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Over the last years, there has been an increasing trend towards the use of environmentally friendly processes to
synthesize nanomaterials. In the case of nanomedicine, the use of bionanofactories with associated biological
properties, such as seaweed, has emerged as a promising field of work due to the possibility they open for both

:ugf; the preservation of those properties in the nanomaterials synthesized and/or the reduction of their toxicity. In
ancer the present study, gold (Au@SP) and silver (Ag@SP) nanoparticles were synthesized using an aqueous extract of
Antiproliferative activity Saccorhiza polyschides (SP). Several techniques showed that the nanoparticles formed were spherical and stable,
Immunotherapy with mean diameters of 14 + 2 nm for Au@SP and 15 + 3 nm for Ag@SP. The composition of the biomolecules in

ROS the extract and the nanoparticles were also analyzed. The analyses performed indicate that the extract acts as a
protective medium, with the particles embedded in it preventing aggregation and coalescence. Au@SP and
Ag@SP showed superior immunostimulant and antiproliferative activity on immune and tumor cells, respec-
tively, to that of the SP extract. Moreover, the nanoparticles were able to modulate the release of reactive oxygen
species depending on the concentration. Hence, both nanoparticles have a significant therapeutic potential for
the treatment of cancer or in immunostimulant therapy.

1. Introduction

In recent decades, the use of nanomaterials, especially metal nano-
particles, has attracted considerable attention due to their electronic and
chemical properties, as well as their application in a large number of
fields, including nanomedicine [1]. Some examples that illustrate their
numerous applications are the antimicrobial activity of silver nano-
particles (AgNPs) [2,3] or the use of gold nanoparticles (AuNPs) in
imaging, therapy and nanotheragnosis [4-8].

The development of nanomaterials is closely related to the study of
new methods of synthesis. Among them, the so-called green methods,
which enable the production of nanomaterials in an eco-friendly and
cost-effective manner, occupy a prominent place. Besides,
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nanomaterials synthesized using green methods can preserve and even
improve the therapeutic properties provided by the organisms employed
in their synthesis, such as plants, bacteria or algae [9-16]. These or-
ganisms possess natural compounds, such as polysaccharides, poly-
phenols, pigments or proteins, with relevant antioxidant, anti-
inflammatory or antibacterial activity, among other biological
properties.

In recent years we have been working with seaweed to obtain
different AuNPs and AgNPs with the aim of evaluating their antitumor or
immunostimulant activity [17-19].

For the present work, the brown macroalga Saccorhiza polyschides
(SP) was selected for the synthesis of gold (Au@SP) and silver (Ag@SP)
NPs to test their potential immunostimulant activity. SP is a large kelp-
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like macroalgae, with an abundant presence in the lower littoral zone of
the North East Atlantic coast, where it colonizes hard substrata in the
sublittoral. SP is an annual species with an extremely fast growth rate
during spring and summer, which accounts for its high bioavailability.
Currently, it is mainly used as a source of alginic acid [20]. However,
extracts of SP have recently been studied due to their hypoglycemic,
antiplasmodial, antiinflamatory and cytotoxic features [21-23].

Some of the biological activities of brown seaweed are due to the
presence of fucoidans, which are sulphated polysaccharides abundant in
this type of seaweed that have been claimed to have antitumor and
immunostimulant properties, among other biological effects [24-28].
For instance, it has been demonstrated that fucoidans can interact with
cells of the immune system, such as natural killer cells (NK) or dendritic
cells (DCs), and promote an innate or adaptive immune response against
tumor cells [29,30]. These cells usually create an immunosuppressive
environment in the tumor microenvironment to evade immune response
[31-33]. The reactivation of the immune system can help to detect
tumor cells and eliminate them. Moreover, the combination with
chemotherapy increases the efficiency of immunotherapy and the pos-
sibility to eradicate the cancer [34,35].

The activation of the immune system against tumor cells is induced
by the recognition of aberrant proteins or molecules by innate immune
cells, mainly DCs [36]. These cells can internalize and process those
molecules and present some antigenic peptides, through specific re-
ceptors on the surface (the major histocompatibility complex, MHC), to
the naive T cells that will produce an adaptive immune response against
the antigen that is present in the aberrant molecule. Depending on the
stimulus, these naive T helper (Th) cells can be differentiated into Th1
cells, which will promote a cellular immune response mediated by
cytotoxic T lymphocytes (Tc), or Th2 cells, which will interact with B
lymphocytes and promote a humoral response based on the production
of specific antibodies [37]. Finally, the Tc and antibodies will recognize
those antigenic molecules on the surface of the tumor cells and kill them
or attract other effector cells to destroy them. In a cancer therapeutic
vaccine, a Th1l immune response is usually more efficient and the use of
adjuvants that promote this type of immune response is desirable
[36,38]. For that reason, the search for new and biocompatible adju-
vants and the use of nanomaterials as antigen and adjuvant carriers is an
area of growing interest [39].

Apart from fucoidans, other seaweed components, such as phenolic
compounds, have also shown interesting biological properties, e.g.
antitumor and antioxidant activity [40,41].

In this study, the effect on cell viability of SP aqueous extract and the
NPs synthesized was tested on a human pulmonary epithelial and a
promyelocytic cell line. Also, the potential activation of some proteins
and cells of the immune system and the capacity to stimulate a Thl
immune response was explored for the SP extract, Au@SP and Ag@SP in
vitro to characterize the potential immunostimulant effect that, in
combination with the antiproliferative activity, could be useful in an
antitumor therapy.

