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Optical Switchers to Manipulate Intracellular Pathways and

Boost Tissue Regeneration

Natalia Dell’Aversano, Maria Laura Amenta, Massimo Rippa, Maria Moros, Angela Tino,

and Claudia Tortiglione*

The possibility to remotely manipulate intracellular pathways in single cells is
among the current goals of regenerative medicine, demanding new strategies
to enhance tissue repair and reprogram stem cell activity. Plasmonic
nanomaterials are addressing this need, due to improvements in the
controlled synthesis allowing convenient regulation and precise thermal
positioning. Leveraging on the thermal properties of gold nanoprisms
(AuNPs) and on the unparalleled regenerating capabilities of the small
invertebrate Hydra vulgaris, here the possibility to activate the molecular
machinery underlying the animal regeneration by using AuNPs and applying
regular pulses of near infrared irradiation (NIR) is shown. The efficiency of the
head regeneration, reproductive capability, and stem cell proliferation rate are
boosted by the AuNP photostimulation, indicating NIR triggered
hyperthermia as new tool to enhance tissue regeneration. By transcriptional
profiling of key developmental genes in animals exposed to external heat or
irradiated an estimation of the heat developed in vivo by intracellular
nanoheaters is obtained, revealing Hydra as a living thermometer to test
performance of plasmonic materials. These results shed light on a novel

1. Introduction

Regeneration, commonly defined as the re-
placement of body parts lost by injury, can
vary greatly among species, tissues and
life stages. Basal animals, like cnidarians
and planarians, can regenerate their whole
body, while most vertebrates and mam-
mals have only limited regeneration ca-
pacity, restricted to some tissues (intesti-
nal epithelium, skin, liver, blood, skeletal
muscle).[!] In these species tissue repair oc-
curs through inflammation, proliferation,
and replacement of the damaged tissue
with an acellular fibrotic matrix (scar tis-
sue), which is different from the original tis-
sue. Regenerative medicine strives to iden-
tify the mechanisms underlying regenera-
tion of missing structures or repair of dam-
aged tissues with the final aim to control
the cells that execute these programs, that

function of heat emitting nanoparticles to control cell stemness through the
activation of molecular pathways that can be targeted for regenerative

medicine or wound healing strategies.

N. Dell’Aversano, M. L. Amentalt], M. Rippa, A. Tino, C. Tortiglione
Istituto di Scienze Applicate e Sistemi Intelligenti “E. Caianiello”
Consiglio Nazionale delle Ricerche

Via Campi Flegrei 34, Pozzuoli 80078, Italy

E-mail: claudia.tortiglione@cnr.it

M. Moros

Instituto de Nanocienciay Materiales de Aragén

INMA (CSIC-Universidad de Zaragoza)

C/ Pedro Cerbuna 12, Zaragoza 50009, Spain

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202405400

[*IPresent address: Istituto di Bioscienze e Biorisorse, Consiglio Nazionale

delle Ricerche, Via Pietro Castellino 111, Napoli 80131, Italy

© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202405400

Adv. Funct. Mater. 2024, 2405400 2405400 (1 of 11)

is, the endogenous stem cells. In addition,
genetic and biochemical factors, acting at
cell and tissue levels, and physical stimula-
tions (heat, electric fields, light irradiation)
provide pivotal instructive roles for the co-
ordinated behavior of large tissue regions
healing the wound.!”) Light exposure (from
laser and LED sources) already showed the
beneficial effects on wounds, promoting the healing process!®!
while thermal therapy has been applied since ancient history, and
in daily life people apply a hot compress to reduce inflammation,
relieve pain, and improve blood circulation. The heat shock re-
sponse is one of the best studied exogenous cellular stresses, that
has been triggered for therapeutic purposes. A plethora of cel-
lular responses have been characterized, from the induction of
the heat shock proteins to alteration of cell-cycle, DNA related
processes and apoptotic pathways.l*l The understanding of the
influence of heat on the behavior of cells and tissues for pro-
moting the tissue repair and the regeneration is however very
complex.’) The magnitude and the duration of the tempera-
ture enhancement dictate the biological outcomes and severe
effects, like cell death, can be induced above certain tempera-
tures, which justifies the development of numerous anticancer
strategies based on thermoablative techniques.®! Beside radiofre-
quency ablation, microwave ablation, and high-intensity focused
ultrasounds, widely validated for anticancer clinical practices,
nanostructured heat emitting materials are being thoroughly
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Figure 1. AuNP optical and thermal characterization in vitro and in vivo. A) TEM analysis shows the prism like morphology of the AuNPs and the
homogenous preparation. Scale bar = 100 nm. B) UV—vis-near-infrared spectra showing the LSPR peaking at 1080 nm. C) Temperature curves of AuNPs
placed in a quartz cuvette and irradiated using a NIR laser at power density 3.9 W cm™2. When a maximum was reached, the laser was turned off and
the drop in the temperature was recorded. Pure water (orange curve) was used as control. D) Temporal thermal variation AT of AuNP in Hydra medium
during and after NIR irradiation (2.42 W cm™2) measured by thermographic technique. The inset shows representative thermal frames acquired during
irradiation at the indicated time. The dotted line indicates the laser drop off. E) Image of a Hydra showing the simple anatomy with a head surrounded
by tentacles. Scale bar 500 pm. F) Scheme of the longitudinal section showing the ectoderm (ecto, light brown) and endoderm (endo, azure) separated
by an acellular matrix, the mesoglea (M). The interstitial stem cells (ISC, red) lye into the interstices of the ectoderm giving rise to a few differentiated
cell types, including neurons (violet). The arrows indicate the cell migration in the gastric region during the budding process. G) Temporal thermal
variation AT of living polyps (n = 15) treated with AuNP during and after NIR irradiation. The inset shows representative thermal frames acquired during
irradiation. The average temperature of each well is reported, while the thermal profile of a single well is shown in Figure S1C (Supporting Information).

