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ABSTRACT

Green synthesis from plant waste involves the generation of functional nanoparticles (NPs), offering significant
potential for a wide range of applications. Numerous studies have focused on the use of plant extracts to produce
AuNPs suitable for various applications in the medical field, particularly in photothermal therapy and cancer
therapy, owing to their plasmonic properties. Moreover, NP-mediated immunostimulation and immunosup-
pression is an intriguing field of research, focusing on how manipulation of NP physicochemical properties can
influence their inter-action with immune cells and immune modulation. However, to date, few investigations
have been conducted on the modulation of the inflammatory response mediated by green-synthesized nano-
structures. To this aim, we synthesized AuNPs using extracts of Laurus nobilis, which exhibit high crystallinity and
are inherently coated by a dense network of polyphenols, thus maintaining stability on their surface through the
green synthesis approach. Then, in order to explore how these green-synthesized nanostructures can enhance or
suppress the inflammatory cellular responses, we investigated the response of free polyphenols and AuNP-
s@polyphenols in murine bone marrow derived dendritic cells (BMDCs), by means of morphomechanical
analysis and biochemical assays. Our findings demonstrated that DCs exposed to both free polyphenol extract
and AuNPs@polyphenols were able to inhibit the secretion of crucial inflammatory mediators in response to
lipopolysaccharide (LPS) administration. Therefore, polyphenols immobilized on Au surface were more effective
in the inflammation suppression. These evidence paving the way for a powerful strategy to develop edible anti-
inflammatory adjuvants, overcoming the limitations associated with the use of free polyphenols in clinical
practice.

Introduction

interest, with a focus on the reuse of biomass to create materials appli-
cable in various fields [3,4]. Green synthesis from plant waste involves

The field of green chemistry, established by the Environmental
Protection Agency (EPA) two decades ago, has arisen in response to the
escalating demand for environmentally sustainable practices within the
chemical industry [1]. Its primary goal is to decrease or exclude the use
of harmful substances and minimize or prevent the generation of waste
in chemical reactions, while maintaining effectiveness [2]. A specific
focus within this domain is devoted to nano-synthesis, which has
garnered growing attention in recent decades. Notably, the production
of plasmonic nanostructures from agricultural waste is of significant

the creation of functional nanoparticles (NPs), offering significant po-
tential for a wide range of applications in catalysis, sensing, electronics,
photonics, and medicine, whose interest is significantly increased if the
whole process is also considered from a circular economy perspective [5,
6]. Different noble metals NPs can be obtained by means of these syn-
thesis processes, since plant extracts enables the utilization of molecules
inherently present in different part of plants, employing a
phytochemicals-driven approach [7-9]. In the specific case of Au, these
agents encompass several reducing molecules such as antioxidants,
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enzymes, and phenolic moieties, able to facilitate the reduction of gold
cations from HAuCly into gold NPs (AuNPs). This process further pre-
vents the aggregation of Au atoms into nanoscale particles, ultimately
stabilized by the phytochemicals to yield isotropic AuNPs [10,11].

The capping of polyphenols on the surface of the NPs is particularly
intriguing [12]. These polyphenols act to shield the nanostructure,
thereby ensuring the colloidal solution of these NPs remains stable in an
aqueous solution [13]. Numerous studies have focused on the use of
plant extracts to produce AuNPs for various applications, particularly
photothermal therapy and cancer therapy due to their plasmonic prop-
erties [14]. Moreover, NP-mediated immunostimulation and immuno-
suppression is an intriguing field of research, focusing on how
manipulation of particle physicochemical properties can influence their
inter-action with immune cells and immune modulation [15,16].
However, to date, limited investigation has been conducted on the
modulation of the inflammatory response, specifically examining how
these green-synthesized nanostructures can enhance or suppress the
inflammatory cellular responses.

In literature, there is comprehensive documentation highlighting the
capacity of polyphenols to skew inflammation towards tolerance
[17-19]. These compounds serve as exogenous potent antioxidants
against oxidative stress induced by high levels of reactive oxygen species
(ROS), thereby preventing apoptosis and necrosis [20]. Importantly,
they assume a pivotal role in conferring cardioprotective and anticancer
properties, coupled with the ability to modulate enzymes implicated in
the onset of pathological conditions [21,22]. Despite these noteworthy
advantages, polyphenols present high susceptibility to heat and light,
limited water solubility, high metabolic rates, and swift elimination
from the body [23]. These factors collectively contribute to their poor
stability and bioavailability of polyphenols, thereby significantly
diminishing their efficacy. This underscores the critical nature of poly-
phenol applications in clinical practice [24].