2. Experimental section or materials and methodology
2.1. Preparation and characterization of SP extract, Au@SP and Ag@SP

The protocols used for the preparation of SP extract, Au@SP and
Ag@SP are based on the ones we have previously reported for other
macroalgae with some modifications [17-19]. All this information is
shown in detail in the Supplementary Section, along with the charac-
terization techniques employed.

2.2. Invitro antioxidant activity
The reducing power, total phenolic content (TPC) and the 2,2

Diphenyl 1 picrylhydrazyl (DPPH) radical scavenging activity of SP
extract, Au@SP and Ag@SP were measured employing our methods,
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previously described [19,42].
2.3. Cell lines

The human cell lines A549 (lung epithelial cells) and HL-60 (pro-
myeloblast cells) were provided by the American Type Culture Collec-
tion (ATCC). The culture medium was RPMI 1640 supplemented with
10% of fetal bovine serum and 2% of antibiotic (penicillin/
streptomycin).

2.4. Cell viability assay

Cell viability was determined by an impedance-based assay using the
xCelligence Real Time Cell Analysis Instrument (Acea Biosciences, Inc.).
Changes in cell viability were measured in real time for the A549 cell
line by recording variations in the impedance (cell index) induced by
cell attachment or detachment.

A549 cells were seeded at a density of 1 x 10* cells/well on a
xCelligence plate and allowed to attach and rest for 24 h before the
samples were added. The SP extract, Au@SP and Ag@SP were tested at
100 mg/mL, 40 upM [Au] and 16 pM [Ag], respectively. Moreover, four
serial dilutions of each sample were also added in order to calculate the
IC50. After the addition of the samples, the cells were incubated for
another 48 h. Cells in culture medium alone were used as reference.
Moreover, to discard any interference of the treatments with the
method, samples in culture medium and culture medium alone were also
monitored. The cell index was normalized to the untreated cells.

2.5. Reactive oxygen species (ROS) release

ROS production induced by the treatments was determined on HL-60
cells as described before [18]. The concentrations tested were 100 and 2
mg/mL for SP extract, 40 and 1 pM [Au] for the Au@SP, 16 and 1 uM
[Ag] for the Ag@SP.

2.6. Cytokine release

The potential release of cytokines from immune cells incubated with
SP extract, Au@SP and Ag@SP was tested on human peripheral blood
mononuclear human cells (hPBMCs), as already described [18]. The
cytokines measured were granulocyte-macrophage colony-stimulating
factor (GM-CSF), interferon gamma (INF-y), interleukin 10 (IL-10),
interleukin 6 (IL-6) and tumor necrosis factor (TNF-o).

2.7. Statistical analysis

A Shapiro-Wilk test was conducted to determine the normal distri-
bution of the samples. Depending on the normality and the number of
samples, a one-way analysis of variance (either an ANOVA or a Kruskal-
Wallis test), followed by a Tukey’s or Dunn’s test or a comparison be-
tween two means (T-student or a Mann Whitney test), was conducted to
ascertain significant differences using GraphPad Prism 8 software. Each
experiment was performed at least three times (n > 3) and the results
were represented as mean + standard deviation (SD). In the graphs,
results are indicated as: no significant (ns) P > 0.05, * P < 0.05, ** P <
0.01, *** P < 0.001, **** P < 0.0001.

3. Results and discussion

3.1. Synthesis and UV-visible characterization of gold and silver
nanoparticles

SP extract was used in the reduction of Au(III) and Ag(I) to Au(0) and
Ag(0), respectively. To achieve a narrow size distribution, the optimal
reaction conditions were established after several trials using different
experimental conditions each time, modifying parameters such as
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seaweed extract concentration, metal concentration, temperature, and
time.

Regarding the synthesis of Au@SP, a change in color, from pale
yellow to red, was observed after 24 h of reaction at room temperature.
UV-Vis spectra analysis (Fig. 1A) showed the presence of the Surface
Plasmon Resonance (SPR) band with Apax at 534 nm. When using higher
concentrations of HAuCl4, the NPs aggregated and precipitated.

In order to thoroughly analyze the reaction process, absorbance
measurements at the maximum of absorbance wavelength were recor-
ded every 10 s. Changes in the Ay, absorbance vs. time are represented
in Fig. 1B. The reaction might be divided into three stages. The first
stage, between 0 and 30 min, corresponds to the activation process.
Next, an increase in absorbance appeared between 0.5 and 2 h, which
corresponds to the change in color observed and the time when the
nucleation process might take place. After that, it could be observed that
the reaction slowed down, but the stabilizing process did not occur. The
measurements were stopped after 8 h.

Regarding the synthesis of Ag@SP, different assays at room tem-
perature were performed, but color change or UV-Vis spectroscopic
bands were not observed even after 3 days of reaction. When heating, a
change in color was observed after 30 min and a narrow SPR band was
observed in the UV-Vis analysis. A good size distribution was obtained,
as evidenced by TEM characterization. In Fig. 1A, the UV-Vis spectrum
of Ag@SP shows the characteristic SPR band with Apax at 413 nm. To the
best of our knowledge, the synthesis of AuNPs and AgNPs with
S. polyschides and other species of the genus Saccorhiza has not been
reported before.

2.0 — SP Extract
— Au@SP
_1.51 — Ag@SP
o
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Fig. 1. A) UV-Vis spectra of SP extract Au@SP and Ag@SP showing the SPR
bands. B) Time course spectrum measurements of Au@SP showing the changes
in the absorbance at 534 nm during the reaction.

