the C—N stretching vibration.Given the complexity of the spec-
tra because the overlapping of some bands, the accurate analysis
is difficult. Nevertheless, it can be inferred that the nanoconju-
gate contains the main bands from AuNPs and jacalin. Additionally,
the bands from jacalin below 1300cm~! are more intense than
those from free jacalin. Most of these bands are assigned to the
vibration mode of the COO~ or COOH and C—O groups of amino
acid side chains, mainly glutamic acid, aspartic acid, serine and
tyrosine [39], which compose approximately 25% of the primary
structure of jacalin. Therefore, these changes may be related to
the interactions between these groups with the amino groups from
PAMAM.

The fluorescence of the aromaticamino acids in proteins is sensi-
tive to the environment, and the fluorescence spectra may provide
information about the interaction between the protein and the
nanoparticles [40]. Therefore, the emission spectra of jacalin were
obtained in the absence and presence of different concentrations
of AuNPs (Fig. 5a). A plot of the fluorescence intensity at 325 nm
vs. concentration is shown in the inset of Fig. 5a. Increasing the
concentration of AuNPs resulted in quenched jacalin fluorescence,
followed by stabilization. Quenching of protein fluorescence by
gold nanoparticles has been reported earlier [40]. The data were
analyzed using the Stern-Volmer equation [31,40]:
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Fig. 4. Infrared spectroscopy of (a) AuNPs; (b) Jacalin and (c) AuNPs/jacalin.
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Fig.5. (a) The fluorescence quenching spectra of jacalin at different concentration of AuNPs and (inset) fluorescence intensity at 325 nm as function of the AuNP concentration;
(b) Modified Stern-Volmer plots and (inset) Stern-Volmer plot showing the deviation from linearity; (c) Determination of K, using the quenching of fluorescence. The line

represents a Langmuir-based model.

where Fy and F are the fluorescence intensities before and after
the addition of the quencher, respectively, Ksy is the Stern-Volmer
quenching constant and [AuNPs] is the concentration of the gold
nanoparticles. A linear Stern-Volmer plot is indicative of a single
class of fluorophores, all equally accessible to the quencher [31,41].
The plot of the Fy/F against [AuNPs] is shown in the inset of Fig. 5b
and reveals that there are at least two populations of fluorophore.
Moreover, the stabilization at non-zero values suggests the exis-
tence of a fluorophore that is not accessible to the quenching. The
fraction of the fluorophore accessible to the quencher was assessed
using the modified Stern-Volmer equation [31]:

Fo 1 N 1
Fo—F - fa x Ksyq x [AUNPS] fa

where f; is the fraction of fluorophore-sites accessible to the
quencher and Kgy, is the Stern-Volmer quenching constant of
the accessible fraction. The plot in Fig. 5b is linear, and the fit
gives f;=0.79, which indicates that approximately 79% of the
fluorophores are accessible. The value of Ksy, is approximately
9.1 x 109 M~! and suggests that the quenching of the fluorescence
occurs by a specific interaction between AuNPs and jacalin, ie, by a
mechanism in which a complex is formed [31,40]. The affinity con-
stant was determined using a Langmuir-type model, assuming one
affinity-class binding sites [41].

(Fo — F)[AuNPs]
é + [AuNPs]

(2)

Fo—F= (3)

where F,, is the fluorescence intensity when the protein is satu-
rated with the quencher. The plotin Fig. 5c gives an affinity constant
of approximately 1.5 x 10° M~!, which was compared to the ITC
results.

ITC has become a very useful technique to evaluate the ther-
modynamic parameters of the interaction between nanoparticles
and biomolecules [42,43]. Fig. 6 shows the heats of each titration
of AuNPs into calorimetric cell containing jacalin. As the injections
proceeds, the number of binding sites decreases continuously until
saturation and the endothermic calorimetric response becomes
constant. The data from the integrated area of each peak were
adjusted according to the one-site model to determine the bind-
ing stoichiometry and thermodynamic parameters. It is noteworthy
that these parameters were calculated based on the estimated
molar concentration of the AuNPs and then they were used just
as a qualitative study. Based on the ITC data, a number of 10 pro-
tein molecules per nanoparticle was estimated, and the affinity
constant K, was found to be at the same order of magnitude as
the value obtained from the fluorescence quenching analyses. Fur-
thermore, the unfavorable endothermic process was compensated
by a positive change in entropy, resulting in a favorable Gibbs
free energy. This effect probably arise from release of numerous
bound water from protein and AuNPs surfaces, which results in

unfavorable enthalpy changes, but high favorable entropy changes
that contribute to the complex stability [44].

