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Abstract: Reactive oxygen species (ROS) are key regulators in numerous pathological contexts,
including cancer or inflammation. Their role is complex, which justifies the need for methods
enabling their quantitative and time-resolved monitoring in vivo, in the perspective to profile
tissues of individual patients. However, current ROS detection methods do not provide these
features. Here, we propose a new method based on the imaging of lanthanide-ion nanoparticles
(GdVO4:Eu), whose photoluminescence is modulated by the surrounding ROS concentration.
We monitored their luminescence after intradermic injection in a mouse ear submitted to
an inflammation-inducing topical stimulus. Based on this approach, we quantified the ROS
concentration after inflammation induction and identified a two-step kinetics of ROS production,
which may be attributed to the response of resident immune cells and their further recruitment at
the inflammation locus.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Reactive Oxygen Species (ROS) have long been known for their role in fighting and degrading
pathogens by the immune system through the phagocytosis process [1–3]. More recently, H2O2,
in particular, has been shown to be an ubiquitous secondary messenger molecule, involved in a
large variety of signaling processes [4,5]. In the latter case, H2O2 concentrations may remain low
on the 1-10 µM range, and are tightly regulated in space and time as their homeostasis is crucial
for the balance between their beneficial and deleterious roles [5–7]. It has thus been hypothesized
that the impairment of ROS regulation is involved in numerous pathologies, such as cancers,
or as neurodegenerative [8–11] and, more generally, inflammation-related, diseases. Oxidative
stress has thus been long identified as an important element in Parkinson’s disease [12] and
ROS concentration may regulate neurodegeneration and neuronal death [13]. In inflammation,
ROS constitute an important component of the inflammation condition along with cytokines,
chemokines and enzymes, and is involved in the initiation, progression, and resolution of the
inflammatory response [14,15]. Their role is complex in wound healing and immune response
regulation [14], notably through immune cell chemotaxis and recruitment [16] or proliferation
[17].

Furthermore, ROS play an important, although controversial, role in cancer [18]. The relation
between chronic inflammation and cancer has been established, e.g. in the case of Helicobacter
pylori infection leading to gastric ulcer disease, which may then evolve into gastric cancer
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[19,20] and tumors often display high ROS levels. For this reason, several anti-inflammatory
drugs are successful anticancer drugs [18]. Nevertheless, the idea that ROS and the related
oxidative stress may only be responsible for increased mutation rates and for the transformation
of healthy cells into cancerous cells thus initiating tumors and favoring tumor progression [21]
has proven to be oversimplified. Indeed, ROS production may cause cancer cell death, where
ROS-related oxidative stress was actually found to inhibit metastasis of melanoma cells through
blood circulation by efficiently eliminating cancer cells released from solid tumors [22,23]. It
has furthermore been reported to up-regulate the activation of tumor suppressors [24]. Therefore,
both anti-oxidant and pro-oxidant treatments have been tested to treat various cancer types [25].

This degree of complexity means that ROS production and prevalence, in the broad range
of conditions and diseases in which it is involved, needs to be accurately assessed in vivo with
adequate sensor tools, which should provide a quantitative and time-resolved detection. The in
situ monitoring of ROS in tissues is thus necessary, (i) to determine accurately their oxidative
profiles, (ii) to decipher the mechanisms of their production and patho-physiological effects. The
further correlation with clinical observation could then contribute to personalized diagnosis and
treatment assessment.

A variety of ROS or specific H2O2 detection methods exist and have been implemented
in in vitro measurements related to cell activity, relying either on electrochemical [26,27],
radiological [28], MRI [29] or optical [7,30–35] approaches. However, their applications for ROS
detection in living organisms have remained sparse [34,35] and provide only poorly time-resolved
and qualitative measurements. Optical approaches rely on the use of chemiluminescent or
fluorescent probes. Amongst the latter ones, variants of a genetically encoded sensor, the redox
sensitive Hyper [30,36], have been efficiently implemented in vivo to image wound healing at
the tail of zebrafish embryos [37]. Though efficient to reveal reversible oxidative processes, this
approach, besides requiring genetically modified organisms, is suitable for sub-micromolar H2O2
concentrations only due to the saturation of the sensor signal, which precludes any quantitative
monitoring of ROS production during inflammatory responses in vivo.