Materials Science & Engineering C 123 (2021) 111960

The Z potential measurement gives information regarding the sur-
face charge of a colloidal suspension and the stability of the NPs [43,44].
The values obtained for Au@SP and Ag@SP were —10.78 + 0.74 and
—21.88 + 3.36 mV, respectively, showing the formation of colloidal
suspensions of NPs with a negative electrostatic surface charge.
Regarding stability, there are guidelines classifying NP-dispersions with
Z Potential values of +0-10 mV, +10-20 mV, +20-30 mV and *+30 mV
as highly unstable, relatively stable, moderately stable, and highly sta-
ble, respectively [45]. In this sense, it can be noted that Au@SP pos-
sesses lower stability than Ag@SP. Nevertheless, both samples presented
good long-term stability (>3 months) when they were preserved at 4 °C.

3.2. Electron microscopy characterization

Transmission electron microscopy (TEM) images were acquired to
characterize the size and shape of the NPs obtained. Both Au@SP and
Ag@SP appear to be spherical (Fig. 2A and B). The size distribution
histograms were calculated, and the average particle sizes obtained were
of 13.8 + 2.3 nm for Au@SP and 15.2 + 3.2 nm for Ag@SP.

High resolution TEM (HRTEM) was also performed. Fig. 2C and E
shows some HRTEM images of the NPs in the extract, along with the
corresponding Fourier transform analysis. However, it can be clearly
observed that most of the NPs display internal complex contrast. The
Fourier transform confirmed that almost all the NPs studied were
polycrystalline, which appears to be a general tendency for bio-
synthesized NPs.

The d-spacing of the crystalline structure of the selected NPs was
calculated in the marked area (Fig. 2D and F). The corresponding Miller
indices were assigned in accordance with tabulated data. In the case of
Au@SP, d-spacings of 0.23 nm and 0.20 nm were measured, which
correspond to Miller indices (111) and (002), respectively. In the case of
Ag@SP, the preferential d-spacing calculated was 0.20 nm, which cor-
responds to Miller index (020). The results obtained are in agreement
with a face-centred cubic crystalline structure for gold and silver.

In both cases, most of the metallic nanoparticles were embedded in
the SP extract matrix. This can be seen in the Dark Field Scanning
transmission electron microscopy (DF-STEM) image (Fig. S1). Owing to
the Z-contrast mechanism of the high angle annular dark field images
(HAADF), NPs showed a brighter contrast than the SP extract.

An Energy Dispersive X-ray Analysis (EDX) was performed (Fig. S2).
Apart from gold and silver in the corresponding samples, the presence of
other elements in the seaweed was also confirmed. The elements
detected in Au@SP samples were C, Ca, Cl, K and O. In Ag@SP samples,
Ca and K were not detected, although a signal for iodine was obtained.
These results are in accordance with other studies related to the
composition of S. polyschides [46]. The copper signal that appears in all
spectra can be due to the copper grids and to the composition of the
seaweed. In fact, several studies have stated that copper is found in this
brown seaweed as a trace element [46-48].

From the EDX spectra, the elemental maps of the samples were ob-
tained by selecting carbon and the corresponding metal, gold or silver.
The images obtained are shown in Fig. S1. In all cases, the elemental
mapping confirmed that C surrounded the metal NPs, while gold and
silver were concentrated in the NPs and not within the extract, which
confirmed the full reduction of the metal.

In the electron energy loss spectroscopy (EELS) spectra (Fig. S2), the
characteristic edge of C (284 KeV), N (401 KeV) and O (532 KeV) was
observed. These results confirm the organic nature of the mass sur-
rounding the NPs. Hence, the NPs are embedded in the seaweed extract,
which acts, apparently, as a protective agent that keeps the particles
apart from one another, preventing their aggregation and coalescence.

3.3. Carbohydrates analysis

Carbohydrates represent one of the main components of seaweed
and are constituted by water-soluble sugars and insoluble polymers
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Fig. 2. TEM images of A) Au@SP and B) Ag@SP with their corresponding size distribution histograms. HRTEM images and Fourier transform of C) Au@SP and E)
Ag@SP. D) and F). Amplification of the marked area of C and E showing the d-spacing and Miller index calculated.

belonging to fibers. Data reported in the literature concerning carbo-
hydrate analysis in SP seaweed water extracts are often limited to
evaluations performed by spectrophotometric assays or indirect mea-
surements and provide scarce information about composition and
dimension. The amount of total sugar found is quite variable and has
been reported to be, per 100 g of dry weight, about 6.3 g [49], or 16 g
[50], or even 45.6 g [46]. In general, all values are lower than those
found in other algae species examined.

As for fibers evaluation, an amount of 16.6 g/100 g was determined
by Garcia et al., which is a higher value than the mean values obtained
for other species analyzed by the same authors [49]. According to
Macler, the amount of fibers and soluble sugars is also variable when
considering the same species grown in different areas, since algae
metabolism is dependent on the availability of nitrogen in seawater
[51]. In particular, an inverse relationship between water nitrogen
content and fiber amount in algae has been reported by Gomez-Ordénez
et al. [52].

As regards the composition of the carbohydrate fraction, Rodrigues
et al. determined, by FTIR-ATR, the presence of alginate, a copolymer of
guluronic and mannuronic acids (also confirmed by Pereira et al. [53]),
and fucoidans [46].