The temperature is uniform over most of the well area.

investigated to enable controlled delivery of heat inside the cells
and avoiding nonspecific damages to adjacent normal tissues.!”]
However, their use to augment the tissue regenerative potential
has been rarely considered.®! Indeed, rather than promoting cell
death, the local delivery of low heat doses may affect cell fate and
decision, cell proliferation rates and modulate specific pathways
with beneficial outputs for the cell, as extensively reviewed.l°!

In order to translate these potentials into novel opportuni-
ties for regenerative medicine several challenges must be ad-
dressed, from the long and expensive in vivo tests on ver-
tebrates, posing ethical issues, to the availability of stable,
biocompatible, and heat-emitting materials allowing conve-
nient regulation and precise thermal positioning. Plasmonic
materials such as gold nanoparticles have been used as
nano-hotspots to selectively generate heat in a spatiotempo-
ral fashion.l®!% Their eminence is governed by the high bio-
compatibility and tuneable synthesis, enabling the control of
light absorption in the NIR spectral range (690—1100 nm),
where tissues are maximally transparent, and the light to
heat conversion efficiency.'!] To exploit the possibility that
gold nanoparticles act as optothermal actuators to enhance
tissue regeneration, the understanding of their in vivo per-
formance to modulate cell functions following stimulation is
needed.
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Cnidarians and in particular Hydra vulgaris have a long his-
tory as models for regeneration due to their spectacular ability
to rebuild any missing body part from tiny pieces of tissue.['?!
The millimeter sized Hydra polyp presents a very simple struc-
tural anatomy, with a body column and a mouth surrounded by
a tentacle crown. The body wall is a bilayer of two cell sheets,
an inner endoderm and outer ectoderm that continuously di-
vide, migrate toward the body extremities and together with stem
cells interspersed in between the two layers ensure a constant
cell turnover and differentiation process, drive asexual reproduc-
tion by budding, and maintain constant animal size (Figure 1).
The softness and transparency of the epithelia enabled to in-
vestigate the interaction and the fate of several nanoparticles
within the animal tissue by using a variety of optical, ultrastruc-
tural and spectroscopic techniques, depending on the chemi-
cal composition.["*) Several studies were performed with gold
nanoparticles of different shapes and surface functionalization,
revealing full biosafety of the material and the possibility to
test them in Hydra for diverse biological purposes, from drug
delivery,['*] to cell thermoablation!'! and in some case the mech-
anisms underlying their bioactivity were identified.'! In case of
mild hyperthermia mediated of iron oxide nanoparticles an intra-
cellular increase of temperature of 10 °C was estimated by com-
paring the molecular response produced by the magnetothermal
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stimulation and by the external heat.['”] Importantly, this study
depicted the thermal response of Hydra to considerable increase
of the temperature (AT) above the normal culturing condition
(18 °C), demonstrating the absence of morphological damages
at 28 °C, the induction of apoptosis and stress responsive gene
(Hsp70) expression at 30 °C (with negligible morphological ef-
fects), and the induction of animal death from 34 °C onward.
These results provide the ground for the development of alterna-
tive nanoheaters, mediating the delivery of low heat doses, whose
potential may be exploited for promote beneficial effects on cell
activity rather than inducing programmable cell death.

Here we exploited the possibility to enhance the regenera-
tive potential of Hydra by re-activating the stem cell self-renewal
through AuNP mediated delivery of heat. By dissecting the re-
sponse of optothermal stimulation at whole animal, cell, and
molecular levels and by comparison to the response induced by
external heating, we show the potential of AuNPs to act as novel
optical switchers to augment, in situ, the regenerative capability
of a whole animal through the manipulation of molecular pro-
grams. Drawing inspiration from Hydra results the controlled
hyperthermia mediated by AuNP represent an innovative tool to
promote by the simple use of light regenerative programs follow-
ing injury and in all pathological contexts demanding to reacti-
vate the stem cell regenerative potential for therapeutic purposes.

2. Results and Discussion

2.1. AuNP Optical and Thermal Characterization In Vitro and In
Vivo

AuNP synthesis was performed as previously reported,[**lusing
sodium thiosulfate to reduce chloroauric acid. Thereafter AuNPs
were coated with poly (ethylene glycol) to confer stability. Af-
ter the purification steps to remove reagents and by-products,
the AuNPs were thoroughly characterized for morphology, op-
tical and thermal properties. TEM images (Figure 1A) showed
AuNPs of 152 + 34.9 nm mean length per 10 nm of width, while
the UV—vis-near-infrared spectra (Figure 1B) indicated a Local-
ized Surface Plasmon Resonance (LSPR) peaking inside the NIR
range (1080 nm), as previously observed.1"8] The possibility to
convert light into heat was assessed recording the temperature
profile of NIR laser-activated AuNP suspensions by using a ther-
mocouple inserted into AuNP solution after NIR irradiation.[!"]
Figure 1C shows that the temperature of the AuNP solution in-
creases exponentially upon laser illumination, reaching the equi-
librium after ~20 min (AT = 6 °C), and then returns to the ambi-
ent value after discontinuing irradiation. Pure water at the same
laser energy does not induce a significant temperature increase,
indicating that the temperature increase with the presence of
AuNPs is exclusively attributed to the heat transduced from the
light by the AuNPs. A similar trend of the temperature profile
was obtained at higher power density (Figure S1A, Supporting
Information), reaching a AT = 37.3 °C, highlighting the possibil-
ity to precisely control the AuNP heat transduction and in turn
the biological outcomes, from cell ablation, extensively exploited
by us in vitro and in vivo,['>!7!8] to mild effects, object of this
study.

As the AuNP thermal properties following internalization may
profoundly differ from those measured in monodispersion, the
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thermal temporal response of the AuNP solution was also deter-
mined by thermographic technique, a well-known non-invasive
method that allows measurement of spatial temperature distri-
butions and temporal trends accurately.