In this scenario, our work is focused on green synthesis of AuNPs that
serve as vector to polyphenols to overcome the clinical issues related to
free polyphenols use in therapeutic applications. Specifically, in this
study we synthesized AuNPs utilizing extracts of Laurus nobilis, a plant
typical of the Mediterranean flora and known for its various therapeutic
properties. Indeed, Laurus nobilis leaves contain several phenolic com-
pounds, including flavonoids, phenolic acids, tannins (proanthocyani-
dins), and lignans. Surprisingly, we achieved simultaneously different
AuNPs shapes, nanospheres and two-dimensional nanotriangles, having
highly crystallinity. In addition, these nanostructures appeared covered
by a dense network of polyphenols that remain stable on the surface
(AuNPs@polyphenols). Comprehensive characterization of morphology
with high resolution, surface charge and elements composition were
conducted using Transmission Electron Microscopy (TEM), high-angle
annular dark-field Scanning Transmission Electron Microscopy (STEM-
HAADF), { potential, UV-vis spectroscopy, and Energy-Dispersive X-ray
Spectroscopy (EDS).

Subsequently, we investigated the response of free polyphenols and
AuNPs@polyphenols in murine bone marrow derived dendritic cells
(BMDCs), particularly by a morphomechanical perspective. The corre-
lation between inflammation and membrane elasticity is of significant
interest in biomedical research [25]. Precisely, membrane elasticity
denotes the ability of a cell membrane to deform and return to its
original shape. This characteristic is crucial for numerous cellular
functions, including the response to mechanical forces and the flexibility
necessary for adhesion, motility, and cell division. In the presence of
inflammation, the reorganization of the cytoskeleton can occur, influ-
encing the mechanical response of cell membrane and affecting its
elasticity. In particular, dendritic cells (DCs) antigen presenting ability
requires high deformability to sustain migration towards lymph nodes
and stable and prolonged adhesion with T cells. [26,27] These effects
serve a notable indicator for characterizing the response of dendritic
cells to heightened levels of inflammation; this correlation is consis-
tently supported by several studies. Notably, these changes have been
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demonstrated to be associated with the migration towards lymph nodes
and, in turn, to the regulation of immune defense and homeostasis,
further emphasizing their relevance in understanding dendritic cell
behavior [28]. In this aim, we have evaluated the F-actin rearrangement
by means high resolution confocal fluorescence microscopy (CLSM) and
correlate the reorganization of cortical cytoskeletal network with the
indentation measurements performed in living condition through
Atomic Force Microscopy (AFM).

Our findings demonstrated that, in vitro, DCs exposed to both free
polyphenol extract and AuNPs@polyphenols were able to suppress the
secretion of crucial inflammatory mediators in response to LPS
administration.

Taken together, these data suggest that the utilization of AuNPs
derived from Laurus nobilis leaves via green synthesis represents a potent
strategy for developing edible anti-inflammatory adjuvants, overcoming
the limitations associated with the clinical use of polyphenols.

Materials
Extraction of leaf components

During the winter season, leaves from the Laurus nobilis plant were
gathered. Following multiple rinses with MilliQ water to eliminate im-
purities, the leaves were air-dried at room temperature for 24 h. Sub-
sequently, 25 g of the dried leaves were finely chopped and introduced
into a beaker containing 250 mL of MilliQ water. The mixture under-
went boiling at 100 °C for 20 min, followed by gradual cooling to room
temperature. Prior to utilization in the NPs synthesis, the extract un-
derwent filtration using Whatman No. 1 filter paper. For cellular incu-
bation, the solution underwent sterilization through a freeze-drying
process.

Environmentally friendly synthesis of gold nanoparticles (AuNPs)

Initially, 5 mL of the refined leaf extract was combined with a so-
lution containing HAuCl, dissolved in MilliQ water (1 mM), maintaining
a 1:4 ratio between the extract and the HAuCl4 water solution. The
amalgamation was subjected to stirring at 300 rpm for 1 h at room
temperature, resulting in a color change of the reaction solution from
light brown to wine red. The solution underwent centrifugation for 1 h
at 4000 rpm to collect the NPs in the pellet, which was subsequently
purified with MilliQ water through three cycles of centrifugation. Ulti-
mately, the NPs were concentrated using an Amicon Ultra Centrifugal 3k
Filter (Sigma Aldrich, Dorset, UK).

UV-vis spectroscopy

The surface plasmon responses of different AuNPs@polyphenols
were recorded using a Shimadzu-2550 with 1 cm quartz cuvettes.

¢-potential

The {-potential acquisitions were recorded by a Zetasizer Nano-ZS,
with a HeNe laser (4.0 mW) working at 633 nm detector (ZEN3600,
Malvern Instruments Ltd., Malvern, UK), in aqueous solutions (25 °C, pH
7).