8000

6000 4

4000

2000

-2000 4

-4000 o

150 KDa

HPLC-MS analysis performed by Sanchez-Machado et al. also iden-
tified the presence of mannuronic and guluronic acids. They calculated a
total amount of dietary fibers of 52 g/100 g dry weight [54] (in the range
previously reported by Lee et al. [55]).

To our knowledge, no information about molecule dimension and
distribution of molecular weight is available for SP algae. Our analysis,
performed by steric exclusion chromatography, allowed the separation
of several fractions giving a chromatographic profile which is signifi-
cantly different from those obtained in our previous studies with other
algae species [18]. Fig. 3 shows the elution of seven groups of analytes
with different molecular weights, which can be attributed to oligo and
polysaccharides characterized by different chain lengths. The vertical
lines in the figure indicate the retention time of the standard dextrans,
which have a known molecular mass and thus permit the attribution of
the mass ranges of the analytes generating the different peaks.

The blue line corresponds to the SP extracts and shows that the most
abundant fraction (about 60% of the total analytes) is represented by a
first large band (named A) with a little tail attached to it (B), both related
to the heaviest molecules, characterized by a molecular mass higher
than 150 KDa. Then, about 9% is constituted by molecules in the range
of 150-50 KDa that could be divided in two distinct bands (peaks C and

D
A

50 KDa
12 KDa

Fig. 3. Carbohydrate profiles of SP extract as such (blue line), and after the formation of Au@SP and Ag@SP (red and green lines, respectively). (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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D). Band (E), representing carbohydrates with a mass between 50 and
12 KDa, accounts for about 11% of the total analytes. Finally, in the last
part of the chromatogram, a small fraction of about 20% is represented
by two more bands named F and G, corresponding to lighter molecules,
with a mass below 12 KDa.

Comparison between the blue line (alga extract) and the red and the
green lines, which represent the extract after the formation of Au@SP
and Ag@SP respectively, evidences some relevant differences from the
quantitative point of view. Indeed, by comparing the area values of
peaks in the three profiles, changes can be observed in the relative
amount of carbohydrate fractions with different length chains and,
consequently, with different molecular weights. After both NPs forma-
tion, the main difference involves the first part of the chromatogram,
with an increase in A fraction, which corresponds to about 60% of the
total area of the alga extract, 69% after Au@SP formation, and 74% after
Ag@SP formation. Peak B, almost absent from the alga extract appears
in a clear way only after Ag@SP formation.

No significant differences can be noted for peak C, while band D was
slightly lower after the formation of Au@SP. In addition, a sensible
decrease in fraction E can be observed, mainly after Ag@SP formation,
when it became about 50% smaller than that recorded in the alga
extract.

Besides, the complete disappearance of peak G after the formation of
NPs indicates that those small molecules, lighter than 12 kDa, were
completely consumed during the reaction. All the changes described can
be attributed to reactions occurring during the production of nano-
particles, and can be ascribed to the involvement of carbohydrate chains
in their formation and/or stabilization, as already suggested in previous
works [17,18,56].

3.4. Fourier transformed infrared analysis

Fourier Transform Infra-Red (FTIR) spectral analysis was conducted
to identify the biomolecules present in the seaweed extracts before and
after the synthesis of NPs. Bands were assigned on the basis of the in-
formation provided by other studies regarding the composition of SP
[19,46,57]. Since it has been demonstrated that the extracts possess
polysaccharides that are present in the seaweed, fucoidan was selected
for a comparative analysis between the FTIR spectra of the extract and
that of the commercially available polysaccharide. The spectra obtained
and the assignation of the bands are shown in Fig. 4.

The broad band that appeared in all spectra between 3460 and 3408

45

4,0

3,54

3,04

3460

A.U.

3408
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cm ! and the weaker signal at 2940-2928 cm ™! could be assigned to
O—H and C—H stretching vibrations, respectively, but also to N—H
stretching vibrations. The two broad bands at around 1670-1630 and
1460-1380 cm ' are typically assigned to asymmetrical and symmet-
rical stretching of the carboxylate groups from amide I and II of proteins
[58]. Bands between 1200 and 800 cm ™' result from C—C and C—O
stretching bonds and glycosidic C-O-C vibrations, common to all poly-
saccharides. The band that can be observed in the spectrum of fucoidan
at 1259 cm ™! is associated with asymmetric stretching of the 0=S=0
ester sulphated, while the intense band at 842 cm™! corresponds to the
COS bending vibration of sulphate substituents at axial C4 positions
[59]. Finally, the bands at 1100-1022 cm ! could be related to the C-OH
vibrations of primary alcohol groups [60].

When comparing the spectrum of fucoidan with the ones obtained for
the seaweed extracts, the presence of the bands assigned to the poly-
saccharide can be confirmed, with some changes in the relative in-
tensity. The appearance of new bands can also be noted. In the seaweed,
a shift towards lower wavenumbers in the band at 3460 cm™' is
observed. On the other hand, a shift to higher wavenumbers in the band
at 1637 cm ™! can be noted. However, the more significant differences
are observed in the bands at 1259 and 1029 cm ™, with modifications in
the intensity and appearance of the profile. These changes could be
related to the composition of the aqueous extract, which is expected to
be a complex mixture of the soluble components of the algae. Since the
aqueous extraction is not selective, other biomolecules present in the
macroalgae are also extracted, for example, polyphenols and proteins.
Hence, the shifts observed in the extracts could be due to the presence of
these molecules in association with fucoidan.