Figure 1D shows the temporal trends of the average tempera-
tures variance AT(t) measured for the AuNP in Hydra medium
(black points), investigated both during and after (NIR OFF) laser
irradiation. While the irradiation itself caused a negligible tem-
perature increasing measured on pure medium (AT = 1.9 °C),
the AuNP solution shows a temporal trend characterized by a
rapid initial growth reaching 80% of the AT,,,,, in ~#40 min. Sub-
sequently, the growth of AT is slower, tending toward a plateau
reaching after 5 h a maximum temperature variation of AT, .
= 20.4 °C. When the laser is turned off, the sample investigated
shows an exponential thermal decrease with a time constant of
7 = 3.5 min.

The biosafety of AuNPs following internalization in Hydra
polyps was confirmed by treating polyps with increasing con-
centrations of AuNPs, from 0.5 to 2 mg mL™~! and moni-
tored every 24 h, up to 72 h. Hydra vulgaris is very sensi-
tive to aquatic pollutants and the response to exogenous con-
taminants can be assessed by morphometric assay, detecting
body and tentacle damages, followed by behavioral and molec-
ular assays.[?] In Figure 1E a healthy polyp is shown, together
with the anatomical structure, showing the body wall com-
posed by epitheliomuscular cells lining the inner side (endo-
derm) and the outer side (ectoderm) and the interstitial stem
cells (ISC) differentiating in a few cell types (neurons, gland
cells, and nematocytes). No morphological damages were de-
tected in presence of AuNPs (Figure S2A, Supporting Informa-
tion), confirming previous evidence on full biosafety of AuNP
in Hydra tissue.['>1¢] Using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES), the efficient internalization
of AuNPs into Hydra was estimated (103 =+ 2.4 ng Au/polyp),
confirming data by optical microscopy using fluorescent labeled
AuNP,[*%] previously reported (Figure S2B, Supporting Informa-
tion).

The thermographic technique was next employed to determi-
nate in vivo the thermal profile of AuNP treated animals irra-
diated for increasing periods of time (Figure 1G). The irradia-
tion itself caused a negligible temperature increase measured on
the well hosting living animals untreated that reaches after 5 h
a variance AT = 1.6 °C (Figure S1B, Supporting Information).
In the case of AuNP treatment a trend similar to that reported
in Figure 1D was obtained but with different characteristic ther-
mal values. The presence of AuNPs caused a rapid increase of
the temperature over the first hour of irradiation, continuing at
a lower rate over the following hours and reaching a maximum
value AT, . = 7.4 °C after 5 h. Prolonging the irradiation time
up to 16 h does not cause a further increase of the temperature.
When the laser is turned off, also in this case the thermal recovery
shows a decreasing exponential trend characterized by a higher
time constant (r = 6.2 min) than the case of Figure 1D. Notably,
a similar thermal trend was measured from a single animal un-
der the same condition (AT = 5.9 °C), showing a negligible con-
tribute of heat dissipation and transfer among the animals on the
detected temperature (Figure S1D, Supporting Information) and
suggesting a highly localized light to heat conversion into the an-
imal tissues.
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Figure 2. Opto-thermal stimulation of AuNP enhance regenerative and reproductive capabilities of living Hydra. Whole polyps treated with AuNPs were
bisected and allowed to regenerate the head under NIR light (condition AuNP NIR) or ambient light (AuNP). As control conditions untreated and
untreated illuminated animals were used. The percentage of regenerating heads were scored every 24 h based on their developmental stage: stage 0
(blue), stage 1 (orange), stage 2 (gray) and stage 3 (yellow). Figure S3 (Supporting Information) reports the stage distributions at 24 and 72 h p.a. B)
Whole polyps were bisected and exposed to external heat either continuously (infinite symbol) or for 5 h /day. 1X = one pulse of heat (28 °C), 24 h p.a,;
2X =two pulses of heat, 48 h p.a. For each condition three independent biological replicates were performed (n = 60). Statistical comparisons are reported
in Tables S1and S2 (Supporting Information). C) Representative microscopic images showing morphology of regenerant polyps in each condition. Scale
bars 500 um. D) The graph shows the growth rate of a population from 3 founder animals either AuNP treated (red curve) or untreated (blue curve) and
NIR illuminated for 5 h/day. The logarithmic growth rate constant (k) is the slope of the regression line. E) Growth rate of a Hydra population exposed
to 28 °C for 5 h/day (orange curve) and compared to animals grown at 18 °C (blue curve). F) Representative microscopic images showing the budding

process. Scale bar, 500 pm.

2.2. AuNP Photostimulation Enhances Hydra Head Regeneration
and Reproduction Efficiencies

The regeneration of a new head post amputation (p.a.) has been
extensively characterized in Hydra both at morphological and
molecular levels.'”) Within the first hour p.a. the site of in-
jury responds by re-organization of the epithelial cells to close
the wound, the body stump appears as a headless moiety with-
out gross morphological changes (stage zero) up to 30-36 h,
when small tentacle buds begin to emerge on the regenerat-
ing tip beginning the process of morphological differentiation of
cells (stage 1). Over the next 24 h the emerged tentacles progres-
sively growth in length (stage 2) completing the process by 72 h,
when the whole tentacles are enough to catch the prey (stage 3)
(Figure 2A). Despite the studies on the effects of the temperature
on Hydra viability, showing thermotolerance, acclimatation, and
capability to adapt to elevated environmental temperatures, !l
a detailed characterization of the effect of temperature on the
dynamic of the regeneration is lacking, except rare report from
the past century.??l Recent studies by functional calcium imag-
ing showed that extended exposure to elevated temperatures did
not affect various behavioral features in Hydra,!?3] while short
thermal stimulation drives temperature-dependent firing rate in
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specific Hydra neurons.!**] However, these studies focus on neu-
ral responses and not on regenerative capabilities. Thus, we ex-
ploited the possibility that the temperature increase induced by
the AuNP photo-thermal stimulation might positively affect the
dynamic of this process by irradiating amputated bodies for 5 h
each day, that is, the period of time sufficient for AuNP to reach
the AT,,,,..

