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Abstract

This study reports biosynthesis of gold-nanoparticles (AuNPs) by using B-D-glucans isolated
from the yeast Yarrowia lypolitica D1. B-D-glucans serve as reducing and stabilizing mediators
that induce the formation of AuNPs on the outer surface of the own B-D-glucan. The systems
were physicochemically characterized by ultraviolet visible (UV-Vis) spectroscopy, high-
resolution transmission electron microscopy (HR-TEM), scanning electron microscope (SEM),
energy-dispersive X-ray spectroscopy (EDS), and dynamic light scattering (DLS) analyses. The
results revealed the generation of AuNPs with quasi-spherical shape or large one dimension (1D)
gold-nanostructures (AuNSs) depending on the HAuCl, concentration. A cytotoxic study was
assessed in mouse splenocytes. Contrary to that expected, important cytotoxicity was found in all
B-D-gluc+AuNPs systems by oxidative stress increase. This study discusses the cytotoxic
mechanism, suggesting that the resulting p-D-gluc+AuNPs systems may not be candidates for

the formulation of immunostimulants or nanocarriers for biomedical applications.
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1. Introduction

Recently, the use of gold nanoparticles (AuNPs) has risen exponentially in the biomedical
field [1]. Their uses have been suitable for applications in controlled drug and gene delivery [2],
cancer treatment [3], biomedical imaging [4], photothermal therapy [5], as immunostimulatory
agent [6], and many others [7,8]. Apart from all the positive aspects associated with their use, the
physicochemical and biological effects that trigger cytotoxicity remain as one of the major
research issues [9]. To date, several research studies have provided evidence that concentration,
particle size, shape, and surface charge of the AuNPs are the main factors that influence the
degree of cytotoxicity and bioaccumulation [10-13]. Once AuNPs enter into the body, they are
exposed to biological molecules and proteins that are easily adsorbed onto the nanoparticle
surface reducing its surface-free energy and leading to several cellular responses, including
oxidation stress, inflammatory processes, and cell apoptosis [14,15].

As a strategy to reduce cytotoxicity and environmental impact of the AuUNPs, its
production is gaining attention through green chemistry methods by using extracts of living
organisms [16,17]. One of them is biosynthesis with carbohydrates, such as B-D-glucans that
might be used as reducing and stabilizing agents with a promising approach for biomedical
applications [18-20]. B-D-glucans are a group of glucose polysaccharides found in plants, yeast,
fungi, and some bacteria, which consist of linear  (1—3)-linked backbones with B (1—6)-linked
side chains with different length and molecular weight, which usually form tertiary structures
stabilized by interchain hydrogen bonds [21]. This group possesses high biological activity and is
commonly used as stimulants of immune cells against cancer and pathogen infections [22].
Currently, the Food and Drug Administration (FDA) has approved several B-D-glucan-based
products with health and food applications [23]. Despite of these positive attributes, few reports

that describe the synthesis of AuNPs by using B-D-glucans (B-D-gluc+AuNPs) are available
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[24,25]. This process can be possibly due to the high amount of hydroxyl (-OH) groups exposed
on the B-D-glucan surface. This property can open a promising alternative to produce B-D-
gluc+tAuNPs composites with myriad applications in health and food manufacture [26—29].
Moreover, due to their nature and chemical composition, the B-D-gluc+AuNPs should be
nontoxic and safe composites; nonetheless, their biosafety has not been demonstrated, which is
critical because the combination of -D-glucan with therapeutic molecules has demonstrated, in
some cases, toxic effects in the mouse model [30,31]. Furthermore, yeast-derived B-D-glucans
have never been studied for AUNPs synthesis and their biological effects examined. In this sense,
this study reports biosynthesis, characterization and toxicological evaluation of B-D-gluc+AuNPs
composites, surprisingly, demonstrating the cytotoxic effect and radical oxygen production in
mouse leukocytes. This information establishes a precedent in this field, and together with
complementary toxicological and biological studies, it may contribute to considerations for the

development of new nanomedicines.

2. Materials and methods
2.1 General analysis of -D-glucan D1

Yarrowia lipolytica strain D1 was used in this experiment [32] and glucan extraction was
carried out according to Williams et al. [33]. The polysaccharide composition was measured by
nuclear magnetic resonance (NMR). B-D-glucan D1 molecular weight was determined by Size
Exclusion Chromatography - Multi Angle Light Scattering (SEC-MALS, Wyatt, Santa Barbara,
CA) with a guard column (Shodex OHPAK SB804 HQ + SB 803HQ in series, Shodex, Tokio,
JP). B-glucan Molecular Weight Standards (P-MWBGS, Megazyme Inc., Chicago, USA) from

650,000 g/mol to 35,600 g/mol were used to calibrate the method. The results were expressed in



a graphic form to be able to judge chromatography quality. The total carbohydrate content was
detected using an established protocol [32].
2.2. Preparation of p-D-glucan stock

In a 250-mL flat bottom flask, an aqueous- B-D-glucan stock was prepared dissolving 100
mg of isolated B-D-glucans in 100 mL of ultra-purified Mili-Q water. Then, the flask was
completely sealed, and the stock was heated in a temperature-controlled glycerin bath at 140 °C
for four hours to break the intra- and intermolecular hydrogen bonds that support the f-D-glucan
structure. A white-turbid solution was obtained in this reaction and immediately used in the next

experiments.