When comparing the SP extract with Au@SP and Ag@SP, a different
pattern was observed in the shifts of the bands (Fig. 4). Firstly, the peak
of 3400 cm ! shifted to lower wavenumbers in the case of Ag@SP while
no change is noted in Au@SP, suggesting an involvement of the hy-
droxyl functional groups from polyphenols and polysaccharides or the
amino groups of proteins in the bioreduction of silver. The peak that
corresponds to carbonyl stretching at 1600 cm™! shifted to lower
wavenumbers in the case of Au@SP but not change is observed in
Ag@SP. This is in agreement with other studies which have suggested
that the carbonyl group from proteins has a strong capacity to bind
metals and that they might be able to cap AuNPs and to prevent
agglomeration [61]. Lastly, the band at 1250 cm™! shifted to higher
wavenumbers in the case of Ag@SP and to lower ones for Au@SP, with a
significant decrease in intensity, which could indicate that sulfonic

Fucoidan
1259 1029

SP Extract
1650 1384 1100

Au@SP

141

1637 1085 1027

Ag@SP

1385 1096 1038
1650

T T T T T
4000 3500

T T
3000 2500

T
2000

T T T
1500 1000 500

Wavenumber (cm™)

Fig. 4. FTIR spectra obtained for fucoidan, SP extract, Au@SP and Ag@SP.
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groups from polysaccharides are involved in metal binding.

3.5. In vitro antioxidant activity

To evaluate the potential use of SP extract as a reducing agent in the
synthesis of nanomaterials, the reducing power, TPC, and DPPH scav-
enging activity were evaluated.

The values obtained for the aqueous extract of SP extract were 67.0
=+ 1.2 mg ascorbic acid/g seaweed for the reducing power, 0.41 £ 0.02
mg GAE/g seaweed for the TPC and an EC50 of 76.0 mg/mL for the
DPPH scavenging activity. This result confirmed the presence of re-
ductants in the extracts.

To the best of our knowledge, this is the first report on the reducing
power of Saccorhiza polyschides. Some authors have previously reported
on the TPC and DPPH scavenging activity of SP. However, comparison
with their results poses certain difficulties since different extraction
methods and solvents highly affect the results. Also, the methods used
for the determination of the TPC and DPPH scavenging activity also
vary, with changes in the reference substance and times of exposition
[46,62].

However, we can compare the results obtained in this study with
those we obtained for the brown macroalgae Cystoseira baccata [19],
Sargassum muticum [63] and Desmarestia mengziesii, the red Palmaria
decipiens [42] and the green seaweed Ulva lactuca and Ulva intestinalis
[11,17]. It has been observed that SP extract possesses a lower reducing
power than the brown seaweed C. baccata, D. mengziesii and S. muticum,
which present values between 9 and 2 times higher, respectively. On the
other hand, SP possesses higher reducing power than the red seaweed
P. decipiens and the green U. lactuca and U. intestinalis.

When comparing the TPC result, a direct relationship between
reducing power and TPC is observed. C. baccata, S. muticum and
D. mengziesii possess between 6 and 2 times more TPC than SP, while SP
possesses higher values than P. decipiens, U. lactuca and U. intestinalis.

Fig. 5 shows the results obtained for SP extract, Au@SP and Ag@SP.
A 1.4-fold decrease in the reducing power of Au@SP can be observed,
2.2-fold in the TPC, and 1.4-fold increase in the EC50 value. Regarding
Ag@SP, the reducing power increased 1.1 times, the TPC decreased 1.6
times, and the EC50 value decreased 2.0 times.

These results suggest an active role of the phenolic compounds in the
reduction of both metals during the synthesis of the NPs. Interestingly, a
different behavior is observed regarding the reducing power and DPPH
scavenging activity of the extract after the synthesis of Au@SP and
Ag@SP. In the first case, a decrease in antioxidant potential is observed
in both assays for Au@SP. This could be expected since the biomolecules
present in the extract were employed for the reduction of Au(IIl) to Au
(0). In the case of Ag@SP, by contrast, the antioxidant activity of the
extract was enhanced. These data are in line with other studies which
have shown that the presence of NPs enhances the values obtained, even
though the seaweed biomolecules are the ones with the most significant

Reducing Power
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effect on antioxidant activity [64]. Although the mechanism whereby
this phenomenon occurs is still unclear, two possible explanations have
been proposed. On the one hand, it has been suggested that the anti-
oxidant activity of the NPs is due to the shifting of the electron found in
oxygen to the odd electron located at surface orbits of oxygen in *OH and
O3 radicals [65]. On the other hand, other authors have proposed that
the antioxidant activity might be due not only to the presence of capped
functional groups, but also to their unique size to volume ratio. Gener-
ally, the smaller the particle size, the larger the surface area and,
therefore, the higher the number of active sites provided to scavenge the
free radicals and inhibit the oxidation reactions [66]. In this case, both
Au@SP and Ag@SP present similar diameters, so the difference in their
behavior could be related to the fact that silver acts as a good reductant
and can lose electrons more easily than gold [56,67].

3.6. Antiproliferative effect of the SP extract, Au@SP and Ag@SP in a
human lung epithelial cell line

First, the samples were tested to make sure they were free of any
bacterial contamination (Fig. S3) that could interfere in the biological
effects observed in vitro. The characterization of the potential anti-
proliferative effect of the samples at different concentrations was eval-
uated by a cell-impedance assay in real time in the human lung epithelial
cell line A549 (Fig. S4). After 48 h of incubation a significant dose-
dependent antiproliferative effect was observed in the cells incubated
with the SP extract, Au@SP and Ag@SP (Fig. 6). Moreover, morpho-
logical changes were observed in the cells by optical microscopy
(Fig. S5), namely, the loss of the elongated shape and cell detachment. In
addition, preliminary experiments of flow cytometry in A549 cells
labelled with Annexin V/Propidium iodide (PI) revealed the induction of
early apoptosis (Fig. S6).