NPs concentration

The concentrations of the AuNPs@polyphenols were calculated by
elemental analyses using an ICP-OES Perkin Elmer AVIO 500. A total of
200 pL of the AuNPs solution was digested overnight by adding 2 mL of
aqua regia (HCL:HNOsg, 3:1), followed by dilution with MilliQ water
(1:5).
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Total polyphenol content determination

The total polyphenol content was determined spectrophotometri-
cally according to the Folin-Ciocalteu method [29]. Briefly, 50 micro-
liters of gallic acid standard or samples, and 50 microliters of
Folin-Ciocalteu Reagent (Sigma-Aldrich) (1:5, v/v) were placed in
each well of a 96 well-plate, then 100 pL of sodium hydroxide (0.35 M)
was added. The absorbance of blue complexes was monitored at 760 nm
after 5 min and it was compared with that of a gallic acid standard curve
(R 2 > 0.997). Total polyphenol content was then expressed as gallic
acid equivalents (GAE) mg - g‘1 of dry weight (DW) [30].

Atomic scanning transmission electron microscopy (ASTEM) high angular
annular dark field (HAADF) and bright field (BF)

Atomic resolution images and bright field images were obtained in a
JEOL NEOARM200F HOLO-TEM microscope equipped with spherical
aberration, image e spectrum correctors (ASCOR/CESCOR) capable of
correcting aberrations up to the 5th order and operated at 200 kV. The
microscope is also equipped with two EDS (energy dispersive x-ray de-
tectors) and with an EELS (energy dispersive electron energy loss
spectrometers). The image resolution was demonstrated to be lower
than 1 A.

Mice

Animal studies were conducted in accordance with national and in-
ternational guidelines and were approved by the authors’ institutional
review board (Organism for Animal Wellbeing—OPBA). All animal ex-
periments were carried out in accordance with Directive 86/609 EEC
enforced by Italian D.L. n. 26/2014 and approved by the Italian Animal
Ethics Committee of Ministry of Health—General Directorate of Animal
Health and Veterinary Drugs (Authorization n° 1069/2020-PR,
04-11-2020). Wild-type C57BL/6 mice (Stock No.: 000664; weight:
approximately 20 g).

Culture and treatment of murine bone marrow derived dendritic cells
(BMDCs)

BMDCs were obtained from 16-week-old male C57BL/6 J mice.
Briefly, a single cell suspension of BMDCs precursors was obtained by
flushing the tibiae and femurs with 1X D-PBS (Gibco, New York, NY,
USA) in which 0.5 mM EDTA (Thermo Fisher Scientific, Waltham, MA,
USA) was added, followed by hypotonic lysis of red blood cells with ACK
(Ammonium-Chloride-Potassium, Thermo Fisher Scientific, Waltham,
MA, USA) lysing buffer. BMDCs precursors were plated in a 10 mL dish
(1 x 10° cells/mL) and cultured in RPMI-1640 (Thermo Fisher Scienti-
fic, Waltham, MA, USA) enriched with 10 % heat-inactivated fetal
bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA, USA),
100 U/mL penicillin and 100 mg/mL streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA), 25 ug/mL rmGM-CSF and 25 pg/mL
rmIL-4 (Miltenyi Biotec, Bergisch Gladbach, Germany) at 37 °C in a
humidified 5 % CO, atmosphere. On day 3, the cells were harvested,
restimulated with 25 pg/mL rmGM-CSF and 25 pg/mL rmlIL-4, and
plated at 1 x 10° cells/mL in a 10 mL dish. On day 8, the cells were
harvested plated at 1 x 10° cells/mL on a 12-well culture plate. The cells
were treated with 10 uM of AuNPS binding Laurus nobilis extracts or only
leaves extract prepared from the indicated cultivar. After 24 h, cells
were stimulated with 1 ug/mL of Salmonella Typhimurium LPS (Sigma-
Aldrich, St. Louis, MO, USA).

Then, 6 h later, cells were harvested to proceed with RNA extraction,
while for the ELISA assay and microscopy, LPS treatment was stopped
after 24 h. Subsequently the supernatant was collected and used for
cytokines detection.
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Transmission electron microscopy (TEM) for cell uptake visualization

Cell samples were rinsed, fixed using 2.5 % glutaraldehyde, then
post-fixed with 1 % osmium tetroxide containing 1.5 % potassium
cyanoferrate. Afterward, the cellular monolayers were gradually dehy-
drated in ascending concentrations of ethanol and embedded in Epon
resin. Thin sections of 80 nm were obtained using an ultramicrotome
and collected onto copper TEM grids. The grids were finally doubly
stained by lead citrate and UranyLess EM Stain (Electron Microscopy
Sciences), by following the standard protocol provided by the manu-
facturer. TEM analysis was performed with a JEOL JEM-1011 trans-
mission electron microscope at 100 kV operating voltage, equipped with
a 7 megapixel CCD camera (Orius SC600A, Gatan, Pleasanton, CA). TEM
image analysis was achieved with Gatan Digital Micrograph™ (DM)
software.