2.3. Green synthesis of p-D-glucan-gold nanoparticles (5-D-gluc+AuNPs)

The freshly prepared B-D-glucan solution, chloroauric acid (HAuCl,; 99.9%, Sigma Aldrich,
St. Louis, Mo, USA) and sterilized ultra-purified Mili-Q water were used throughout all the
process. In a typical synthesis, 17.85 mL of the freshly prepared p-D-glucan stock (1mg/mL)
were heated at 90 °C under vigorous stirring for 15 min; then, 2.16 mL of a HAuCl, solution
(2.94 mM) were added. The mixture was kept under stirring at 90 °C for three hours and finally
left to cool down naturally at room temperature. During reaction time, the solution turned to
violet color, indicating the reduction of Au** ions to AuNPs. Finally, the samples were washed
by centrifugation (4000 rpm, five min) removing the supernatant; the cleansing process was
repeated two times re-suspending the samples in sterilized ultra-purified Mili-Q water with an
ultrasonic bath and then storing at 4 °C until further experiments. Moreover, a set of -D-
gluc+AuNPs composites with a fixed concentration of 1mg/mL of 3-D-glucans but two different

gold contents were synthesized to analyze the influence on the particle morphology and its



toxicity. The samples were labeled as B-D-gluc+tAuNP10 and B-D-gluc+AuNP50, which

corresponded to gold loading of 10 and 50 nM, respectively.

2.4. Synthesis of gold nanoparticles (AuNPs) by Turkevich method

Citrate-stabilized AuNPs were prepared according to a modified Turkevich method [33].
Briefly, a 15-mL aqueous solution was warmed at 90 °C in a round bottom bottle. Then 2.16 mL
of a HAuCI, solution (2.94 mM) was added. The new solution was stirred for five minutes by a
magnetic bar and sealed with a rubber cap to prevent temperature gradients in the liquid. After
that, a 4-mL citrate solution (1 mM) was added, and the reaction was carried out for 60 min of
maturation time. During this time, the solution turned to light-violet color, indicating the
reduction of the Au®* ions to AuNPs. Finally, the solution was cooled naturally at room

temperature.

2.5.Characterization

Shape and size distribution were determined by transmission electron microscopy (TEM)
using a JEOL JEM-2100 operated at 200 kV. Also, the TEM was equipped with an energy-
dispersive X-ray spectroscopy (EDS) accessory (INCA 2000, Oxford Instrument, UK) for the
elemental and chemical analyses. The {-potential and hydrodynamic radius was determined by
dynamic light scattering using a Nano Zetasizer (Malvern Panalytical Ltd, Malvern, UK). The
sample preparation was performed by using the colloidal vibration method as reported previously

[34].

2.6. Leukocytes isolation and experimental design



Healthy six adult male Cd/1 mice (10-12 week-old, 30 = 5.0 g) were obtained from the
Biotherium of Centro de Investigaciones Biologicas del Noroeste (CIBNOR), La Paz, BCS,
Mexico. Murine spleen was obtained in accordance with the relevant guidelines and based on a
previously described methodology [35]. Splenocytes were adjusted to 1.2 x 10° cells mL™ with
RPMI-1640 (GIBCO, Thermo Scientific, Waltham, MA, USA) plus 10% fetal bovine serum
(GIBCO, Thermo Scientific, Waltham, MA, USA).

Eight hundred microliters of splenocytes (1.2 x 10° cells mL™) were dispensed into a 24-
well flat-bottomed plate (Nunc Thermo Scientific, Waltham, MA, USA). Next, splenocytes were
stimulated with 100 pL of B-D-glucans (200 pug mL™), B-D-gluc+AuNP10 (100 pg mL™*+10
nM), B-D-gluc+AuNP50 (100 pg mL™+50 nM), AuNP10 (10 nM), and AuNP50 (50 nM)
(obtaining a final concentration of leukocytes 1.0 x 10° cells mL™ per well). Splenocytes were
incubated at 37 °C (85% relative humidity 5% CO,) for 24 h. Medium without experimental
treatment was used as a control. Twenty four hours later, splenocytes were dispensed into 96-
well microtitre plates (Nunc Thermo Scientific, Waltham, MA, USA) or placed in 5-mL tubes
(Falcon, Becton Dickinson) for immunological or flow cytometry analysis. For gene expression,

splenocytes were prepared according to our previous report [21].