We have demonstrated that Eu-doped Y0.6Eu0.4VO4 or Gd0.6Eu0.4VO4 nanoparticles were
efficient ROS probes in vitro [6,7,38], with a concentration-dependent response time between 30
and 300 s in the micromolar range. We moreover demonstrated intracellular quantitative, space
and time-resolved H2O2 detection with respective space and time resolutions of 40 nm and down
to 30 s with the use of a single nanoparticle type [38] and 1 s in a ratiometric approach [39], in
the range of 1 to 45 µM H2O2. Using this nanosensor, we could demonstrate that the temporal
dynamics upon stimulation of vascular smooth muscle cells (VSMC) is different depending on
the type of stimulation and that an intracellular H2O2 gradient builds up in the case of stimulation
by an external ligand gradient [7]. Although these particles do not respond specifically to H2O2
alone but more generally to strong oxidants, such as ClO−, we have shown, for the cell processes
discussed above, that they may exclusively detect H2O2 in the absence of other stable ROS at
high enough concentrations [6,7]. In a more complex environment involving the production of
multiple ROS types, these sensors can be used as ROS and not only H2O2 sensors.

The absence of signal saturation even for high concentrations of H2O2 up to 5 mM [6] implies
that these nanoparticles are suitable for quantitative detection in a range tunable by their excition
conditions. Moreover, GdVO4:Eu nanoparticles present a low toxicity, either in vitro after
48 h internalization in cells, in which they do not induce significant cytotoxicity [39] or after
intravenous injection in mice, which do not exhibit any physiological alterations several hours
after injection [38].

Altogether, these elements support the use of GdVO4:Eu nanoparticles for monitoring
inflammation-related processes in vivo, during which high ROS concentrations may be produced.

We here present measurements of ROS concentration in vivo in a mouse inflammation model
using Gd0.6Eu0.4VO4 nanosensors. We validated the inflammation model with fluorescence
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angiography and performed control experiments showing that the luminescence signal from
Gd0.6Eu0.4VO4 nanoparticles injected into the ear tissue is detectable and shows an inflammation-
induced rise. We could thus demonstrate a two-step in vivo response in ROS upon inflammation
induction: a fast and a delayed response that we attribute to resident and recruited leucocytes,
respectively.

2. Results and discussion

Nanoparticle H2O2 response characterization. To detect ROS in living tissues, we first demon-
strated the feasibility to image Gd0.6Eu0.4VO4 in thick samples in order to semi-quantitatively
monitor their redox state. Direct absorption of Eu3+ ions in Gd0.6Eu0.4VO4 nanoparticles takes
place at 466 and at 396 nm [38,39] and the subsequent emission is centered at 617 nm (Figure
S1). Due to possible photodamages under UV excitation, in in vivo experiments, excitation at
the higher wavelength of 466 nm is preferable and was thus used (Material and Methods). The
penetration in tissues at this wavelength is however limited, and appropriate only for imaging in
the vicinity of the dermis, such as tissues in the mouse ear.

We first chemically reduced the nanoparticles using NaBH4 as reported in [38] to avoid the
requirement of photoreduction in vivo before ROS sensing, whose intensity and duration [6,7]
could damage the tissues in in vivo experiments. Given that the absorption peak of Eu3+ ions is
not significantly modified upon chemical reduction [38], we assume that the chemical reduction
process introduces quenching sites for the Eu3+ emission, such as V4+, leading to a loss of
luminescence.