Viability test

BMDCs were seeded at a concentration of 1 x 10° cells per well in 12-
well plates (Thermo Fisher Scientific). in a humidified atmosphere, with
95 % air and 5 % CO,, at 37 °C. Control wells were incubated with
equivalent volumes of a cell culture medium. The cells were exposed to
AuNPs@polyphenols for 24 h and then to LPS for 24 h. The same pro-
cedure was used to quantify the viability of using plant extract. MTT
(0.5 mg/mL) was added to the cells for a 3 h incubation and cells were
lysed in acidified isopropanol/HCl 0.04 N. The lysates were subse-
quently read on a spectrophotometer at 550 nm (Bio-rad, Richmond, CA,
USA). The results were calculated as percent viability compared to
control.

Analysis of cytokine secretion

Cytokine secretion of coculture supernatants was analyzed using
ELISA kits for IL-1a, IL-1f, IL-10 and TNF (R& D Systems, Minneapolis,
MN, USA Catalog #: DY400, DY401, DY417 and DY410 respectively) on
cell culture supernatants from 3 independent experiments following the
manufacturer instructions,.

Confocal microscopy

BMDCs cells were seeded at a concentration of 7 x 10* cells/mL in
glass Petri dishes (Greiner Bio-One GmbH, Kremsmiinster, Austria),
After 24 h of stabilization, cells were treated as described in 2.10 section.
The culture media with different treatment condition was removed, and
the cells were gently washed with PBS. The samples were fixed using
glutaraldehyde (0.25 %) for 10 min, and then the cells were per-
meabilized by Triton X-100 (0.1 %) for 5 min. The actin fibers were
stained using 1 pg/mL of phalloidin-FITC overnight whereas nuclei were
labelled with DAPI (1 ug/mL). The high-resolution fluorescence acqui-
sitions were performed on a Zeiss LSM700 (Carl Zeiss Microscopy,
Munich, Germany) mounted on an Axio Observer Z1 (Carl Zeiss Mi-
croscopy, Munich, Germany) inverted microscope, using the Alpha Plan-
Apochromat (Carl Zeiss Microscopy, Munich, Germany) 63x oil-
immersion objective having nominal NA equal to 1.46 (Carl Zeiss Mi-
croscopy, Munich, Germany).To visualize nuclear chromatin marked
with DAPI and cytoskeletal actin proteins stained with phalloidin-FITC
was employed lasers with Aex= 405 nm and A= 488 nm, and the
aperture of pinhole was maintained at 1,88 and 1,58, respectively, were
used. The acquisitions were acquired in sequential mode of two laser, to
optimize the quality of emission signals. In addition, all measurements
were obtained while keeping the acquisition parameters constant as
follows: image size (203,23 pm * 203,23 pum), gain 700, digital gain 1.2,
digital offset -70 for channel correspondent to Aex= 405, and gain 615,
digital gain 1.2, digital offset-70 for channel correspondent to Aex=
488 nm. The image resolution has been set at 1024 pixels * 1024 pixels
for acquisition in z-stack mode.The confocal acquisitions were analyzed
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by ZEN2010 software (ZEISS, Germany) and cytoskeletal coherency
quantifications were performed on 15 cells for each treatment, using the
ImageJ 1.51 p analysis software, using OrientationJ plugin [32]. Data
were expressed as mean value and their relative standard deviation.

AFM analysis

High-resolution Atomic Force Microscopy NTEGRA (NT-MDT Spec-
trum Instruments, Moskow, Russia) was employed to investigate the
morphology and stiffness of the samples. In particular, the morpholog-
ical analysis was performed by using NSGO1 probes (NT-MDT Spectrum
Instruments, Moskow, Russia). These probes are characterized by a
tetrahedral shape with a typical tip curvature radius less than 10 nm,
and a tip cone angle less than 20°. The tip is mounted on the apex of a
rectangular single-crystal silicon cantilever with a thickness of 1.25 um,
a nominal spring constant and resonant frequency equal to 5.1 N/m and
150 kHz, respectively. The topographic acquisitions were taken in Semi-
contact error mode, over areas of 50 um x 50 um with a resolution of
512 points x 512 points, setting the setpoint, gain and rate parameters
to about 6.1 nA, 2.34, and 0.5 kHz, respectively. Each topographical
image was digitally treated with a plane fit and with a second order
flattening to suppress bow and tridimensionality effects, using specific
tools of acquisition software Image Analysis P9 (NT-MDT Spectrum In-
struments, Moskow, Russia). To quantify the cells elasticity force
indentation experiments were performed in cellular living condition,
using a proper tip holder for the analysis of samples in liquid medium.
The curves were acquired by using CSGO1 probes (NT-MDT Spectrum
Instruments, Moskow, Russia) that consist of a high-sensitivity rectan-
gular cantilever having a tetrahedral tip at its free end. The tip cone
angle is less than 22°, curvature radius is equal to 10 nm. The nominal
resonant frequency and elastic spring constant indicated by the manu-
facturer amount to 9.81 kHz and 0.03 N/m, respectively. Prior to per-
forming the force-spectroscopy measurements, the spring constant of
CSGO1 cantilevers was accurately estimated via the thermal noise
method [31]. The approach data portion of indentation curves was fitted
by using the Sneddon model and then Young’s Modulus (E) values were
obtained as the best fit parameter. More in detail, for each sample, the E
was calculated as the average value on 100 curves, randomly acquired
on 10 different cells. All measurements were performed in ambient
conditions (room temperature of about 25 °C and relative humidity of
around 55 %. The analysis of indentation curves was carried out using
the Image Analysis P9 (IA-P9) software (NT-MDT Spectrum Instruments,
Moskow, Russia).