2.7. Cell viability

Cell viability was measured by resazurin assay in splenocytes (1.0 x 10° cell mL)
according to Riss et al. [36]. Splenocytes without any treatment and incubated with DMSO
(Sigma, St. Louis, MO, USA) and RPMI alone plus treatments were used as controls. Twenty-
four hours later, cells were marked with 10 pl resazurin solution (Sigma, St. Louis, MO, USA) at

37 °C (5% COy) for four hours.



Fluorescence intensity was detected at 590 nm excitation and 535 nm emission. Viability (%)
was estimated as follows:

% viability = A sample/A negative control x 100

2.8. Immunological parameters
Before using flow cytometry for phagocytosis activity and oxidative stress (DHR 123),
stimulated splenocytes were carefully filtered using a cell strainer with a mesh size of 40 mm

(BD Bioscience, NJ, USA).

2.8.1. Phagocytic assay in immunostimulated splenocytes
The phagocytosis of splenocytes stimulated with B-D-glucans, AuNP10, AuNP50, B-D-
gluc+AuNP10 and B-D-gluc+AuNP50 were studied using labeling Saccharomyces cerevisiae

with fluorescein isothiocyanate (FITC) by flow cytometry at 24 h [35,37].

2.8.2. Respiratory burst activity

Reactive oxygen species activity was analyzed in immunostimulated splenocytes using
dichlorofluorescein diacetate (DCF-DA) (Molecular Probes, Sigma, St. Louis, MO, USA) [38].
Briefly, splenocytes were incubated DCF-DA (16 uM) and re-suspended in RPMI for 30 min.

Fluorescence was detected at 485 nm (excitation) and 520 nm (emission).

2.8.3. Nitric oxide (NO) production
Nitric oxide production was measured using Griess reagent (Sigma, St. Louis, MO, USA)
[39]. One hundred of splenocytes (1.0 x 10° cell mL) was conjugated in one hundred of Griess

solution and incubated at 25 °C in the dark for 15 min. Absorbance was read at 540 nm.



2.8.4. Peroxidase activity

Total peroxidase (PO) activity in splenocytes was assayed following the methodology of
Quade and Roth [40]. Twenty microliters of splenocytes were incubated with 100 pL of 3,3",5,
5 -tetramethylbenzidine hydrochloride (TMB, Genei Laboratories Pvt Ltd, Bangalore, India) (20
mM) and 10 pL of H,0, (5 mM). The color change reaction (blue) was stopped with 50 pL of 4

M sulfuric acid (H,SO,) and read at 450 nm.

2.9. Antioxidant enzymes
2.9.1. Superoxide dismutase activity (SOD)

SOD activity was measured in splenocytes following the manufacturer’s instructions and
using a commercial kit of SOD (Cat. 19160, Sigma, St. Louis, MO, USA). The absorbance was

determined at 440 nm.

2.9.2. Catalase activity (CAT)

Catalase activity was assayed according to Greenwald [41]. Briefly, fifty microliters of
splenocytes were incubated with 25 pL assay buffer (100 mM potassium phosphate buffer, pH
7), 50 pL methanol (Sigma) and 5 puL hydrogen peroxide (Applichem, 30%) under continuous
shaking at room temperature for 20 min. Then, 25 pL potassium hydroxide (10 M; Applichem,
Chicago, USA) and 50 pL Purpald (46 mM in 0.5 M HCI; Sigma, St. Louis, MO, USA) were
added and incubated at the same conditions. Finally, 25 pL potassium periodate (192 mM in

0.5 M potassium hydroxide) was added and incubated for five minutes and read at 540 nm.

2.10. Gene transcriptional analysis

2.10.1. Cytokines



The expression of cytokine genes (Table 1) in immunostimulated splenocytes was
quantified using Real-Time PCR. The relative expression was calculated by the 2"°°T method,
and gene transcription was calculated based on the expression of the elongation factor 1-alpha
gene [42].

2.11. Scanning electron microscopy (SEM)

One milliliter of splenocytes stimulated with different treatments were collected at 24 h
by centrifugation (1500 rpm, 4 °C, five min), the pellet was recovered and suspended in 100 pL
of 2.5% glutaraldehyde in phosphate buffer saline (PBS, pH 7.4) at room temperature for 30 min.
After rinsing, splenocytes were fixed in Os04 (1% in PBS, 40C, 12 h) and rinsed twice.
Splenocytes were dehydrated in a gradient acetone concentration (30% 50% 75% 90%, three
times 100%). After dehydration, the resulting mixture was transferred to coverslips and left to
dry at 25 °C for 24 h. Coverslips were mounted on aluminum stubs and examined in a scanning

electron microscope Hitachi, S300N (Hitachi High-Technologies Co., Fukuoka, JP).