To quantify the photoluminescence (PL) response of the nanoparticles to H2O2 in a situation
comparable to tissue imaging, we injected the nanoparticle solution in a 10% agarose gel piece,
which was then imaged with a macroscope (Material and Methods) under a 466 nm illumination
(Fig. 1(A)). In this quite dense material, the mobility of GdVO4:Eu nanoparticles is highly limited
(Fig. 1(B)), similarly to what occurs in living tissues (see below). Absence of diffusion is a key
factor because, in the presence of facile diffusion, the nanoparticle signal would become too weak
to be observable under a macroscope. We then added solutions of different H2O2 concentrations
to the sample holder containing the gel piece (Fig. 1). While the nanoparticle luminescence
remains stable in the absence of oxidant, we observed a concentration-dependent recovery of the
luminescence after H2O2 addition (Fig. 1(B), C) between 0 and 100 µM, over which a quasi-full
re-oxidation is reached under our excitation conditions. This demonstrates the feasibility of
detecting ROS through GdVO4:Eu nanoparticle imaging in a gel in this concentration range. To
avoid artifacts due to the variability of the H2O2 diffusion time within the gel, we considered
the response after a long time (30 min) of incubation. This steady-state response of agarose-
dispersed nanoparticles is linear in the 0-100 µM range (Fig. 1(C)): this result can thus be used
as a calibration table. The kinetics of the recovery is indeed not extracted from this observation,
since it is both limited by the nanosensor response [6,39] and the H2O2 diffusion from the solution
into the agarose gel (Figure S2).

Acute skin inflammation in mice. Inflammation models in mice are often complex and have
given rise to controversial conclusions concerning their relevance for mimicking human diseases
[40,41]. We here used a model of acute skin irritation established since the 1990s as the so-called
mouse ear swelling test [42,43] with a recent adaptation from Kalchenko et al. [44] for topical
application of a known strong primary irritant and potential allergen: methylsalicylate (MS). This
model is known for inducing an acute vascular response immediately after topical application,
which results in longer-term macroscopic changes such as ear thickness increase and redness.

We characterized the vascular skin inflammatory response to a topical application of MS
by systematic injection of a fluorescent reporter (Dextran-TRITC) in the blood circulation and
imaging of the ear vasculature using fluorescence and transmission imaging [45] (Fig. 2). Prior
to MS application, the ear vasculature is typical of normal healthy animals with fluorescent signal
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Fig. 1. (A) Preparation of calibration samples. (B) Typical image of an agarose gel after
nanoparticle injection. The inhomogeneity in the nanoparticle dispersion is due to their
poor diffusion in dense agarose gel. The location of the gel containing the nanoparticles
is slightly shifted at the moment of the H2O2 addition. Scale bar: 500 µm. (C) Relative
photoluminescence PL recovery after 30 min incubation with different H2O2 concentrations
(PL(t= 30 min)/PL(t= 0 min)-1).

only originating from well-defined vessels (Fig. 2(A)). In contrast, 5 minutes after application
of the irritant, the ear vasculature is dramatically modified with larger and ill-defined vessels
(Fig. 2(B)). The diffuse signal around blood vessels depicts leakage of the fluorescent probe into
the surrounding tissue.

We monitor the blood supply in the observed skin region through angiography by imaging
TRITC fluorescence injected intravenously and recording the vascularization evolution after
irritant application. We first observed a MS induced blood flow increase, revealed by the
fluorescence intensity increase of single vessels due to their broadening (Fig. 2(C)). In addition,
vessel permeabilization leads to TRITC-dextran extravasation, which also contributes to the
whole-field fluorescence increase. A 3-fold increase in fluorescence signal is observed over
ten minutes starting approximately 100 s after irritant application. (Figure 2(C), blue line).
Moreover, 10 min after MS application, the acquired transmission image is darker than before
application (Figs. 2(E), F). Quantification of the transmission signal over the whole image shows
a decrease of 10% due to hemoglobin absorption after blood suffusion (Fig. 2(D)). Altogether,
these results confirm the efficiency of the ear inflammation model proposed here, which induces
typical inflammation-associated vasomotor effects, like blood flow increase. We furthermore can
estimate the kinetics of this process in this system, with a typical increase of the vascularization
∼100-200 s after MS stimulation.