Entropic driven processes have been observed in different
protein-nanoparticle systems. For example, the electrostatic inter-
actions between 3-lactoglobulin and cationic gold nanoparticles
described by Chen et al. [45]. Also, De et al. [44] showed that
the complexation between green fluorescence protein (GFP) and
bovine serum albumin (BSA) with cationic gold nanoparticles
involves unfavorable enthalpy change and a favorable entropy
gain. However, the interaction of the nanoparticles with acid phos-
phatase (PhosA) is exothermic with an unfavorable entropy loss.
The authors explained that in the complexation with smaller
proteins like GFP (27 kDa) and BSA (66.3 kDa), there are higher
degree of surface interaction that results from the release of
large amount of water of hydration from interface [44]. Jacalin
has a similar molecular weight to BSA and this effect should
also play one of the main roles in the AuNPs-jacalin conjuga-
tion.

It is known that jacalin may induce differentiation of leukemic
cell K562 [46], which has been attributed to be mediated by
the recognition of T-antigenic [47]. In this way, in vitro tests
in cell cultures were performed to evaluate the ability of the
AuNPs/jacalin-FITC nanoconjugates to specifically interact with
K562 leukemic cells. The stability of the nanoconjugates in cell cul-
ture media was evaluated by DLS [48] and the results revealed no
significant modification in the average diameter of the nanocon-
jugates even for long periods of incubation (Supplementary
Material).

The microscopy images (Fig. 7) show that after 3h of incu-
bation the AuNPs/jacalin-FITC nanoconjugates adhered to human
K562 leukemia cells (Fig. 7a and b) but not to healthy mononuclear
blood cells (Fig. 7c and d). Control experiments with jacalin-FITC

2.5

ucal/seg

Time / min

Fig. 6. ITC data from the titration of AuNPs into calorimetric cell containing jacalin
at25°C.
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Fig. 7. Optical microscopy (a and c) and its respective fluorescence images (b and d)
obtained with a 40x objective after 3 h of incubation with AuNPs/jacalin-FITC and
washing two times with PBS buffer of (a and b) K562 cells and (¢ and d) PBMCs.

conjugates (with no AuNPs), also revealed fluorescence only for
K562 cells (data not shown). This behavior was also observed
by Chatterjee et al. to ALA (Artocarpus lakoocha agglutinin), a
jacalin like lectin, conjugated with quantum dots [49]. This speci-
ficity may be relevant for the development of new specific cancer
agents.

Cytotoxicity assays using the MTT method were performed for
all nanoparticles system employed here, and none significant tox-
icity was observed of the AuNPs/jacalin nanoconjugates against
healthy L929 cells. For example, the AuNP/jacalin conjugates exhib-
ited no significant toxicity against L929 cells at concentrations of
0.5 wmolL~!. For higher concentrations, viz.,, 1.0 umolL™1, a cell
viability higher than 85% was observed even after 24 h of incu-
bation with AuNps/jacalin nanoconjugates, which was lower than
that exhibited by gold nanoparticles (see Supplementary Mate-
rial).

7. Conclusions

We presented a detailed study of the interactions between
AuNPs and jacalin, a nanoconjugate with potential for cancer
applications. Jacalin was efficiently conjugated with PAMAM G4
stabilized gold nanoparticles, as showed in the TEM images,
DLS and UV-vis spectroscopy. The calorimetric study allowed
a better understanding of the interactions occurring between
the protein and the nanoparticles, revealing an entropy-driven
conjugation with good affinity, consistent with the fluorescence
quenching measurements. The protein maintained its secondary
structure upon conjugation with AuNPs, and in vitro tests revealed
that the AuNPs/jacalin-FITC nanoconjugates had higher affinity
for human leukemia cells (K562) than for healthy mononu-
clear blood cells. The interactions between nanoparticles and
biomolecules play one of the main roles for the development of
new nanocomposites for medical applications. Besides the devel-
opment of a new composite with potential for cancer applications,
the results presented here are also useful for a better under-
standing of the nano-bio interface and in the development of
enhanced systems with high stability and multiple properties for
nanomedicine.
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