Data analysis

All experimental data were analyzed and plotted by using Origin Pro
v8 (Origin-Lab Corporation, Northampton, MA, USA). Data were
considered statistically significant for p-value (t-student or ANOVA test)
less than 0.05.

Results and discussion

Green chemistry has emerged as a highly relevant topic in the field of
nanotechnology. The ability to harness plant-derived products for the
creation of nanostructures exhibiting several applications and specific
physicochemical properties is garnering increasing attention [32]. The
biomedical domain demonstrates substantial interest, given that the
elimination of toxic agents employed in nanostructure synthesis enables
to produce nano-objects with markedly low toxicity [11,33]. Whitin this
context, numerous publications have focused on the use of plant extracts
to obtain metallic NPs in varying sizes [34]. However, regarding the
shape, the literature currently lacks sufficient evidence of accurate
shape control. Consequently, many syntheses appear to be
semi-spherical and polydisperse [33].

On the contrary, our work yielded two distinct forms of AuNPs in the
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single synthesis, specifically spherical and triangular, by employing
Laurus nobilis extract, as showed in Fig. 1. Notably, Fig. 1a and 1b pre-
sented TEM acquisitions at two different magnifications, clearly show-
casing both forms of achieved NPs. Spherical NPs showed a notably high
density, as indicated by the pronounced contrast. Conversely, triangular
NPs exhibited a different contrast, signifying their bidimensional nature
as Au nanosheets. Fig. 1c¢ and 1d depicted morphological analysis using
STEM acquisitions in bright field and HAADF-STEM respectively.
Gaussian fit of size distribution analysis unveiled distinct sizes of the two
populations of NPs. Spherical AuNPs exhibited a size of (40 + 6) nm,
while triangular AuNPs@polyphenols showcased a larger size, equal to
(180 £+ 6) nm.

Employing high-resolution microscopy, the presence of an evident
shell enveloping the two types of NPs was observed (Fig. 2a). This shell
was readily discernible due to its distinct contrast compared to Au
(Fig. 2b, ¢). To affirm that this capping was indeed the result of the
presence of polyphenols on the surface, we conducted an EDS analysis.
This latter confirmed the presence of both elements: Au and carbon. In
this regard, the detected carbon was attributed to the organic shell of
polyphenols, characterized by long carbon chains (Fig. 2d, e, f, g).

The UV-Vis spectra of AuNPs@polyphenols revealed an absorption
peak at approximately 555 nm, while the plant extracts presented ab-
sorption around 260 nm, due to the phenolic compounds (Fig. 3a). In
the UV-spectra of AuNPs@polyphenols a subtle shoulder around 260 nm
was observed, confirming the interaction of the polyphenols with the
surface of AuNPs. In addition, the surface charge measurement by {
potential indicated a negative charge, specifically (-34 + 5) mV
(Fig. 3b), attributed to the presence of hydroxyl groups.

The utilization of TEM for assessing the NPs uptake was conducted to
assess the mechanisms of endocytosis involving AuNPs@polyphenols.
TEM captures images using a stream of electrons that passes through a
thin specimen, enabling a thorough examination of the sample’s inte-
rior. This microscopy technique has found widespread application in
nanomedical research, unveiling intricate connections between NPs and
cellular or tissue components owing to its exceptional high-resolution
capabilities. The remarkably short wavelength of the electron beam,
which is 100,000 times shorter than photons in the visible spectrum,
allows for sub-nanometer resolution, roughly equivalent to 0.2 nm in
conventional TEM.

TEM can offer clear insights into the mechanisms through which NPs
enter cells by traversing the plasma membrane, provided that the sample
has been appropriately processed to maintain its spatial relationship
with the cell surface. This understanding is highly valuable for the
development of effective delivery systems.

We conducted an analysis of the AuNPs@polypehnols internalization
in cells by TEM imaging after 24 h. Fig. 4 a and b displayed the typical
morphology of dendridic cells, characterizedby round body with irreg-
ular dendritic like projections. Fig. 4c, d showed cells incubated with
AuNPs@polyphenols, while cells exposed to AuNPs and LPS were rep-
resented in Fig. 4 e, f. Notably, no discernible differences were observed
between the two sample conditions in the internalizaton process.