The biodistribution of the developmental stages at 48 p.a.
(the optimal temporal window for quantify morphological differ-
ences) showed a significant increase in the percentage of stage 2
and stage 3 as effect of the AuNP photostimulation compared to
the other conditions, suggesting an acceleration of the dynamic
of the regeneration (Figure 2A). A similar effect was observed by
exposing amputated polyps, in absence of AuNPs, to an external
heat source (incubator warmed at 28 °C) either continuously or
as pulses of 5 h per day (Figure 2B,C). While after a single pulse
(1X) the percentage of animals at the different stages were sim-
ilar to controls, after 2 pulses (2X) the percentage of stage 2 was
significantly higher, revealing the dependency of the regenera-
tion on the number of heat pulses and on the duration of the
thermal stimulus. Interestingly in case of continuous incubation
at 28 °C, all animals reached stage 3, that is, full head regenera-
tion, indicating a 24 h anticipation of the whole process. Figure S3
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(Supporting Information) shows the distribution of the regener-
ative stages obtained by photostimulation and external heating
also at 24 and 72 h p.a., confirming the acceleration of the pro-
cess induced by the moderate heat.

Beside regeneration, the reproductive capability of the polyps
was also monitored. The tissues of Hydra vulgaris are extremely
plastic and dynamic, and the balance between cell production
and loss underlies a constant body size.[?>] Epithelial cells con-
tinuously divide migrate toward the animal ends contributing to
the formation of new individuals, budding from the gastric re-
gion, and detaching from the mother in ~3 days!?! (Figure 2F).
Under controlled environmental conditions, the speed of growth
depends solely on the speed of epithelial cell division, however,
numerous environmental factors can influence this process.!*¢]
To evaluate the impact of AuNP on the population growth rate,
groups of three founding mothers were treated with AuNP, daily
fed, and exposed on alternate days to pulse of 5 h of NIR illumi-
nation. The graph of Figure 2D shows since the beginning of the
monitoring clear differences in the number of individuals gener-
ated by AuNP treated mothers compared to untreated. The slopes
of the linear regression lines, representing the growth rate (k) of
the two populations, are different among the two conditions, be-
ing higher for treated animals (0.071) compared to the untreated
(0.063), confirming the effect mediated by AuNP photostimula-
tion on the population growth. A similar enhancement of growth
rate was obtained by exposing the polyps to 28 °C (Figure 2E),
showing a general effect of the temperature increase, produced
by intracellular nanoheaters or by an external macroscopic source
on Hydra budding.

2.3. Molecular Pathways Activated by Optical Switchers

Both processes of regeneration and budding rely on stemness of
interstitial and epitheliomuscular cells continuously undergoing
self-renewal by mitotic division and differentiation.[?’) Unbalanc-
ing of these processes may affect the dynamic and the efficiency
of both phenomena. To estimate whether the enhanced regener-
ation and reproduction in photostimulated polyps positively cor-
relates with the cell proliferation rate, a quantitative estimation of
the dividing cells was performed, by mean of Bromodeoxyuridine
(BrdU) assay. This assay is based on the capability of this Thymi-
dine analog to be incorporated into DNA in place of Thymidine
and to be detectable by an immunoassay, allowing to quantify
the cells that are undergoing or have recently undergone DNA
replication. Treated animals were dissociated into a suspension of
fixed single cells maintaining their morphology (a process named
maceration)!?] and the BrdU™* cell relative abundance (labeling
index) was monitored at 5 h and 16 h p.a. (Figure 3A).

At both time points the percentage of fast cycling interstitial
stem cells (ISC), normally completing a cell cycle in 18-30 h,[*]
were found significantly increased in AuNP treated and irradi-
ated animals compared to other conditions (Figure 3B-D), and
this trend was observed also for the epithelial cell (EPI) prolif-
eration rate, although at a minor extent (Figure 3C-E), which
agrees with their slower cell cycling activity (48-72 h).3% Of
note, the NIR irradiation caused per sé a significant inhibition
of both EPI and ISC cell proliferation, revealing the capability of
AuNP photostimulation not only to fully prevent this effect but
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to further boost the proliferative activity. Regenerants exposed
to a macroscopic heat source (28 °C) also showed at both time
points increased cell proliferation rates, but limited to the EPI
(Figure 3G-I) and not ISC (Figure 3F-H), which well explain
the in vivo enhancement of the reproduction capability, driven
by EPI cells. Despite great knowledge on the Hydra ISC role
in maintaining tissue homeostasis,”’*?! the molecular mecha-
nisms underlying stemness are not fully understood to date and
are being revisited following recent genomic and transcriptomic
data.l?c] Several evidence show they are likely regulated by tem-
perature, metabolic control mechanisms, and growth factor path-
ways including Wnt and TGF-f signaling.®!l In line with these
evidence, we searched for the involvement of known molecu-
lar regulators of self-renewal and differentiation of Hydra stem
cells by transcriptional profiling of key genes, such as the tran-
scription factors forkhead box O (FoxO), and two genes belong-
ing to the Wnt/f-catenin signalling pathway, that is, f—catenin
(B-cat), and the proto-oncogene Myc 1. FoxO is one of the criti-
cal drivers of stem cell continuous self-renewal. It is expressed
in the three cell lineages and its overexpression increased ISC
proliferation.[3)Remarkably, it is also responsive to high level of
Reactive Oxygen Species (ROS), representing a marker for the
oxidative and heat stress.!*3] f-cat also acts as a positive regulator
of stem cell proliferation,** as shown by the increased stem cell
density in transgenic animals overexpressing f-catenin. It plays
also other regulatory function in the stem cell balance, control-
ling downstream target genes, including the negative regulator
of the stem cell self-renewal, Myc1.3°! The Superoxide Dismu-
tase gene (SOD) was also considered in our analysis, previously
shown overexpressed in the antioxidative processes triggered by
stressor exposure,** including heat, and in response to short
pulses of NIR irradiation.[') The modulation of gene expression
in polyps treated by AuNP and NIR irradiated for 5 h was tested
by quantitative real time reverse transcription PCR (QRT-PCR),
a technique allowing to measure the mRNA levels of a specific
gene, relative to an internal control.’”] The heat map of Figure 3]
used to illustrate differential gene expression data by color coding
the magnitude of values, shows a significant decrease of f-catand
Myc1 transcript levels in AuNP treated and illuminated polyps,
compared to other conditions, suggesting an active role of these
transcription factors controlling the ISC self-renewal. Their tran-
scriptional regulation may account for the increase in the ISC
density observed at cell level. In line with this finding, the pos-
itive regulator FoxO was found strongly upregulated in AuNP
and NIR illuminated polyps, and in agreement with its role to
drive ISC self-renewal this may explain the ISC boost induced
by the photostimulation. The additional FoxO responsiveness to
cellular stressors, including heat, clearly indicates the effective
light-heat conversion occurring in AuNP NIR polyps, and not in
other conditions, suggesting the thermal stimulus as main trig-
ger of the enhanced regeneration. The upregulation of a second
stress responsive gene, SOD, specifically in AuNP NIR polyps,
further supports the increase of temperature induced by intra-
cellular nanoheaters as main signal triggering the modulation of
gene expression. These data were paralleled in the animals ex-
posed to external heat, allowing to estimate the AT changes pro-
duced in vivo by AuNPs.