In vivo ROS dynamics. To measure ROS dynamics upon mouse ear inflammation, we placed
anesthesized mice, whose ears were shaved to reduce light scattering and emission from hair
follicles (Fig. 3(A)), under a macroscope, which was equipped with a laser diode emitting at
466 nm (see Material and Methods) for excitation of the nanosensor luminescence and with a
filter for detecting the nanoparticle emission centered at 617 nm (Fig. 3(B)). We injected a small
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Fig. 2. Ear swelling irritation model. Observation of mouse ear vasculature upon
antero-orbital (systemic) injection of approximately 50 µL of dextran-TRITC (A) before
methylsalicylate application and (B) 5 minutes after the irritant application. (C) Time
evolution of the total fluorescence signal in the image (blue line) and signal for a single
vessel (red line) starting 10 minutes before methylsalicylate application and until 10 minutes
after. (D) Time evolution of the total transmission signal of the mouse ear starting 2 minutes
before methylsalicylate application and until 10 minutes after obtained from images like
those shown in (E) just before methylsalicylate application and (F) 10 minutes after the
irritant application. The black line shows the time point of methylsalicylate application.
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volume (approx. 10 µL) of chemically reduced Gd0.6Eu0.4VO4 ([V]= 10 mM) nanoparticles
in the mouse ear dermis (Fig. 3(A), C). A white-light image was first acquired to ensure that
the ear was not pierced during the injection and that the suspension was indeed injected in the
ear tissue. We then detected the nanoparticle luminescence upon 466-nm excitation either still
localized (Fig. 3(D)) at the injection locus or scattered in the surrounding tissue (Fig. 3(E)),
depending on the variability of the tissue properties and of the injection procedure. The total
luminescence may result from nanoparticle emission and from endogenous fluorescence, notably
from remaining hair follicles. However, the absence of fluorescence under different excitation
wavelengths (excitation at 377 nm or 550 nm, with the same power as at 466 nm, Figs. 3(F)-(H))
confirms that the detected signal at 617 nm (Fig. 3(F)) is due to the presence of nanoparticles.

The nanoparticles are large enough (30 nm) so that they do not diffuse inside the mouse ear
tissue after injection. Indeed, no significant deformation of the nanoparticle luminescence spatial
profile is observed as a function of time (Fig. 4(A)-(B), Visualization 1). This is similar to
what was observed in the cell cytosol where individual Gd0.6Eu0.4VO4 nanoparticles remained
practically immobile [39]. In the mouse ear, the extracellular matrix environment where the
particles are injected is probably too dense to allow diffusion of the 30 nm nanoparticles, which
thus provides spatial resolution, in contrast with freely diffusing small organic ROS sensors.
Furthermore, no photobleaching of nanoparticles can be observed (inset Fig. 4(C)), which enables
long-term imaging and quantitative analysis of the luminescence signal to estimate the ROS
concentration evolution.

We then measured the luminescence signal of the injected Gd0.6Eu0.4VO4 nanoparticles during
2 minutes before irritant application and we observed a stable photoluminescence signal (inset
Fig. 4(C)), as in agarose gels in the absence of H2O2. No significant oxidant concentrations
were thus detectable by our probe and consequently no measurable oxidant stress was induced
by the nanoparticle injection. Immediately after irritant application (at t= 0), we observed the
Gd0.6Eu0.4VO4 luminescence signal recovery, which indicates their oxidation after MS-induced
inflammation. No significant changes in the response were observed when changing either the
injected nanoparticle concentration or their excitation intensity (Fig. S4), which further confirm
the absence of nanoparticle-induced effects on the measured response.

The luminescence recovery was measured in MS-treated mice (Fig. 4(C)), and all of those
where nanoparticle could be detected exhibited a significant response (average relative PL
recovery amplitude A =0.8 +/- 0.1 (s.e.m), n= 6) on the contrary of unstimulated mice (Fig. 4(C)).
We then performed a quantitative evaluation of the signal, based on the relative enhancement
of the oxidative response revealed by the luminescence increase, which reveals the kinetics
of the ROS response. The average signal before MS application is normalized to 1 and the
luminescence recovery is shown as the difference with respect to the normalized signal before
MS application. Luminescence recovery occurs in two steps (Fig. 4(C), D): (i) a weak (∼30% of
photoluminescence recovery) a few seconds after MS application before vasculature alteration
which takes 100-200 s (Fig. 2(C)), and/or (ii) a strong response occurring a few minutes after MS
application, after the beginning of the vascularization changes. A heuristic Hill type time response
function (Fig. 4(C), dashed lines), resulting from an extended auto-catalytic Prout-Tompkins
model [46,47], quantitatively accounts for this behavior; displaying a fast component and a slow
one with respective half-height times Tfast=21± 9 s and Tslow=300± 60 s (Fig. 4(E)). Since the
fast recovery time Tfast is comparable to the expected GdVO4:Eu response [6,38,39], it most
probably does not directly describe the ROS production kinetics, whose typical time T∗