2.12. Statistical analysis
SPSS v.19.0 software (SPSS, Richmond, VA, USA) was used and one-way analysis of
variance (ANOVA) and Tukey’s multiple range test were performed to determine differences

between treatments (p < 0.05).

3. Results
3.1. General analysis of f-D-glucan D1

The results of molecular weight and NMR analysis of B-D-glucans D1 are shown in Fig.
1, which displays that B-D-glucan D1 had a defining peak of 952 kDa (the mean of molecular
weight of the distribution comprising the individual weight of every fraction). The ‘H-13°
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analysis confirmed the glycosidic arrangement and branch of the B-D-glucan (Fig 1b). Fig. 1b
shows the typical signal characteristics of a f-D-glucan. The expanded spectral region from 4.29
- 453 ppm exhibits resonances with several inflection points for the anomeric proton, implying a
(1/3)-B-D-glucan and demonstrating the existence of B-D-glucans obtained from Y. lipolytica.
The goal of this study was to provide these insights of the polysaccharide structure using NMR;
additionally, the examination showed that f-D-glucan D1 was found linear. The f-D-glucan D1
had 92% and 94% of purity for one and four hours, respectively, using the method of phenol-

sulfuric acid.

3.2. Characterization of p-D-gluc+AuNPs
3.2.1. Optical and morphological characterization of f-D-glucans and f-D-gluc+AuNPs systems
The optical absorptions of f-D-glucans D1, AuNPs and B-D-gluc+AuNPs (see Fig. 2)
consist of absorption in the visible region due to B-D-glucans with a main peak from 450 to 620
nm attributed to the surface plasmon resonance (SPR) derived from AuNPs, corresponding to
pink and violet colors of each sample (see inset Fig 2). The AuNPs has a SPR strongly associated
with the nanoparticle size, shape, and environment. In this sense, the most defined peak
corresponded to AuNPs reduced by citrate. These particles were synthesized by the Turkevic
method that has demonstrated to produce stable and homogeneous AuNPs [33]. The peak was
centered at 542 nm and indicated the generation of quasi-spherical shape and small size
distribution (29.6 £ 3.5 nm) of AuNPs as confirmed by the TEM image of Fig 3b and Sla,
respectively. Likewise, the SPR corresponding to B-D-gluc+AuNPs systems showed important
changes in their peak width, intensity and position. The most notable changes were observed for
the sample B-D-gluc+AuNP10 that showed a broader SPR peak with a reduced intensity,

denoting a wide NP size distribution with a variety of shapes and obviously a lower gold

11



concentration. These characteristics were confirmed by TEM images (see Fig. 3c), which
showed AuNPs synthesized on the wall of the 1D hollow cavity of the B-D-glucan helical strands
with a diameter of 45.8 £ 4.3 nm size and large 1D gold nanostructures (AuNSs) with lengths
ranging from 200 to 1000 nm as shown in Fig. 3c and S1b, respectively. Additionally, the EDS
mapping analysis in Fig. S2a confirmed the metallic gold composition of these 1D AuNSs,
suggesting the reduction of the Au®" ions to metallic nanostructures as a possible formation
mechanism by the OH  radicals exposed on the wall of the f-D-glucans, which will be discussed
in the next section.

A rise in the concentration of HAuCIl, during synthesis produces individual and well-
dispersed AuNPs on the outer wall of B-D-glucans. It was confirmed in the B-D-gluc+AuNP50
sample that showed the SPR peak centered at 533 nm (Fig. 2), which corresponded to well
dispersed AuNPs with quasi-spherical shape and 18.6 + 5.5 nm in size distribution as
demonstrated in the TEM image of Fig. 3d and S1c, respectively. Additionally, the EDS analysis

of Fig. S2b confirmed the metallic nature of the AuNPs free of impurities.

3.2.2. Surface charge and hydrodynamic radius by Dynamic Light Scattering

Table 11 shows z- potential (ZP) by dynamic light scattering (DLS) measurements of all
samples that revealed an interesting behavior in surface charge of B-D-glucans and B-D-
gluc+AuNPs. As expected, the AuNPs reduced by citrate showed a negative ZP induced by the
citrate ions anchored on the NP surface. Likewise, due to the large amount of OH groups
forming the wall of some polysacchacarides, such as B-D-glucans, a cationic behavior was
observed in all samples with the presence of B-D-glucans. The most positive value was recorded
for water soluble B-D-glucans followed by B-D-gluc+AuNP10 that contained the lowest amount

of gold (10 nM) and formed the 1D AuNSs. The B-D-gluc+AuNP50 (50 nM) showed a ZP of -
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1.01 + 0.2 mV when compared with the p-D-gluc+AuNP10 system; a change was observed on
the particle surface, which indicated a decrease in the OH groups due to the reduction of Au(lll)
ions during formation of well-dispersed quasi-spherical gold nanoparticles on the outer wall of 3-
D-glucans. The hydrodynamic radius for all systems was also determined by DLS and
summarized in Table II, which confirmed the narrow size distribution of the AuNPs reduced by
citrate and the large structures in the micrometer range for the -D-glucans and B-D-gluc+AuNPs
systems.
3.2.3. Formation mechanism of f-D-gluc+AuNPs systems