Inspired by the transcriptional data underlying the cell
turnover and collected at the single time point of 5 h p.a., we
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Figure 3. Photostimulation of AuNP augments stem cell proliferation rates during regeneration. A) Scheme of the experimental procedure. Hydra polyps
were treated with AuNPs and BrdU, amputated, and allowed to regenerate missing heads before maceration and immunostaining, or processing for
qRT-PCR. Representative images of BrdU™ EPI and ISC cells are shown on the right. B-E) Impact of AuNPs on cell proliferation rate, measured at 5 h
p.a. and 16 h p.a. as percentage of BrdU* nuclei of B-D) ISC cells and C-E) EPI cells in each experimental condition. Statistical analysis is provided in
Tables S3 and S4 (Supporting Information). F—I) Effect of thermal stress (AT = 10°) on cell proliferation of F~H) ISC cells and G-I) EPI cells macerated
from untreated animals. For each graph data are presented as means and min to max values of three biological replicates (n = 3 x 200 cells). Statistical
analysis is provided in Tables S5 (Supporting Information). J) Heat map summarizing expression data for 4 genes exhibiting differential expression
across five conditions, analyzed 5 h p.a. The gene names are shown on the top. Each column of the heat map represents a gene, each row represents a
condition, and each cell displays gene expression values, ranked by mean expression value versus mean expression value of untreated condition along
the vertical axis. Three biological replicates, each with three technical repeats were performed. The corresponding histograms and statistical analysis are

shown in Figure S4 (Supporting Information).

suspected that the acceleration of the regenerative process might
be caused by an earlier activation of developmental genes, and
that AuNPs may function as optical switchers of molecular path-
ways. To this aim, we characterized the dynamic of the expres-
sion of two well-known developmental genes belonging to the
Wnt/p—catenin signaling pathway, T-cell factor (TCF) and Sp5,
both highly expressed in the early phase of head regeneration
(from 3 h p.a. onward).*8]

Their differential expression was assessed on a time course,
with three-time points p.a. (1, 5, and 16 h) in response to either
AuNP photostimulation or to the external heat (18, 24, and 28 °C).
The lower part of the heat map (Figure 4C,E) and Figure S5 (Sup-
porting Information) show for both genes the increased tran-
scription at 16 h p.a., confirming temporal expression data al-
ready published,!'3*3839] independently from the environmental
temperature. By contrast, a clear upregulation of TCF expression
was observed in irradiated polyps, but not in other conditions,
already at 1 h p.a., indicating an anticipation of the molecular
events normally occurring at 16 h p.a. (Figure 4A,B). This up-
regulation was less pronounced at 5 h p.a., and absent at 16 h

Adv. Funct. Mater. 2024, 2405400 2405400 (6 of 11)

p-a., possibly due to the already high levels of transcripts at this
time p.a. In case of Sp5, a similar anticipation of the transcription
was observed at 5 h p.a. in AuNP irradiated animals and not in
other conditions (Figure 4A-D). The faster dynamic of activation
of these two important genes might explain at molecular level
the faster regeneration observed at morphological level, and sug-
gest additional upstream players transducing the thermal stress
signal into transcriptional activation of developmental genes. In-
creased ROS levels have also been suggested in the enhanced
regeneration induced by photostimulation of organic semicon-
ductor nanoparticles in Hydra.[**] Together with increased Ca**
levels, stress induced MAPK signaling through c-Jun N-terminal
kinases (JNKs), and extracellular signal-regulated kinases (ERKSs)
they all represent possible players,I*!] to be further investigated
in the future. A model summarizing the biological pathways in-
duced by the AuNP photostimulation is shown in Figure 5.
Gold anisotropic nanoparticles present unique plasmonic
properties that can be exploited for therapeutical purposes. Their
potential of “light to heat” conversion has been widely proposed
for anticancer strategies based on cell thermo ablation,[*?] while
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Figure 4. AuNP act as optical switchers of molecular pathways boosting stem cell proliferation. For the time-course gene expression profiling of Hydra
response to NIR stimulation amputated polyps (either untreated or AuNP treated) were exposed to NIR light (or ambient light) and allowed to regenerate
missing heads for the indicated time p.a., before RNA extraction and quantification of TCF and Sp5 transcripts by qRT-PCR. A) The heat map summarizes
the expression data for TCF and Sp5, exhibiting differential expression across diverse conditions and analyzed at 1, 5, and 16 h p.a. Each cell displays
gene expression values, ranked by mean expression value versus mean expression value of control (untreated) along the vertical axis. B) The TCF mean
expression levels within the black frame (column 1 h) are reported as histogram, to highlight statistically significant differences among the conditions.
The same graphic representation of the TCF mean expression levels (black framed, from the row 28 °C) are shown in C. D) Sp5 mean expression levels
within the black frame (column 5 h) expanded in the relative histogram. E) Sp5 temporal expression pattern at 28 °C represented as histogram. Data are
the average of three independent biological replicates, each performed with 15 animals, and three technical repeats. Statistical analysis was performed
as either unpaired t-test (to compare samples treated and/or illuminated with each other), or one sample T-test (to compare samples treated and/or

illuminated toward the control untreated). *P < 0.05; **P < 0.01; ***P < 0.001.

the possibility to use them to drive other processes controlled by
mild heat it is in its infancy. In some studies gold nanoparticles
embedded into polymeric or cell scaffolds were found able to pro-
mote bone regeneration or to enhance the cell migratory behav-
ior, in vitro.[}] More recently, bacterial produced gold nanoparti-
cles were shown able to in situ amplify the antitumor immune
response through NIR triggered mild hyperthermia,* reinforc-
ing the transformative concept here presented on their poten-
tial to manipulate intracellular pathways rather than promoting
thermo-ablative processes.