fast may be
shorter than Tfast (Tfast<T∗

fast).
All the recorded responses exhibit either one of these components or, in most cases (n= 4 over

6 mice), both a weaker fast response and a strong, delayed response are observed (Fig. 4), with
respective average relative recovery amplitudes Afast=0.12± 0.05 and Aslow=0.7± 0.1 (Fig. 4(D)).
In contrast, acetone-treated mice did not exhibit any significant responses (Supplement 1, Fig.

https://doi.org/10.6084/m9.figshare.23800377
https://doi.org/10.6084/m9.figshare.24072978
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Fig. 3. Experimental setup and control images. (A) Principle of MS-induced ROS
production monitoring: (i) direct injection of nanoparticles in the mouse ear, (ii) topic
application of MS, (iii) luminescence monitoring. (B) Macroscope configuration for
ROS detection using Gd0.6Eu0.4VO4 nanoparticles. (C) Image of a mouse ear under
the macroscope. Observation of luminescence at 617 nm upon intradermic injection of
approximately 10 µL of Gd0.6Eu0.4VO4 nanoparticles (D) centered on the injection site, (E)
next to injection site (bright spots are hair follicles). Observation of particle luminescence at
the injection site with a collection filter centered at 617 nm under excitations at (F) 466 nm,
(F) 377 nm and (H) 550 nm. The same grey scale was used for all three images F-H. (Note
that the dark spot observed at the bottom left of the nanoparticle emission is probably due to
local skin damage caused by the injection needle).
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Fig. 4. ROS concentration dynamics during skin inflammation. Raw image of
Gd0.6Eu0.4VO4 nanoparticles injected into a mouse ear, under 466 nm laser illumina-
tion, (A) before methylsalicylate application and (B) 10 min after application. The analyzed
region is shown by the blue dotted circle. The obtained recovery is plotted in black on (C).
(C) Luminescence recovery signals (plain lines) of Gd0.6Eu0.4VO4 particles injected in
the mouse ear shown for 6 stimulated mice. Red, blue, purple and yellow curves display
a two-step behavior. The recovery signal is obtained by normalizing to 1 the averaged
signal just before t= 0 corresponding to the time point of methylsalicylate application and by
subtracting from the signal the t= 0 value. The luminescence recovery signals are fitted with
a heuristic two-component curves: Afast

tn1
tn1+Tfast

n1 + Aslow
tn2

tn2+Tslow
n2 (dashed lines, where

A, T , n are respectively the amplitudes, the typical times and the Hill coefficients of the
responses). Note that the negative signal near t= 0 for the orange curve is an artifact due
to the MS application. Insert: example of a photoluminescence signal after nanoparticle
injection in the absence of MS application. Average amplitudes (Afast and Aslow) (D) and
half-height recovery times (E) (Tfast for responses in which a significant slow component is
detected (n= 4) and Tslow) resulting from the fits in (C) (error bars represent the standard
error on the mean).
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S3), which excludes any artefactual solvent effect, and neither higher nanoparticle concentration
or illumination intensity appears to significantly impact this response (Supplement 1), which
confirms that the recorded signal is only due to the MS stimulation. Based on the in vitro
calibration (Fig. 1), we estimate the typical effective ROS concentrations reached after each step:
Cfast ∼ 5 µM and Cslow ∼ 30 µM.