Endocytosis can occur for both individual NPs and small groups of
NPs; larger single nanoconstructs or clusters of AuNPs@polyphenols, on
the other hand, may enter cells through phagocytosis or macro-
pinocytosis, respectively. The predominant uptake mode was endocy-
tosis, where the NPs after cell membrane contact, entering the cell. In
our case, the two different shapes of NPs were presumably internalized
by the clathrin-mediated endocytic pathway or, in the case of triangular
shapes, by cytoskeletal rearrangement [35,36]. The AuNPs@polyphe-
nols were found concentrated within vacuoles (namely, endosomes
and/or lysosomes) in the perinuclear region of the cells, with no pres-
ence detected within the nucleus and without difference from size and
shape.

Dendritic cells exposed to polyphenols lose the ability to become
inflammatory even if exposed to one of the most potent inflammatory
stimuli, the TLR4 ligand LPS [37,38]. We used in vitro cultured murine
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Fig. 1. Representative TEM images of AuNPs@polyphenols at different magnifications (a, b). Representative STEM acquisitions bright field (¢) and HAADF-STEM
(d). Statistical analysis of NPs size calculated by ImageJ software on 70 NPs. Red line is the Gaussian fit.

DCs to evaluate if the interaction of the polyphenols with the surface of
AuNPs altered polyphenols ability to suppress the inflammatory
pathway induced by LPS. We exposed murine bone marrow derived
dendritic cells (BMDCs) to AuNPs@polyphenols for 24h before
receiving LPS administration to induce DCs maturation.

We first addressed DCs viability up to 96 h following AuNPs
administration by MTT. None of the different concentrations of AuNP-
s@polyphenols (10, 20 and 40 uM) or Laurus nobilis extracts (2, 4 and

8 ug/mlL) affected DCs viability (data not shown) as also reported in our
previous publications using different immunocells, i.e THP-1 [39]. Of
note, we tested AuNPs@polyphenols carrying different ratios of poly-
phenols to NPs to evaluate whether the eventual biological effect was
due to the NPs or the polyphenol component. DCs switch from the
immature (iDCs) to mature (mDCs) status is typically a consequence of
the engagement of pathogen-associated molecular patterns (PAMPs)
such as toll-like receptor (TLRs). In response to LPS administration DCs
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Carbon

Fig. 2. Representative STEM bright field images of AuNs@polyphenols (a). In b and c details of the two shapes of NPs were reported in which was visible the organic
shell. EDS images (d,e) and analysis (f,g) of AuNPs@polyphenols.
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Fig. 3. Uv-vis spectra of Laurus nobilis extract (black line) and AuNPs@polyphenols (red line) (a); zeta potential measuements of AuNPs@polyphenols (b).

profoundly change their phenotype, morphology and cytokine secretion
profile becoming mDCs [40,41].

Exposure to polyphenols can change DCs maturation towards an
inflammatory-impaired phenotype characterized by low inflammatory
cytokine secretion, migration towards draining lymph nodes and
distinct gene transcription profile [42,43]

To evaluate if bending to AuNPs@polyphenols preserved polyphenol
ability to skew DCs inflammatory response following LPS administration
we exposed cells to AuNPs@polyphenols for 24 h and then administered
LPS.

Cytokine concentration in the supernatant revealed that the admin-
istration of AuNPs@polyphenols [10 uM - 8 ug/mL polyphenols] was
able to significantly reduce IL-1a, IL-1p and IL-10 secretion, but not TNF
(Fig. 5).

Depending on the initial concentration in the Laurus nobilis extract
used for the synthesis process, different coverage of polyphenols onto
the AuNPs can be obtained and carefully quantified, as described in
Section 2.

Increasing concentrations of AuNPs@polyphenols [20 uM-8 pg/mL
polyphenols and 40 pM-8 ug/mL polyphenols] were not able to further
reduce IL-1a and IL-1f secretion [29], suggesting that the reduction of
the inflammatory cytokines’ secretion was due to the labeled poly-
phenols and unrelated with AuNPs. The ELISA analysis confirmed that
the TNF in response to LPS was not reduced by AuNPs@polyphenols [10
uM-8 ug/mL polyphenols], vice versa, IL-10 was efficiently suppressed
suggesting that AuNPs@polyphenols act on specific inflammatory

pathway. Importantly, the suppression of IL-10 transcription by means
of AuNPs@polyphenols was strongly dependent on the concentration of
the polyphenols in the surface shell, showing a suppression from about
50 % down to about 35 % by doubling the AuNPs@polyphenols [10
uM-8 pg/mL polyphenols and 20 uM-16 ug/mL polyphenols] further
highlighting that the anti-inflammatory effect is mediated by the surface
concentration of the polyphenols component independently from the
amount of AuNPs@polyphenols carrier.