The main advantage of gold nanoprisms is offered by their
tuneable optothermal properties, that can be precisely controlled
through the synthesis. NIR light stimulation enables spatial con-
trol of heat delivery and thus the possibility to precisely control
the outcomes, up to the single cell level. The main drawback ham-
pering wide clinical translation of these photothermal agents is
however represented by the profoundly diverse outcome when
moving from in vitro to in vivo environment, where the prop-
erties of the receiving tissue (thickness, stiffness, transparency)
and the complexity of the intracellular environment (salts, pro-
teins, reactive metabolites) affects the physico chemical proper-
ties including the thermal behavior. The internalization route (di-
rectly through the membrane, by endocytosis or macropynocy-
tosis) may also result in the aggregation into micrometre sized
structures, affecting the thermal behaviour characterized in so-

Adv. Funct. Mater. 2024, 2405400 2405400 (7 of 11)

lution. These issues made the measurement of the temperature
developed by nanoheaters inside the cells challenging thus far.
Sophisticated methods based on thermosensitive molecules were
able to determine the absolute temperature at distances below
0.5 nm from the surface of the magnetic nanoparticles,* or
in the surrounding medium using thermosensitive probes,*!
while for gold nanoparticles tethered lipid membranes were de-
veloped to detect the localized heat transfer arising from NIR
laser excitation.[*”]

A study combining simulation and in vitro experimental data
established a correlation between the heat developed by gold
nanostars, the tip sharpness and the photothermal cell ablation
induced by gold nanostars.[*®! Similar theoretical methods deal-
ing with nanoparticles not causing cell death may provide inter-
esting clues to estimate the efficiency of heat developed within
biological tissues, together with more versatile methods and suit-
able in vivo models.

Leveraging on the unique morphological and physiological
traits of the small animal model Hydra we were able to estimate
the heat delivered in vivo following photostimulation of AuNP,
by merging data from direct thermographic measurements ac-
quired during AuNP stimulation to the effects induced at whole
animal, cellular and molecular levels by a similar heat dose, de-
livered externally. The estimated increase of temperature AT =
7.4 °C mediated by the AuNP NIR stimulation could reasonably
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Figure 5. AuNP photostimulation activates molecular pathways underlying stem cell self renewal and promoting regeneration. Schematic of the known
molecular regulators of Hydra stemness and stress response in homeostatic condition or after injury. Bisecting the animal triggers a cascade of wounding
signals, including Ca?*, ROS, and MAPK signaling, finally activating the Wnt/g—catenin signalling pathway at the wound site.[2’®41] On the left a stem
cell in depicted, showing physiological redox reactions, basal activity of the selected regulators controlling the balance between self-renewal and differen-
tiation maintaining tissue homeostasis. On the right, a model of the biological pathways possibly induced by AuNP optothermal stimulation (wavy lines)
in a stem cell: after injury, the heat locally delivered by AuNP irradiation may unbalance the redox state inducing free radical formation (shown as black
dot) on different biomolecules present in their neutral form (bracket) in the cell cytoplasm, leading to transcriptional activation of antioxidant genes
(SOD and FoxO). In addition, the heat stimulus may directly activate FoxO and through increased Ca?*, ROS levels, and MAPK signaling,!*'l modulating
the expression of transcriptional factors (f—cat, TCF, Sp5, Myc1). The overexpression of the positive regulators and the downregulation of the Myc 1
may anticipate the injury related boost of the stem cell activity, promoting self-renewal, proliferation and differentiation of head tissue, leading to full
regeneration. Plain black arrows indicate functional data previously published; dashed arrows possible mechanisms; red arrows indicate upregulation
and green arrows downregulation from this study. Created with BioRender.com.

explain the outcomes of the multilevel analysis performed invivo  veals Hydra as a living thermometer to test heating performance
(regeneration and reproductive capabilities), ex vivo (cell prolif-  of plasmonic materials.
eration) and in vitro (gene expression), that were found mirror-
ing the effects induced by a similar external heat increase (se-
lected as AT = 10 °C to take into account the air-water-animal 3. Conclusion
heat dissipation and the higher local temperatures obtained on
the animal in close proximity of AuNPs): the regeneration effi-
ciency was boosted by 5 h long pulses, the reproductive rate was
similarly enhanced, the stem cell self-renewal activity was sig-
nificantly increased by both stimulations, and importantly the
modulation of gene expression followed similar transcriptional
trends for all selected genes. The expression levels of key de-
velopmental genes were found modulated specifically in pres-
ence of AuNP and NIR irradiation (upregulation of FoxO, TCF,
Sp5, and downregulation of f catenin and the negative regu-
lator Mycl) (Figure 3]), in agreement with functional studies
showing their role to promote stem cell proliferation.[27>3235b.38]
Despite their independence from the environmental temper-
ature (Figure S5, Supporting Information) their activation in
photostimuated animals was found strongly anticipated, lay-
ing the bases for the accelerated regeneration observed in
vivo.