However, the possible presence of multiple oxidant species (H2O2 but also short-lived and
highly reactive ClO−, O2

.−, HO.−, . . . ) during the inflammation process, and the lack of specificity
of GdVO4:Eu nanoparticles for strong oxidant detection, may complexify the interpretation
of this concentration estimation. Indeed, while hydroxyl radicals and superoxide ions are
short-lived in biological environements [48] and are unlikely to be detected by GdVO4:Eu
nanoparticles, which have a response time in the minute range, the role of ClO− has notably
been reported in inflammation processes [49,50] and tts contribution to the particle re-oxidation
and thus luminescence recovery cannot be excluded. Our concentration estimation in vivo
are a measurement of the effective oxidative response due to all produced ROS, expressed in
H2O2 concentration units – i.e. the H2O2 concentration able to elicit a similar reoxidation-, in
contrast to our previous work on the ROS response in intracellular signaling processes, where
pharmacological treatments could ensure that H2O2 was the sole oxidant present [6].

The comparison of the kinetics of the ROS response (Fig. 4(C)) with the vasculature modifica-
tions in this inflammation model (Fig. 2(C)) confirms the entanglement of ROS production and
vascular inflammation response widely reported in the literature [14,51–54]. The fast response
may occur faster than the sensor temporal resolution [38], before any measurable vascular effect,
which indicates that ROS are probably produced by patrolling immune cells during the initial
stage of inflammation [14,52,54]. The inflammatory response involves the further recruitment of
immune cells (neutrophils, macrophages, and lymphocytes) in tissues through their adhesion,
migration [16,52,55], or proliferation [17] and vascular modifications including vasodilatation,
blood flow increase [56,57] and angiogenesis [58]. Based on the observation that the strong
and slow ROS response occurs shortly (Tslow=300± 60 s, Fig. 4(E)) after the vascularization
effects (Fig. 2(C)), we can hypothesize that this response is the contribution to ROS production of
newly recruited immune cells through the increased blood circulation (Fig. 5). Indeed, previous
observations in acute inflammation models showed similar fast kinetics with vascular effects
[44] or monocyte and neutrophil recruitment [59,60] being detected less than 30 min after the
stimulation. Interestingly, the amplitudes of the fast and slow components are different from
one animal to another (Fig. 4(C)), which may be related to the difference in the nanoparticle
localization within the tissue or to the subject-dependent variability in the immune response [61].

Fig. 5. Model of ROS production kinetics in ear tissues after inflammation triggering by
MS.

https://doi.org/10.6084/m9.figshare.24072978
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These results demonstrate the feasibility of using photoluminescence measurements of
lanthanide-based particles to profile tissues ROS production in situ and form the basis for the
development of novel personalized diagnostics methods. Future work should narrow down the
specific contribution of H2O2 and other oxidants by using pharmacological treatments, e. g. with
catalase as shown in the case of our previous intracellular experiments [6,7].

3. Conclusions

Altogether, these results demonstrate the feasibility of semi-quantitative measurements, i.e.
through the estimation of an equivalent H2O2 concentration, of the ROS production dynamics
during an inflammatory response through luminescent nanoparticle imaging. The combination of
these measurements with functional imaging (angiography) provides an accurate characterization
of the tissue response, in the context of acute inflammation, both at the functional and molecular
scale. This paves the way for the further development, possibly in association with endoscopy
to circumvent the low penetration of blue excitation, of quantitative tissue profiling methods,
which could be used for in situ inflammation or cancer monitoring in the context of personalized
diagnosis.

4. Methods

Animals and reagents. OF1 7 weeks old mice were anesthetized with isoflurane inhalation. The
isoflurane flow rate was adjusted between 0.3 L/min and 0.8 L/min in order to maintain stable
respiratory rates and the light anesthesia required for imaging. Irritation of the external ear was
induced by topically applying a tissue soaked with methylsalycilate (MS) solution (Sigma Aldrich,
pure MS 99.9%) diluted ten times in pure acetone (Sigma Aldrich). We performed vasculature
imaging after antero-orbital injection of tetramethylrhodamine isothiocyanate (TRITC)–dextran
solution (Sigma Aldrich, average molecular weight 4,400 g.mol−1) at a concentration of 50 µg/mL
in PBS. All injections were performed with 30 G syringe needles.