According to the foregoing results, the following mechanism for the formation of the
AUNPs and the AuNSs on the wall of B-D-glucans was proposed; as a first step, the Au(OH);
ions solubilized in the aqueous solution at boiling point were attracted on the walls of B-D-
glucans by electrostatic interactions due to the cationic nature of this polysaccharide. Temperate
and reactivity nature of the OH groups used as electron source started the redox reactions to form
the gold nuclei at the beginning of the reaction followed by a constant attraction, reducing the
Au(I1l) ions to generate the AuNPs [25]. In the case of the ID AuNSs, during the nucleus stage,
the ratio between OH groups and Au(lll) ions was so large that it must have induced an
increasing amount of gold nuclei on the wall of B-D-glucans. Also, the remnant Au(lll) ions
adsorbed on the nuclei and the wall of B-D-glucan promoted the van der Waals attractive
interactions between the nuclei until they collapsed and reached a self-assemblage in the 1D

AUNSs.

3.3. In vitro experiment using splenocytes

3.3.1. Viability
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The viability of splenocytes was higher 80% after stimulation with g-D-glucans, AUNP10
and AuNP50 treatments (Fig. 4). By contrast, the combination of f-D-gluc+AuNP10 and B-D-
gluc+AuNP50 dramatically reduced the viability of splenocytes (< 45%) causing cytotoxicity of

splenocytes. The DMSO positive control of cytotoxicity reduced the cell viability to 10%.

3.3.2. Immunological and antioxidant responses

Splenocytes stimulated with AuNP10 and AuNP50 significantly increased phagocytic
ability (non-stimulated leukocytes) (Fig. 5a) followed by B-D-glucans or the control group. In
contrast, the combination of B-D-gluc+AuNP10 or B-D-gluc+AuNP50 decreased phagocytic
activity in the stimulated splenocytes.

Splenocytes exposed to B-D-gluc+AuNP10 or B-D-gluc+AuNP50 produced an increase
in ROS production measured by the emitted fluorescence of DCFH-DA (Fig. 5b), which was
associated with the phagocytosis activity.

In this study, nitric oxide production increased (P < 0.05) in splenocytes incubated with
B-D-glucans, B-D-gluc+AuNP10 or B-D-gluc+AuNP50 respect to control splenocytes (Fig.6a).

Interestingly, a lower (P < 0.05) peroxidase activity could be observed after stimulation
with any treatments in comparison with the control group (Fig 6b).

Regarding antioxidant enzymes, superoxide dismutase activity was similar among
treatments and the control group (Fig.7a). However, with respect to the control cells, catalase
activity significantly augmented in splenocytes incubated with p-D-glucans, B-D-gluc+AuNP10

or B-D-gluc+AuNP50 treatments at 24 h (Fig. 7b).

3.3.3. Cytokine gene expression levels
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Figure 8 describes immune related-gene expression of splenocytes following incubation
with B-D-glucans, p-D-gluc+AuNP10 or B-D-gluc+AuNP50 for 24 h. Firstly, dectin-1 gene up-
regulated after B-D-glucan stimulation followed by B-D-gluc+AuNP10 and B-D-gluc+AuNP50
with respect to the control group or AuNPs treatments. The NF-xf, IL-1B, and TNF-a gene
transcription levels significantly increased in splenocytes incubated with B-D-glucans treatment

followed by B-D-gluc+AuNP10.

3.3.4. Splenocytes interaction with g-D-glucans, f-D-gluc+AuNP10-50 and AuNP10-50 by SEM

After 24 h, splenocytes exposed to different treatments were analyzed by SEM (Fig. 9).
The ultrastructural features revealed the interaction of B-D-glucans, B-D-gluc+AuNP10-50 and
AUNP10-50 with mouse splenocytes. Control cells without particles were normal (Fig. 9a).
Apparently, B-D-glucans, AuNP10 and AuNP50 treatments did not modify cellular uptake (Fig.
9ce). Interestingly, splenocytes exposed to combined treatments (e.g. B-D-gluc+AuNP10 or 3-D-
gluc+tAuNP50) showed distinguishable characteristics of apoptosis, such as holes, separated

apoptotic bodies and morphological alteration in a larger proportion of cells (Fig. 9de).