Ag@SP had the lowest IC50 value (4.0 &+ 0.6 pM Ag, 12.5 + 1.9 mg/
mL SP extract) compared to Au@SP (13.2 £ 1.7 pM Au, 33 + 4.2 mg/mL
SP extract) and the SP extract (28.5 + 1.1 mg/mL). Thus, Ag@SP
increased the antiproliferative effect of the SP extract, while Au@SP
preserved a similar activity, in agreement with the toxicity of the AgNPs
and the general cytocompatibility of AuNPs, respectively, from chemical
synthesis [68,69]. In fact, the toxicity of the AuNPs is mainly related to
the surface ligands, but not to the NPs themselves [70].

The antiproliferative effect of the SP extract, Au@SP and Ag@SP on
tumor cells has already been described for other AuNPs and AgNPs
synthesized by green methods. Indeed, previous works with other
seaweed showed this effect in colon cancer cell lines [17,19]. Particu-
larly, AuNPs from the brown algae C. baccata at 50 pM [Au] induced a
decrease of the cell viability of more than 50% on the Caco-2 and HT-29
cell lines after 48 h of incubation [19]. A similar effect was observed on
HT-29 cells incubated with AuNPs and AgNPs synthesized from an
aqueous extract of the green algae U. lactuca, with the highest cytotoxic
activity detected at 170 pM [Ag] for AgNps [17]. In both cases, a strong
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Fig. 6. Percentage of cell viability of A549 cells after 48 h of incubation with (A) SP

< 0.05, ** P < 0.01.

apoptotic activity was associated to this decrease in cell viability, as
detected by an Anexin V-FITC test and the activation of different
caspases.

In general, the metal concentration in Ag@SP at the IC50 for A549
cells was much lower than in other AgNPs from natural extracts and the
size was also more homogeneous, such as in the case of NPs obtained
from Artemisia princeps or blushwood berry extract [81,82]. Moreover,
Ag@SP were also more efficient than other AgNPs from chemical syn-
thesis [83,84], although the variability among these chemically pro-
duced NPs is also high and depends on the method of synthesis and
physicochemical characteristics such as size, charge, solubility, or the
concentration of free Ag+ [85,86]. For Ag@SP, the antiproliferative
effect is associated not only with the silver core, but also with the extract
and, for this reason, the metal concentration is much lower than in those
NPs.

In the case of Au@SP, the metal concentration was similar to that in
AuNPs from green synthesis, e.g. the NPs synthesized from Marsdenia
tenacissima [87]. Regarding AuNPs from chemical synthesis, as
mentioned before, the toxicity is mainly attributed to the different li-
gands on the surface to stabilize the NPs, but not to the metal [70] and,
consequently, the toxicity of Au@SP is due to the SP extract. In fact, the
SP extract concentration in Au@SP was similar to the SP extract con-
centration at the IC50 (Table 1). Hence, the range of therapeutic con-
centrations of AuNPs and AgNPs from green synthesis can be extremely
broad depending on the extract used for the synthesis and the NP’s
physicochemical properties.

Table 1
IC50 values of the SP extract, Au@SP or Ag@SP in A549 cells after 48 h of
incubation.

[SP] mg/mL [Au] pM [Ag] pM
SP Extract 285+ 1.1 n.a. n.a.
Au@SP 33 +£4.2 13.2+1.7 n.a.
Ag@SP 125+1.9 n.a. 4.0 £ 0.6

n.a.: not applicable.
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extract, (B) Au@SP or (C) Ag@SP at different concentrations. In the graphs: * P

The antitumor properties of the SP extract, Au@SP and Ag@SP could
be associated with the presence of fucoidans and phenolic compounds,
as shown in the FTIR analysis (Fig. 4). Fucoidan showed antitumoral
activity in different cell lines and in tumor animal models that was
highly dependent on the molecular weight, monosaccharide composi-
tion and sulphate content, among other properties. These properties,
apart from the fucoidan source, are also determined by the method
selected for the extraction and purification of this heterogeneous poly-
saccharide [24]. Phenolic compounds are organic structures based on a
common aromatic ring with one or more hydroxyl groups that are
difficult to isolate from natural sources [88]. Crude extracts or isolated
phenolic acids show a potent antiproliferative activity in vitro with
different cell lines that seems to be associated with the presence and the
number of hydroxyl groups [88]. Both, fucoidans and phenolic com-
pounds, are a complex family of natural compounds that are able to
exert their anticancer activity by means of different mechanisms,
depending on their structure and composition. For instance, ROS
release, cell cycle arrest, modulation of relevant signaling pathways or
apoptosis are some of the mechanisms that can be induced by both types
of compounds [24,88]. In addition, the contribution of other compo-
nents of the extract to the antiproliferative activity observed in the A549
cells cannot be discarded.

In summary, we have characterized the antiproliferative effect of the
SP extract on a human pulmonary cell line. Besides, Au@SP and Ag@SP
preserved those properties and, in the case of Ag@SP, an increase in the
toxicity induced by the SP extract was observed, reducing the dose of
extract needed for a therapeutic effect.