DCs ability to efficiently present antigens is strictly related with their
ability to migrate to the draining lymph nodes and to create a stable
synapse with naive T cells [44,45], thus profound morphological and
phenotypical differences distinct iDCs from mDCs. A round and smooth
surface in iDCs becomes rough surface with multiple pseudopodia in
mDCs [46]. To assess whether AuNPs@polyphenols can express their
anti-inflammatory ability by preventing the phenotypical maturation of
DCs, we visualized DCs morphology, in terms of nuclear and cytoskel-
etal, by confocal microscopy. In Fig. 6, a multi-panel of 3D images
related to the samples was presented. In particular, the control samples
(Fig. 6a) exhibited a typical morphology, characterized by smooth sur-
face with few protrusions. A similar appearance was observed in cells
incubated with Laurus nobilis extract. (Fig. 6b). Conversely, following
LPS inoculation for 24 h, cells differentiated into a typical inflammatory
morphology, indicating their probably phenotypical maturity (Fig. 6¢).

In more detail, IDCs typically remained non-migratory and station-
ary in peripheral tissues, awaiting encounters with pathogens and
foreign materials. The phagocytose of foreign molecules trigger their
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Fig. 4. TEM images at different magnification of BMDCs control (a,b), loaded with AuNPs@polyphenols (c,d) and AuNPs@polyphenols + LPS.

maturation process, that involves a change in the morphology, leading
to the formation of dendrites and pseudopodia. During the trans-
formation, the chemotactic activities of mDCs and the capability of
migration increases.

The mDCs, both phenotypically and functionally, initiate migration
in response to chemokines released from the lymph nodes. These mature
DCs then engage with naive T cells [47]. The maturation process in-
volves a change in the morphology of DCs, leading to the formation of
dendrites and pseudopodia. During this transformation, the chemotactic
activity of DCs is heightened through the expression of actin-bundling
proteins that facilitates the assembly of membrane protrusions,

thereby enhancing cell migration [48].

Exposing cells to AuNPs@polyphenols induced a phenotype similar
to both control cells and cells treated with Laurus nobilis extract and LPS.
The inflammatory phenotype appeared to be reduced (Fig. 6d), and the
effects became more pronounced when AuNPs@polyphenols were
incubated with LPS. (Fig. 6e). Consequently, based on this analysis we
may conclude that the AuNPs@polyphenols were more effective in
reducing inflammation through a morphological point of view.

On average, DCs did not exhibit a particularly organized cytoskel-
eton; actin filaments were rather randomly arranged. However, the
analysis of the coherency parameter enables the quantification of subtle
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Fig. 5. Histograms expressing the reduction of the mean concentration AC
(£SD; n=3) assessed by ELISA for secreted cytokines of BMDCs after stimula-
tion with LPS and/or Au@polyphenols, free polyphenols from Laurus nobilis
extract. Data are statistically significant for *p < 0.05 **p < 0.005 . The original
measured values (ng/mL) were normalized to the maximum concentration of
expressed cytokines, which was always observed after stimulation with LPS,
which was set equal to 1.

variations in the organization of these filaments. The coherency
parameter expresses the local orientation of actin fibers: more disor-
dered fibers showed values close to 0, whereas perfectly aligned ones
showed a coherency value of about 1.

The quantitative assessment of coherency, conducted using the open-
source tool specific to ImageJ software on confocal acquisitions,
revealed a decrease in this parameter in cells stimulated with LPS,
indicating a reduction in the organization of actin fibers. Conversely,
cells exposed with AuNPs@polyphenols and LPS showed an increase in
coherency values, due to the anti-inflammatory action of NPs, also in
comparison to the Laurus nobilis extract and LPs alone (Fig. 6f).

It is known that immature dendritic cells (DCs) exhibit limited
mobility; they are involved in environment screening and the capture of
antigens within tissues or organs through processes such as phagocytosis
or endocytosis [49]. The cytoskeletal rearrangement is crucial for
immature DCs to engulf antigens effectively. However, upon matura-
tion, DCs experience a reduction in phagocytic ability, an increase in
motility, and exit the tissue [41]. They traverse the endothelium of
lymphatic vessels and migrate towards draining lymph nodes. In these
lymph nodes, mature DCs engage with T cells, initiating an adaptive
immune response [50]. Then, a specific analysis of the mechanical
behavior of these cells is fundamental to understand the role of poly-
phenols from extract and those bind on the AuNPs surface to support our
hypothesis that AuNPs stabilize these fitomolecules improving their
beneficial effects in cells. AFM analysis was performed on living cells
(Fig. 7). Semicontact mode by in the height and error mode channel
were showed. The morphology of control cells confirmed the data ac-
quired by confocal microscopy. Cells control exhibited a predominantly
round shape, with a quasi-smooth cell surface (Fig. 7a). In contrast,
BMDCs stimulated with LPS (Fig. 7b) demonstrated an irregular shape
characterized by numerous pseudopodia or lamellapodia, along with
ridges and ruffles on the cell membrane surface. Additionally, they
appeared slightly larger compared to the immature counterparts.