Animals received human care and the study protocols complied with GRCC guidelines for the
care and use of laboratory animals.

Nanoparticle preparation. We prepared nanoparticles of Gd0.6Eu0.4VO4 following the
synthesis route reported in Abdesselem et al. [38] (Supplement 1). Briefly, the synthesis consists
in mixing a rare-earth nitrate solution (60% Gd, 40% Eu) with sodium orthovanadate solution at
room temperature. The two compounds co-precipitate and form polycrystalline Gd0.6Eu0.4VO4
particles with a typical size of 30 nm [38].

These Eu-based nanoparticles are luminescent, photostable and sensitive to their ROS
environment [38]. We reduced Gd0.6Eu0.4VO4 particles ([V]= 10 mM) with a 1 M solution of
NaBH4 during 5 minutes. Then the excess reducer was discarded by 5 successive centrifugations
at 5000 g during 5 minutes and washings with pure water. No spontaneous luminescence recovery
was observed during several hours [39].

The surface charge of non-coated Gd0.6Eu0.4VO4 particles is low (ζ-potential= 8.6 mV). The
suspension was hence supplemented with polyacrylic acid (PAA; Sigma-Aldrich, 25 µL/mL
yielding a PAA concentration of 3.6 mg/ml) and sonicated during several minutes (3× 1 minute).
The hydrodynamic diameter of this nanoparticle preparation was measured with dynamic light
scattering (DLS) and yielded a peak of the number distribution at 50 nm with a polydispersity
index of 0.2. Note that DLS measurements emphasize the contribution of large particles to
the size distribution leading to a systematic size overestimation of colloids that are not strictly
monodisperse.

In vitro calibration. Agarose gel (10% agar in PBS 1X) pieces (∼5× 5x5 mm) were cut and
placed on a coverslip inside a sample holder, which was then covered with PBS buffer. Reduced
nanoparticle solution (10 µl, [V]= 4.5 mM) was then injected through a syringe within the gel.
The buffer was then replaced by a solution of PBS prepared extemporaneously containing a known

https://doi.org/10.6084/m9.figshare.24072978
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H2O2 concentration (0, 10, 50, 100 µM) and imaging was performed through a macroscope (Zeiss
AxioZoom.V16 macroscope, Hamamatsu ORCA-Flash4 camera) under illumination at 466 nm
through a diode laser (Modulight) during 30 min in the very same experimental conditions as for
the animal experiments (see below), i.e. 5 mW laser power at the sample and beam size of 5 mm.

In vivo imaging. Imaging was performed with a Nikon Axiozoom AZ100 zoom-macroscope
in two different modes: (1) white light transmission to monitor intradermic injections and (2)
fluorescence/luminescence emission. For the second mode, the setup was supplemented with
a 466-nm diode laser (Modulight) for luminescence excitation of Eu-based nanoparticles and
TRITC-dextran. Excitation was performed through the objective (Magnification x2, numerical
aperture NA= 0.2) at a zoom of 1.3, yielding a beam size of ∼5 mm. The laser power was
5 mW, thus yielding a typical excitation intensity of 6 mW.cm−2. Emitted photons from Eu3+

ions and TRITC were detected through band pass filters, 617± 8 nm (Semrock) and 625± 40 nm
(Chroma), respectively, with an EM-CCD camera (Luca, Andor Technology). Excitation at 377
and 550 nm (Figs. 2(F) and (G)) was obtained with a metal halide lamp and appropriate excitation
filters. For the acquisition of the nanoparticle emission signal, the typical exposure time was
900 ms and the acquisition rate was 1 frame per second.

10 µL of the reduced nanoparticle solution stabilized with PAA were injected in the mouse
ear with a 30 G syringe needle while imaging the injected area with the macroscope. A near
90° injection angle was used to obtain nanoparticle injection in the area between the two ear
dermis layers. Particular care was taken to avoid release of nanoparticle solution on the top
mouse ear dermis or below the bottom ear dermis. The external ear of anesthetized animals was
then continuously imaged for 2 minutes before application of the irritant and typically for 10
minutes after MS application.
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