4. Discussion

Macromolecule-stabilized nanoparticles are particularly interesting due to their excellent
biocompatibility and potential biological activities. Among the most used nanoparticles, AUNPs
have been extensively used in a wide variety of technological applications, such as catalysis,
organic photovoltaics, electronic design, water and environmental remediation, sensory probes,
and drug delivery [7]. The most common synthesis of AuNPs is a redox reaction of Au(lIl) ions
by citrate; however, in the increasing search for developing smart or advanced materials, several
coatings have been tested to stabilize the AuNPs surface and reduce the agglomerates and
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aggregates [43]. The aggregation of the AuNPs can be avoided by modifying their surface with
biocompatible ligands and/or polymers, which are anchored on the NPs surface by chemical or
physical adsorption [29]. These surface changes can also improve hydrophilicity, and in some
cases, direct the AuNPs to specific cells. Recently, some reports have shown that the use of
delivery vehicles, such as chitosan, alginate, and among other carriers, could enhance the activity
of immunostimulants [44]. In this sense, B-D-glucan with high immunostimulant properties may
open a new field in the development of delivery vehicles [31]. This study used B-D-glucans
isolated from the yeast Yarrowia lipolytica D1, proving their capacity to reduce Au(lll) ions to
metallic nanoparticles and assessing their biological interaction in mouse spleen leukocytes. B-D-
glucan D1 characterization showed the typical signal of a 3-D-glucan: glycosidic configuration
and linkage by NMR, low molecular weight and purity [45]. Studies have suggested that
immunomodulatory properties of B-D-glucans are associated with molecular weight. B-D-
glucans with high molecular weight increase the production of proinflammatory cytokines while
those with low molecular weight activate leukocytes via nuclear transcription factors [46].
Fungal-derived B-D-glucan showed that Dectin-1 mediated the production of the pro-
inflammatory TNF-a gene in response to zymosan [49]. Additionally, this study proved that the
chemical arrangement of the OH groups in this B-D-glucan have the capacity to produce 1D
AUNSs. In literature, two reports have shown the ability of B-D-(1-3)-glucans derived from
Curdlan [47] and Lentinus edodes [25] to produce 1D AuNSs. These B-D-glucans are very
promising candidates to produce 1D nanostructures in biomedical and technological fields as
immunostimulants. Once all systems (B-D-glucans, AuNPs, and pB-D-gluc+AuNPs) were
characterized, their possible application in nanomedicine was assessed using mouse splenocytes.
Biosecurity and control of nanoparticles and macromolecules, such as B-D-glucans, are essential

for the effective utilization of those resources before their application in an in vivo experiment in

16



biomedicine. The AuNPs or B-D-glucan tested in this study did not induce cell death; however,
high toxicity was observed when they were combined, principally in splenocytes exposed to g-D-
gluc+AuNP50 treatment. Gold nanoparticles are usually safe and several toxicity studies have
evaluated that their LD50 is safe enough up to 1 mg/mL [48]. B-D-glucans have demonstrated an
important immunostimulant effect protecting the immune system from bacterial, parasitic and
viral infection [49]. In this study, p-D-glucan functionalized with gold nanoparticles showed
concentration-dependent cytotoxicity. Contrary to our study, Pooja et al. [50] experimented with
A549 human lung cancer cells exposed to blank xanthan stabilized gold nanoparticles and
observed they were non-toxic and biocompatible at any test concentration. The chemical
characteristics of gold nanoparticles, such as size, solubility and surface modification have been
well studied. Scott and collaborators [51] studied the phagocytosis of gold nanoparticles and
concluded that it is size dependent where the kinetics and saturation of endocytosed
nanoparticles depend upon the physical dimensions [52] for example, gold nanoparticles where
minimal sizes (< 2 nm) cause cytotoxicity within 12 h and nanoparticles > 15 nm in size are
nontoxic. In this study, gold nanoparticles alone had 30 nm in size, and conjugated with B-D-
glucan, they had about 45 nm in size; therefore, the size of the nano-complexes used should not
cause cytotoxicity. Hauck et al. [53] evaluated the size and shape of nanoparticles and observed
that these characteristics affect its uptake and removal by cells. For example, for hyperthermia-
based cancer therapy the gold nanorods are promising candidates [54,55]. Curiously, in the
experiment performed in this study, gold nanoparticles changed their sphered form to large 1D
structures similar to nanorods when they were combined with B-D-glucan. In vitro studies with
human cancer cell line exposed to gold nanorods showed more cytotoxicity than gold
nanospheres [56,57]. This mortality might be shape-dependent; however, the exact mechanism

and role of glucan present on gold nanoparticle require further exhaustive assessment. In
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addition, other studies had no detect effects of NPs on the viability and morphological integrity
of cells [58,59] as we have noticed in leukocytes exposed to AuNPs or B-D-glucan, which
accounts for their biocompatibility.