Although not considering the body-water-air heat dissipation ~ 4. Experimental Section
variables and other light-heat energy conversion values, our esti-
mation of the temperature increments developed by AuNP inside

Despite the growing portfolio of biomedical applications medi-
ated by gold nanoparticles, mainly based on thermo ablation,
their potential to control biological function through the delivery
of low heat dose has been rarely explored. Here we demonstrate
the possibility to use plasmonic nanoparticles to control a funda-
mental biological process, the tissue regeneration, by the simple
use of light. Studying the cellular and molecular mechanisms by
which animals regenerate missing parts of the body is of primary
interest to improve our comprehension of tissue/organ regener-
ation in humans and might help to identify novel strategies to
rescue the lost regenerative capacity. Our results shed light on a
novel function of heat emitting nanoparticles to control cell stem-
ness through the activation of molecular pathways that could be
targeted for regenerative medicine or wound healing strategies.

Synthesis of AuNPs:  AuNPs were synthesized as reported before.[*°]
220 mL of 0.5 mm Na,S,0; was mixed with 60 pL of a solution contain-

the illuminated tissues suggests high stability into the cells and
confirms an optimal use in therapeutics. Most importantly it re-

Adv. Funct. Mater. 2024, 2405400 2405400 (8 of 11)

ing KI 0.1 m. Thereafter, 110 mL of this solution was added dropwise to
200 mL of 2 mm HAuCl, and left for 4 min. This procedure was repeated
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again, 70 mL of Na,S,0; was added and the solution was left for 1 h at
room temperature. To stabilize the surface of the AuNPs against precip-
itation in Hydra medium, SH-PEG-COOH (5 kDa, Rapp Polymere) was
added in a 1:2 ratio (AuNPs:PEG, w/w). PEG was diluted in 1 mL of water,
NaBH, was added (1:1 molar ratio of PEG:NaBH,) and the solution was
adjusted to pH 12 and sonicated for 1 h (60 °C). PEG excess was removed
by centrifugation at 4400 g for 15 min, twice.

AuNP Characterization: Temperature variation upon NIR irradiation
was evaluated using a 1 mL of the AuNPs (0.5 mg mL™") in a quartz cuvette
(1 cm optical path) with magnetic stirring to prevent AuNP precipitation
and to homogenize the temperature in the solution. The AuNPs were ir-
radiated at 3.9 W m~2 or 26 W cm~2 for 20 min and then the laser was
turned off. The temperature was monitored in real time by a thermocou-
ple T-type coupled to a Datalogger USB (TC Direct). The laser source was
a solid state continuous-wave (CW) IR laser (Ventus, by Laser Quantum),
emitting at 1064 nm and with a beam diameter of 2.2 mm. The exit power
was measured by a Power Meter (by Thorlabs).

UV-VIS spectra were collected using a Cary 50 Probe spectrophotome-
ter (Varian Medical Systems (CA, USA).

Transmission electron microscopy (TEM) images were obtained using
a FEI Tecnai T20 microscope operating at 200 kV (Laboratorio de Micro-
scopfas Avanzadas, Zaragoza, Spain). A single drop of the AuNPs was
placed onto a copper grid coated with a carbon film and dried in air. The
mean sizes of AuUNPs were obtained by averaging >100 particles from the
TEM images using Image] software.

Elemental analysis by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES). 10 polyps were treated with 1 mg mL~! of AuNPs
in a final volume of 300 pL, while untreated polyps were maintained in
300 pL of Hydra medium. Samples were digested with 1 mL of HNO; (1 h
at 90 °C) and further diluted to 20 mL using milliQ water. Samples were
measured in duplicate and evaluated by ICP OES using an Optima 8300
(Perkin Elmer).

Thermographic Measurements:  Groups of 15 polyps were treated 24 h
with AuNPs (1 mg mL™"), washed three times, and irradiated with a
CW NIR laser beam at 2.42 W cm™2, A = 1064 nm (Thorlabs, M9-A64-
0200). Thermographic measurements were carried out using an LWIR
AVIO TVS500 camera (Nippon Avionics Co., Yokohama, Japan) with an
uncooled microbolometric detector (spectral range 8-14 um, FPA 320
X 240 pixels and NETD ~60 mK at 25 °C) mounting a 22 mm focal
lens with an IFOV 1.68 mrad. The commercial software IRT Analyzer
ver. 4.8 (GRAYESS Inc., Bradenton, FL, USA), with which the camera
was supplied, was used to manage the camera parameters and for im-
age acquisition. Thermal frames of the well containing living polyp in
each experimental condition were recorded before (t = 0 s) and dur-
ing laser irradiation at different time intervals. For each time of acqui-
sition, ten thermal images were recorded with a frame rate of 5 Hz
and the average temperature of the central area (%20 mm?) of the
well extrapolated. Finally, the temporal trends of the average temper-
atures variance AT was calculated with the following relation AT(t)
= T(t)-T(0). In the analysis an emissivity of 0.96 was considered for
the sample investigated. The thermal trend of the samples, measured
after laser irradiation, was fitted with the following decreasing expo-
nential function y(t) = A+B exp(-t/r) and the time constant = esti-
mated.

Animal Culture:  Hydra vulgaris polyps were asexually cultured in Hy-
dra medium (1 mm CaCl, and 0.1 mm NaHCOj3) in double-distilled H,O
at pH 7.0 The animals were kept at 18 + 1°C and fed on alternate days
with freshly hatched Artemia salina nauplii. For all experiments, homoge-
neous population samples of Hydra were selected from adult polyps with-
out buds, 24 h after their last feeding.

Toxicological Assay:  Groups of 15 animals were incubated with differ-
ent concentration of AuNPs (0.5 mg mL™"; 1 mg mL™'; 2 mg mL™") and
placed in a 48-multiwell plate in a final volume of 300 uL of Hydra medium
for 72 h. Polyps morphology and tissue integrity was carried out every 24 h
using a a stereo microscope (Olympus SZX7). All images were acquired
using CellF software (Olympus). Adverse effects, if present, were ranked,
assigning a numerical score to progressive morphological alterations, as
previously reported.>]
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Hydra NIR Irradiation:  For all assays (regeneration, reproduction, cell
proliferation, and gene expression) the NIR irradiation was performed by
illuminating living polyps placed into a 96-multiwell plate with a CW laser
beam (1 = 1064 nm) at power density 2.42 W cm~2 (Thorlabs, M9-A64-
0200) for the selected time.