3.7. ROS release in promyelocytic HL-60 cells

ROS production has usually been associated with cell stress and
damage, which could lead to cell death [89]. However, in the last years,
some studies have shown that low to moderate ROS production could
play an important role in some signaling pathways [90] and in the
stimulation of innate immune cells that would help in the development
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of a cellular immune response in the presence of a pathogen or an an-
tigen, mediated by Th1 cells [91,92]. In fact, macrophages produce ROS
after the detection of foreign molecules as a mechanism of pathogen
neutralization [91,93,94]. The human promyelocytic cell line HL-60
was chosen as a model to study ROS production, since these cells are
able to modulate this production through a dose-dependent response
[95].

Fig. 7 represents the ratio between the median fluorescence intensity
(MFI) of the HL-60 cells incubated with the samples for 6 h and labelled
with a ROS fluorescent probe and the MFI of the negative control. All the
samples induced ROS release at all concentrations tested (Figs. 7 and S7.
A). However, ROS levels were only significant at both concentrations
(40 and 1 pM) for Au@SP, whereas only the highest concentration of SP
extract (100 mg/mL) and Ag@SP (16 pM) induced a significant ROS
production. It is noteworthy that in Ag@SP at 16 pM, a 50 mg/mL SP
extract concentration is present and, hence, ROS production is not only
related to the extract but also to Ag content. Similarly, in 1 pM Au@SP,
the SP extract content was 2.5 mg/mL.

The elevated ROS levels at the highest concentration tested for all
samples could also induce some toxicity in the HL-60 cells, as seen
before for other AuNPs and AgNPs [73,96,97].

In addition, the HL-60 cells were co-treated with the samples and
phorbol 12-myristate 13-acetate (PMA), a ROS inductor, to observe the
synergistic or antagonistic effect on ROS production (Figs. S7B and S8).
The results showed a significant synergistic effect on ROS production at
a high concentration, while at a low concentration, a reduction in the
ROS levels induced by PMA was observed, possibly due to a potential
antioxidant effect. Although a significant inhibition was detected for the
SP extract, the NPs were also able to induce a decrease in the ROS level
triggered by PMA. This is in accordance with the DPPH scavenging ac-
tivity (Fig. 5) associated to the phenolic content. Moreover, the differ-
ences observed between the extract and the NPs could be due to the
different concentration of the phenolic content in the three samples.
Additionally, metal nanoparticles synthesized from other extracts, such
as plants or microorganisms, have also shown a good capacity to
modulate ROS levels and the potential to be used as ROS inductors or
antioxidants [98]. In fact, the antimicrobial and antitumoral activity of
these NPs is usually associated with ROS release [72,73,98]. Besides the
capacity of metals to accept or donate electrons, other factors, such as
the method of synthesis, the source of biological material, and the
capping agent around the synthetized NPs have a relevant influence on
the antioxidant activity.

In summary, Au@SP and Ag@SP could have antibacterial and anti-
tumoral activity due to ROS production at a high concentration, while at
a low concentration they could have antioxidant properties, in agree-
ment with the results observed for other NPs synthesized using green
methods [14,18]. Besides, they could also induce the activation of
different cellular pathways associated with ROS production, as already
described.

©7 N O3 C- (RPMI)
o ok B C -+ (PMA 20 uM)
E 4 BEm SP Extract (100 mg/mL)
g o x I =3 SP Extract (2 mg/mL)
g 24 l l Bl Au@SP (40 uM)
Irn | B Au@SP (1 uM)
[I] B Ag@SP (16 uM)
0 B Ag@SP (1 uM)

C- C+ SPExtract Au@SP Ag@SP

Fig. 7. Increase in the median fluorescence intensity (MFI) of ROS labelled HL-
60 cells incubated with the SP extract, Au@SP and Ag@SP at two different
concentrations. Cells incubated with PMA at 20 pM were used as positive
control. In the graphs: * P < 0.05, ** P < 0.01, *** P < 0.001.

Materials Science & Engineering C 123 (2021) 111960

3.8. Cytokines production on hPBMCs incubated with SP extract, Au@SP
and Ag@SP

Cytokines are proteins that play a significant role in the communi-
cation and activation of the immune system and the inflammation
process [99]. For instance, the activation and maturation of the naive Th
cells is mediated, among other factors, by the secretion of cytokines
released by the innate and adaptive immune cells [100]. Although
cytokine activation is complex and usually implicates several proteins, it
has been generally accepted that INF-y and TNF-a induce Thl differ-
entiation, while IL-6 and IL-10 are mainly involved in Th2 differentia-
tion [101]. For that reason, the release of these cytokines in hPBMCs
incubated with SP extract, Au@SP and Ag@SP was measured. In addi-
tion, the production of GM-CSF, a cytokine involved in cell proliferation,
was also studied [100]. INF-y, TNF-a and IL-6 are pro-inflammatory
cytokines while IL-10 is mainly regulatory with anti-inflammatory and
immunosuppressive properties [101].