Zeljka Krpeti¢ et al. [60] demonstrated that gold particles are phagocytized by leukocytes
via endocytosis. In this study, the phagocytosis assay was analyzed by flow cytometry and ROS
production by DCF-DA. The phagocytosis activity was enhanced in splenocytes stimulated with
AUNP10 or AuNP50 treatments and decreased significantly in splenocytes stimulated with the
conjugate B-D-gluc+AuNP10 or B-D-gluc+AuNP50 compared with the control group; however
these nano-complexes (B-D-gluc+AuNP10 or 50) increased the ROS production in a dose-
dependent manner. This ROS generation could be reflected like a toxic damage [48]. In this
manner, the cellular death observed in these complexes could be attributed to an increase in ROS
production. Likewise, nitric oxide production and catalase activity were enhanced in these p-D-
glucan+NPs treatments as in the B-D-glucan alone treatment. Nonetheless, these increases in
splenocytes stimulated with B-D-glucan might be a positive immunostimulant response, and in
those splenocytes treated with B-D-gluc+AuNPs, it could be a response caused by oxidative
injury related to the cytotoxicity observed in the Resazurin assay. Nitric oxide is an important
antimicrobial agent against bacterial or viral pathogens [61]. The term antioxidant refers to the
chemical material that prevents the use of oxygen. Catalase enzyme is an agent that acts against
the harmful effects of free radicals, such as hydrogen peroxide. Barath Manikanth et al. [62]
evaluated the antioxidant function of gold nanoparticles and observed the inhibition of reactive
oxygen species and scavenging free radicals. In this study, the increase in catalase activity after
B-D-gluc+AuNPs (10 or 50 nM) treatments in splenocytes could be due to an increase in
hydrogen peroxide in response to stress conditions. B-D-glucan may stimulate several pro-

inflammatory cytokines and nitric oxide production by macrophages [63]. In the results of this
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study, IL-1B and TNF-o, mRNA gene expression could be highly up-regulated after -D-glucan
stimulation in splenocytes and down-regulated in B-D-gluc+tAuNP50 and AuNP10 or 50
treatments. Likewise, Shukla et al. [64] showed that bare gold nanoparticles are biocompatible,
noncytotoxic and nonimmunogenic and do not generate reactive oxygen species production, and
the cytokines, such as TNF-a and IL-1p, are down-regulated.

This study also evaluated the gene expression of dectin-1 and NF-xf gene expression
after stimuli with p-D-glucans, B-D-gluc+AuNP10-50 and AuNP10-50, where an important
dectin-1 up-regulation was found after B-D-glucans treatment, including p-D-gluc+AuNP10-50.
In general, an increase of dectin-1 transcription in splenocytes exposed to B-D-glucans
treatments was expected because dectin-1 is the primary receptor on leukocytes that recognizes
B-D-glucans inducing pro-inflammatory cytokines and transcription factors [65], as it was
observed in this study after stimulation with p-D-glucans.

Finally, this study observed by SEM analysis that p-D-glucans or AuNP10-50 did not
cause cellular toxicity. Unfortunately, conjugate p-D-gluc+AuNP10-50 treatments showed an
interesting cytotoxicity generating a response to oxidative stress. Remaining questions arise to

know the mechanism involved in the observed cytotoxicity that merit more studies.

Conclusion

The results of this study showed that AuNPs coupled with B-D-glucan caused an important
cytotoxicity by an increase in oxidative stress while p-D-glucan or AuNPs alone did not. B-D-
glucan alone could directly activate mouse spleen leukocytes, increasing their viability and
antioxidant enzyme activities. In contrast, this study suggests that AuNPs coupled with B-D-

glucan nanoparticle is not a candidate with possible uses in biomedical application.
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Figure legends

Figure 1. (a) Molecular weight of B-D-glucan D1 measured by size exclusion chromatography -

multi angle light scattering (SEC-MALS); (b) 1H Nuclear magnetic resonance (NMR) spectrum

of D1. The Proton NMR spectra of the carbohydrate region of water insoluble particulate B-D-

glucan in a mixed solvent (DMSO-d6) at 80 °C.

Figure 2. Ultraviolet visible (UV-Vis) absorption spectra of the aqueous solutions of (a) AuNPs

(50 nM) reduced by citrate; (b) p-D-glucans (1 mg/mL); (c) B-D-gluc+AuNP10; and (d) B-D-

gluc+AuNP50. The inset image is a photo of the corresponding mixture.
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Figure 3. Micrographs of AuNPs and B-D-glucans by transmission electron microscopy. (a) p-D-
glucans solubilized in water (1 mg/mL); (b) AuNPs (50nM) reduced by citrate at 90 °C; (c) B-D-
gluc+AuNP10 system that contains AuNPs (10nM) reduced by B-D-glucans (1 mg/mL) at 90 °C;
(d) B-D-gluc+AuNP50 system that contains AuUNPs (50nM) reduced by B-D-glucans (1 mg/mL)
at 90 °C. The inset images are a magnification of the AuNPs reduced on the outer surface of -

D-glucans.