The addition of polyphenols from Laurus nobilis extract in cells
exposed to LPS for 24 h reduced the quantity and the length of filopodia
meaning the anti-inflammatory action of polyphenols (Fig. 7¢). For cells
exposed to AuNPs@polyphenols, we observed a control like morphology
(Fig. 7¢), whereas the incubation of dendritic cells with AuNPs@poly-
phenols and LPs induced an anti-inflammatory effect similar but stron-
ger compared to cells exposed to free polyphenols and LPS (Fig. 7d).

Following this evidence, a meticulous analysis of Young’s modulus
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on cortical actin was assessed across all experimental conditions, given
the pivotal role of cytoskeleton as the physical and biochemical interface
for a wide range of cellular processes [51]. Its intricate regulatory ma-
chinery is involved in both upstream and downstream aspects of
numerous signaling pathways [52,53]. Playing a crucial role, the cyto-
skeleton governs the mechanical properties of a cell [54]. Consequently,
cell elasticity may serve as a parameter reflecting the cellular behavior
rather than representing the specific characteristics of isolated compo-
nents [55]. In the context of BMDCs, it is reasonable to posit that single
cellular mechanical phenotyping could offer biophysical insights into
their inflammation process.

Therefore, AFM was employed as a powerful tool to understand the
biophysical properties of cells [56]. Force-distance curves in corre-
spondence of cells in living condition were acquired and analyzed to
quantify their Young’s modulus. Its value in control cells (Fig. 8a) cor-
responded to (3.9 &+ 0.5) kPa; it became (2.4 £ 0.6) kPa after exposure
to LPS for 24 h (Fig. 8b). This decrease may justifiable because BMDCs
acquiring an inflammation phenotype were more capable to migrate.
These results were corroborated by the analysis performed on the
confocal images, from which resulted a reduced coherency value, cor-
responding to more disorganized actin fibers and in turn a cells elastic
deformability. When NPs were expose to Laurus nobilis extract and LPS,
the value of Young’s modulus increased, becoming (2.9 + 0.2) kPa. This
may attribute to the presence of the polyphenols acting as
anti-inflammatory agents (Fig. 8c). Incubation with AuNPs@polyphe-
nols for 24 h did not show a significant alteration compared to control
cells: specifically, Young’s Modulus value resulted equal to (3.7 + 0.8)
kPa (Fig. 8d). Conversely, the addition of LPS of previous condition
determined a decrease of the elastic modulus, that becoming (3.01 +
0.8) kPa (Fig. 8e). This value was comparable with the cells exposed
with free polyphenols.

In conclusion, considering the limitations related to the use on free
polyphenols in medical applications, the use of green synthetized
AuNPs@polyphenols may represent a promising solution, since poly-
phenols adhere and remain stable on the surface of the AuNPs over-
coming the issue related to the very short half-lives of polyphenols. This
is a crucial aspect of our work: we preliminary demonstrated how the
use of AuNPs could imply the use of a much lower quantity of poly-
phenols to achieve the same therapeutic effect observed in free
administration.

If confirmed in vivo, these data may support the translational use of
AuNPs@polyphenols as adjuvant for drugs against chronic inflamma-
tory syndromes, particularly Inflammatory bowel disease (IBDs).

Conclusions

Innovation in the nanomaterial field is addressing multiple chal-
lenges including the need of developing practices able to implement the
biological effect of drugs and nutraceuticals and, at the same time,
environmentally sustainable.

With the present study we describe a green one-pot synthetic process
to obtain AuNPs@polyphenols obtained from the leaves of the Laurus
nobilis extract.

Polyphenols are bioactive compounds able to suppress the anti-
inflammatory pathway of immune cells. We recently used polyphenols
as adjuvant for treatment of IBD in a single center study obtaining
promising, but still unsatisfactory results [57]. Most likely, the effects of
dietary polyphenols are limited by their poor stability and low
availability.

The aforementioned results indicated that AuNPs@polyphenols
retain the well know polyphenol ability to suppress the inflammatory
pathway, furthermore, indicate that AuNPs@polyphenols captured by
DCs enter in subcellular compartments and support an increase in co-
herency values in mDCs compared to AuNPs@polyphenols non-exposed
one.

These are new and very interesting results as organelles are crucial
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Fig. 6. . 3-d confocal acquisition z-stack of control (a), LPS (b), LPS and Laurus nobilis extract, AuNPs@polyphenols (¢) and AuNPs@polyphenols and LPS (d).
Coherency measurements on confocal acquisition using ImageJ software.

for antigen presentation and actin remodeling may indicate the possi- in the presence of AuNPs@polyphenols with respect to free polyphenols
bility to prevent DCs migration towards draining lymph nodes.

In addition, the morphological and elasticity assessment of cortical CRediT authorship contribution statement
actin of DCs cells showed that the addition of AuNPs@polyphenols in
cells in which inflammation was inducted, reduced the cell stiffness. In Marcello Chieppa: Supervision, Methodology, Data curation.
particular, we demonstrated a reduction of inflammation more evident Angelo Santino: Methodology, Data curation. Rosaria Rinaldi:
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