A significant cytokine release was observed with all samples tested
for IL-6, IL-10 and TNF-a (Fig. 8). However, for GM-CSF the release was
only significant with the SP extract and Ag@SP at the highest and the
lowest concentration tested, respectively, and for Au@SP at both con-
centrations in a dose-dependent manner. As mentioned before, GM-CSF
is a cytokine implicated mainly in cell proliferation and, as a conse-
quence, the SP extract could be able to induce immune cell proliferation
that, in combination with a tumor antigen, could help in the activation
of the immune system against the tumor cells. Moreover, only Au@SP
was able to induce IFN-y at the highest concentration, while the SP
extract induced even a significant decrease on IFN-y levels compared to
the control cells at the lowest concentration tested (Fig. 8). Hence,
Au@SP could be the most efficient candidate as an adjuvant for a
therapeutic vaccine due to the possibility to induce a more prone Thl
immune response, mediated by IFN-y and TNF-a, which is desirable for
an efficient antitumor immunotherapy. Moreover, the release of the GM-
CSF would also aid in the proliferation of the activated immune cells
increasing the efficiency of the immunotherapy. Besides, an antibody
immune response, mediated by IL-6 and IL-10, could also help in the
process of tumor elimination.

The production of immunostimulant and pro-inflammatory cyto-
kines, such as TNF-a, IL-6 and IL-1p by other seaweed like Ulva intesti-
nalis, Sargassum horneri or Ulva armoricana, has already been described
[18,102,103]. Besides, AuNPs and AgNPs from chemical synthesis were
also able to induce pro-inflammatory cytokines in rodents [104-106].
For that reason, a synergistic effect could be expected on AuNPs and
AgNPs synthesized from some seaweed extracts with immunostimulant
properties.

The use of metal NPs from green synthesis in the development of new
vaccine adjuvants has not been broadly explored so far, although some
works have already been published. For instance, the potential adjuvant
effect of metal NPs from green synthesis was described for AgNPs ob-
tained from a leaf extract of Eucalyptus procera by comparison with alum.
These NPs were able to induce a similar immune response to that of this
conventional adjuvant in a rabies veterinary vaccine [107]. Likewise,
AuNPs synthesized from a glycopolymer containing responsive sugars
and catechol functionalities by metal-free reversible addition—
fragmentation chain transfer (RAFT), showed good adjuvant properties
[108]. The synthetic polymer was able to interact with pathogen
recognition receptors (PRR), which are on the surface of innate immune
cells. Consequently, the glycoconjugated AuNPs acted as a pathogen-
mimetic molecule inducing the activation of these cells.

Oppositely, there are many examples in the bibliography about their
use as anti-inflammatory agents, by inhibition of cytokine release. For
instance, AgNPs and AuNPs synthesized from an Asparagus racemosus
root extract [109] or AgNPs European black elderberry fruits extract
[110] showed the capacity to modulate cytokine release in vitro or in
vivo, reducing the release of pro-inflammatory cytokines like IL-1p, IL-6,
and TNF-q, in inflamed cells.
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Fig. 8. IL-6, IL-10, TNF-a, GM-CSF and INF-y production on human peripheral blood mononuclear human cells (hPBMCs) after 24 h of incubation with two different
concentrations of the SP extract, Au@SP and Ag@SP. C-: negative control (culture medium). C+: positive control (1 pg/mL LPS + 10 pg/mL PMA). In the graphs: * P

< 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

From our results, it can be observed that the SP extract possesses
stimulatory properties that were preserved in Au@SP and Ag@SP after
the nanoparticle synthesis, and even improved in Au@SP with the ca-
pacity to induce the release of IFN-y, a relevant cytokine for a Th1 im-
mune response activation. Moreover, hPBMCs incubated with all the
samples showed an increase in the levels of Th2-related cytokines.

Apart from cytokine release, SP extract and Au@SP and Ag@SP were
also able to induce ROS release (Fig. 7) and complement activation
(Fig. S9), two mechanisms of the innate immune system that were
associated with an adjuvant effect and the promotion of a Thl immune
response in a vaccine [111]. For that reason, we believe that Au@SP
could be a good adjuvant for a therapeutic or prophylactic vaccine, not
only for cancer treatment but also for the treatment of other chronic or
infectious diseases.

Among other components, the presence of fucoidans in the extract
and the NPs could be responsible for the immunostimulant properties
[29,30].

4. Conclusion

The present study has described, for the first time, a successful and
rapid synthesis of stabilized AuNPs and AgNPs, in which Saccorhiza
polyschides is used as a reducing and capping agent. The nanoparticles
formed were in the range of 10-20 nm and highly monodisperse. FTIR
spectral analysis allowed the identification of different functional
groups present in the extract, attributable to different biomolecules such
as polysaccharides, proteins and polyphenols, which could be involved
in the reduction and in the capping of Au@SP and Ag@SP. The use of SP
for the biosynthesis of nanomaterials could expand the range of appli-
cations for this species.

Au@SP and Ag@SP showed a dose-dependent antiproliferative effect
on a human pulmonary cell line that, in the case of Ag@SP, was superior

to the one induced by the SP extract. Interestingly, all the samples
induced ROS release at the highest concentration tested; however, an
antagonistic effect on ROS release at a low concentration was observed
in the presence of a potent ROS inductor, such as PMA. Hence, in contact
with certain cells, the samples could induce ROS release and activate
different cellular pathways linked to these reactive species. However, in
the presence of a powerful ROS inductor, they could have some capacity
to neutralize or inhibit high concentrations of these reactive species and,
therefore, exert an antioxidant and protective effect on cells due to the
fact that very high concentrations of ROS can cause severe damage to
cells and even their death.

Besides, the samples were able to induce cytokines implicated in a
Th1/Th2 immune response on hPBMc, but only Au@SP produced sig-
nificant IFN-y levels. For that reason, Au@SP could be a good adjuvant
for a therapeutic or prophylactic vaccine for cancer treatment and
prevention.
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