Hydra Regeneration Assay: Groups of 20 polyps were incubated 24 h
with AuNPs (1 mg mL™") in final volume of 300 pL. After 3x washes with
fresh Hydra medium polyps were bisected (80% of body column length)
and exposed to NIR light for pulses of 5 h per day. As control condition
untreated irradiated polyps or treated not irradiated polyps were used and
the regeneration efficiencies compared in each experiment among the four
conditions. Regenerative stages were clustered as stage 0 at wound clo-
sure; stage 1 at beginning of tentacle morphogenesis (tentacles appear as
buds); stage 2 (tentacles reaching 2/3 of a mature tentacle length) and
stage 3 when the process was completed. For stage recording an inverted
microscope (Axiovert 100, Zeiss) with a digital color camera (Olympus
DP70) was used. The same assay was employed to evaluate the effect of
the external temperature. After amputation the polyps were allowed to re-
generate in an incubator pre warmed at 28 °C for the duration of the heat
pulse and put back at 18 °C for the remaining time.

Hydra Growth Rate: Animals either treated with AuNP or untreated
were exposed 5 h/day to NIR light and fed daily for 14 days. The popula-
tion growth rate of Hydra follows an exponential trend and is defined by
the constant K, which represents the slope of the linear regression curve
obtained from the standard equation: K=1In (n/n®)/t, where t = represents
the time (in days), n° = the initial number of individuals, n = the number
of individuals at time t.[2652] Three independent experiments were per-
formed. The same assay was performed on animals exposed for 5 h/day
to 28 °C.

Hydra Cell Proliferation Assays: Groups of 10 Hydra either untreated
or exposed to AUNP 1 mg mL™" were treated for 24 h with 5Bromo-2'-
Deoxyuridine BioUltra (Sigma—Aldrich) 5 mm in Hydra solution. After am-
putation polyps were NIR irradiated for 5 or 16 h, before maceration into
single cell suspension. As a control conditions, both untreated and treated
animals not illuminated were used. Single cell suspensions were obtained
from polyps in each experimental condition by soaking into a maceration
solution (acetic acid, glycerol and H,0 in a 1:1:13 v/v ratio) at +4 °C
overnight, as reported.[?®] Single cells were fixed with paraformaldehyde
4% and spread on slides that were washed with phosphate-buffered saline
PBST (PBS 1X-Tween 0,1%) for 1 h at room temperature, treated with 2 m
HCl for 45 min at room temperature for acid hydrolysis and washed in PBS
for 20 min. Blocking was performed through the addition of BSA-T 1% for
15 min in awet chamber. Incubations with 1:500 mouse anti-BrdU (Sigma)
in BSA-T 1% were done for 2 h in a wet chamber. The preparation was then
washed in PBS-T at room temperature and treated with post primary block
solution (Novocastra Laboratories Itd) for 30 min. Excess antibody was
removed by two 5 min washings with PBS-T at room temperature. Then
Novolinker Polymer solution (Novocastra Laboratories Itd) was added for
30 min. The preparations were washed in PBS-T and then incubated in
DAB (colorimetric reagent and peroxidase substrate) for 5 min. The re-
action between the peroxidase linking to the post primary and DAB was
blocked by rinsing the slides in water for 5 min. Slides were mounted us-
ing Vectashield Antifade Mounting Media with DAPI (Vector Laboratories)
and stored at 4 °C. Slides were observed using an inverted microscope (Ax-
iovert 100, Zeiss) equipped with a color digital camera (Olympus DP70).
Images were acquired by the CellF (Olympus) software. BrdU* cells were
detected by their brownish color using a 32x objective and quantified as
ratio on a total of ~600 epithelial cells/slide.

Gene Expression Analysis:  Differences in gene expression profiles in-
duced by AuNPs and/or light were assessed by quantitative real time re-
verse transcription polymerase chain reaction (QRT-PCR). Groups of 15
polyps were amputated sub-hypostomally and placed in a 96-multiwell
plate. Untreated and AuNP (1 mg mL~")-treated animals were irradiated
with NIR laser at 2.42 W cm~2 (Thorlabs, M9-A64-0200) for 1,5, and 16 h
post-amputation. Total RNA was extracted using TRIzol reagent (Thermo
Scientific) and its concentration was determined using a SmartSpec plus
spectrophotometer (Biorad). The first-strand cDNA was synthesized using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystem) using
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0.5 ug of DNA-free RNA in a final volume of 20 pL, according to the man-
ufacturer’s instructions. gRT-PCR was performed in 25 uL of the reaction
mixture consisting of 1 x Fast SYBR Green Master Mix with premixed ROX
(Applied Biosystems), 25 ng of cDNA, and 0.3 mwm each primer. The reac-
tions were processed using the StepOne Real-Time PCR System (Applied
Biosystem) under the following fast cycling steps: initial denaturation for
20 s at 95 °C, followed by 40 cycles at 95 °C for 3 s, and 60 °C for 30 s.
To normalize RNA levels, Hydra EF-1a was used as an internal calibrator.
Three technical repeats from three biological replicates were carried out.
The delta—delta C, (2722%) method,[*3] for comparing relative expression
results between treatments, was applied. Specific primers of Hydra vul-
garis genes of EF1a, TCF, Sp5, Myc1, p-cat, FoxO, and SOD, designed us-
ing Primer3 software (http://frodo.wi.mit.edu/primer3/) are reported in
Table S6 (Supporting Information).

Statistical Analysis: ~ Statistical analysis was performed using GraphPad
Prism 9 software.

For gene expression data the One sample t-test or the unpaired t-test
were employed. For cell proliferation data the unpaired t-test was em-
ployed. Differences in the distribution of regenerative stages were analyzed
by Chi-square test. P values: “P < 0.05; “*P < 0.01; “*P < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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