Figure 4. Effect of B-D-glucans, p-D-gluc+AuNP10, B-D-gluc+AuNP50, AuNP10, and AuNP50
at 24 h on the viability of splenocytes. Viability was assessed at the end of 24 h by measuring
resazurin fluorescence. Data are shown as mean + SD; statistical differences (P < 0.05) were

calculated, and different letters in the block denote significant difference.

Figure 5. (a) Phagocytic ability and (b) reactive oxygen species (ROS) production by DHR123 of
splenocytes stimulated with 3-D-glucans, -D-gluc+AuNP10, B-D-gluc+AuNP50, AuNP10, and
AuUNP50 at 24 h. Data are shown as mean = SD; statistical differences (P < 0.05) were

calculated, and different letters in the block denote significant difference.

Figure 6. (a) Nitric oxide production and (b) peroxidase activity of splenocytes stimulated with
B-D-glucans, B-D-gluc+AuNP10, p-D-gluc+AuNP50, AuNP10, and AuNP50 at 24 h. Data are
shown as mean + SD; statistical differences (P < 0.05) were calculated, and different letters in

the block denote significant difference.

Figure 7. (a) Superoxide dismutase and (b) catalase activities of splenocytes stimulated with B-D-
glucans, B-D-gluc+AuNP10, B-D-gluc+AuNP50, AuNP10, AuNP50 at 24 h. Data are shown as
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mean * SD; statistical differences (P < 0.05) were calculated, and different letters in the block

denote significant difference.

Figure 8. Quantitative reverse transcription polymerase chain reaction (RT-qPCR) of cell
mediated immune marker genes in splenocytes of stimulated mice after 24 h. The mRNA level of
each gene was normalized to that of B-actin. Mean and SD (of 6 pools). Data are shown as mean
+ S.D. fold increase relative to control. Different letters denote significant difference between

treated groups (P < 0.05).

Figure 9. Representative scanning electron microscopy (SEM) images of interaction between
spleen leukocytes and B-D-glucan, AuNP10 and AuNP50 after 24 h of exposure; (a) spleen
leukocytes, (b) leukocytes + B-D-glucan, (c) leukocytes + AuNP10, (d) leukocytes + B-D-glucan
+ AUNP10, (e) leukocytes + AUNP50, (f) leukocytes + -D-glucan + AuNP50. L: Leukocytes. G:
B-D-glucan. Blue arrow: AuNP10. Red arrow: AuNP50. Yellow arrow: Apoptosis. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Tables
Table 1. Sequences of the primers used in this study analyzing the effect of AuNPs, 3-D-glucans,

and p-D-gluc+AuNPs in mouse leukocytes.

Table Il. Dynamic light scattering (DLS) measurements that show pH, (-potential and
hydrodynamic radius of AuNPs, B-D-glucans, and B-D-gluc+AuNPs systems.
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Tables

Table I. Sequences of the primers used in this study

Gen Abbreviation  Length of Accesion No. Primer sequences (5°-3°)
product

Dectin-1 Dectin-1 192 NM_001309637.1 GACTTCAGCACTCAAGACATCC
CCCATGCATGATCCAATTAG

Nuclear factor kappa-light-chain- NF-xf 190 NM_008689.2 CTATGACCTGGACGACTCTTG

enhancer of activated B cells CCTCGTGTCTTCTGTCAGC

Interleukin-1B IL-1B 182 NM_008361.4 GCAGGCAGTATCACTCATTG
GTCTAATGGGAACGTCACAC

Tumor Necrosis Factor-a TNF-a 156 NM_013693.3 ACAGAAAGCATGATCCGC

CCCGAAGTTCAGTAGACAGAAG
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Table 1. DLS measurements that shows the pH, (-potential and hydrodynamic radius of AuNPs,
B-D-glucans, and B-D-gluc+AuNps systems.

System pH ¢-potential (mV) Hydrodynamic radius

(nm)
AUNps 4 -24.06 + 3.2 25.61+0.6
B-D-glucan 5 447+ 0.6 4247.66 + 509.76
B-D-gluc+AuNpl0 5 6.75+x14 5820.00 + 348.31
B-D-gluc+AuNp50 5 -1.01+0.2 5192.66 + 341.08
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Highlights

» This work reports a novel methodology to produce metallic nanoparticles or 1D
nanostructures by using f-D-glucans isolated from a yeast Yarrowia lypolitica D1.

» [B-D-gluc+tAuNP10 and B-D-gluc+AuNP50 caused an important cytotoxicity in mice
spleen leukocytes, while bare B-D-glucan or AuNPs alone, did not.

» The pB-D-gluc+AuNPs systems may not be candidates for the formulation of
immunostimulants or nanocarriers for biomedical applications.
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