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Selective sentinel lymph node biopsy (SNLB) is the standard method for detecting regional metastases
in breast cancer patients. Identifying affected axillary lymph nodes before neoadjuvant treatment is
crucial, as such treatment may alter drainage pathways and lymph node morphology, hindering the
identification of sentinel lymph nodes. The use of carbon-based tattooing on sentinel lymph nodes
(SLN) has been employed as a permanent tattooing method in clinical studies of Targeted Axillary
Dissection (TAD), aiding in the SLN identification during surgery. Our study introduces a new method
of lymph node tattooing based on poly lactic-co-glycolic (PLGA) particles with encapsulated carbon.
This strategy substantially improves tattooing efficiency over single carbon suspensions currently used
in clinical studies. We synthesized and characterized carbon-loaded PLGA micro- and nanoparticles,
experimentally assessing their biological impact on porcine lymph nodes. The effect of particles’

size and concentration was evaluated over time (from 1 to 16 weeks). Light and electron microscopy
studies were conducted to characterize the cellular effects induced by the presence of these particles.
Our findings reveal that the diverse physicochemical parameters of the particles interact differently
with the lymphatic tissue, influencing their biodistribution within the lymph nodes and the intensity of
the inflammatory response.
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Abbreviations

AL Axillary lymphadenectomy
ANOVA  Analysis of variance

BC Breast cancer

C-NPs Carbon nanoparticles

DCM Dichloromethane

GMC Giant multinucleated cells

NAT Neoadjuvant therapy

PLGA poly(lactic-co-glycolic acid)

SEM Scanning electron microscopy
SLN Sentinel lymph node

SLNB Selective sentinel lymph node biopsy
TAD Targeted axillary dissection

TEM Transmission electron microscopy
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TGA Thermogravimetric analysis

At the time of diagnosing all cases of breast cancer (BC), it is essential to determine whether the axillary nodes
are affected by the tumor. The current standard procedure to avoid Axillary Lymphadenectomy (AL) and its
significant sequelae is the selective sentinel lymph node biopsy (SLNB). According to the experience on sentinel
nodes, if the sentinel node is not affected, the likelihood of another axillary lymph node being affected is remote.
Therefore, SLNB is sufficient to ascertain the status of the axillary nodes!. Traditionally, it has been stated that
if axillary involvement is confirmed by ultrasound and biopsy at the time of diagnosis, SLNB is contraindicated,
and AL is deemed mandatory. However, this paradigm has shifted in recent years.

The administration of neoadjuvant therapy (NAT) can be so effective that it leads to the disappearance,
even complete, of tumor cells in both the primary tumor and the axillary lymph nodes. Detecting the sentinel
lymph node (SLN) in patients who have undergone NAT poses significant challenges, as the treatment can alter
lymphatic drainage pathways. Consequently, the technique exhibits a superior percentage of false negatives,
wherein the SLN may not show tumor cells, while other non-sentinel lymph nodes might. This has profound
implications, as it may leave a chemoresistant tumor in the axilla and underestimate the lesion, potentially
resulting in suboptimal treatment for the patient>. Furthermore, previously metastatic nodes may not coincide
with the sentinel node due to the blockage of lymphatic circulation. To decrease the rate of false negatives
compared to conventional SLNB, it becomes necessary to macroscopically identify the nodes previously affected.

The ACOSOG Z1073, SENTINA%, and SN FNAC® studies demonstrated that, under certain conditions,
performing SLNB after NAT in patients with metastatic lymph nodes was feasible and safe. The difficulty lies
in identifying nodes that, when metastasized, were easily visible by ultrasound. However, after NAT, they can
become unrecognizable due to their reduced size and the absence of ultrasound signs of infiltration. To address
this challenge, Targeted Axillary Dissection (TAD) was introduced, involving the preoperative placement of a
metallic clip after NAT. Although TAD is a promising concept, the preoperative placement of the metallic clip
is not straightforward and necessitates an X-ray for guiding lymph node removal’~. To avoid these limitations,
various techniques have been described, including magnetic seeds'®!!, radioactive seeds!?-!4, radar reflectors'>1,
and carbon-based tattoos!’-2.

Carbon-based tattoos could serve as an alternative to the localization methods described above, since they are
inert and can remain in the lymph nodes indefinitely, being easily visible at macroscopic level'’”. Carbon tattoos
in the TAD technique have gained popularity in recent years. Carbon does not interfere with the pathological
assessment of nodal tissue and provides a distinct macroscopic staining compared to the tissues of the organism,
making it suitable for the proposed application®’. Commercial charcoal-based suspensions in doses of 0.1-1 ml
(carbon black 0.01-1%w/v) have been the most widely used in clinical and preclinical trials, reporting nodal
detection rates after NAT of 60-95% and false negative rates of 9.1-22%!718:20-2224 However, its adherence
to the receptor tissue is compromised by the low viscosity of the substance itself, leading to its predominant
distribution in the cortex of the lymph node and the surrounding fatty tissue. This results in non-homogeneous
staining, as well as undesired dissemination via the lymphatic pathway, occurring in approximately 18% of
cases!®?7,

The use of polymeric nanostructured systems for sustained, localized, and extended release of active principles
has been widely adopted in clinical practice for various therapeutic purposes, improving conventional delivery
approaches. In this study, we evaluate the in vivo response after the administration of novel biodegradable
sustained-release polymeric systems with the aim of easily detect with the naked eye the tattooed nodes. An
exhaustive histopathological study of the effect of these carriers on the lymphatic tissue was also performed.

The aim of the study is to develop a tattooing method for its potential use in metastasized axillary lymph nodes
in patients suffering from advanced breast cancer. This procedure will be conducted before NAT, facilitating
the detection of those tagged lymph nodes during subsequent surgeries. We synthesized poly(lactic-co-glycolic
acid) (PLGA) nano- and micro-particles to encapsulate tiny carbon nanoparticles by various approaches. We
experimentally analyzed the lymph node tattooing in a total of 7 pigs to study the biological behavior and
tattooing efficiency over time of each type of particle. The effect of the inoculated particles over time (1, 2, 4,
6, and 16 weeks), concentration (10 or 20 mg/ml), and size (micro- and nanoparticles, denoted as CE and CS,
respectively) was assessed through histological and ultrastructural studies.

Materials and methods

Synthesis, characterization and in vitro studies of micro- and nanoparticles

Materials

Poly(D, L-lactide-co-glycolide) (PLGA Resomer RG504H) was purchased from Evonik Industries AG,
Poly(ethylene glycol)-block -poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic’ F-68), chloroform
(CHCL,), ethyl acetate, dichloromethane (DCM), and polyoxyethylenesorbitan monolaurate (Tween’ 20) were
purchased from Sigma Aldrich (Merck KGaA; Darmstadt, Germany). The synthesis of the Carbon nanoparticles
(C-NPs) was carried out by laser pyrolysis technology at the Unit 9 of the ICTS NANBIOSIS. The continuous gas
flow reactor system and experimental protocol have been described elsewhere?$%.

Human dermal fibroblasts (NHDF-Ad) were obtained from Lonza (Basel, Switzerland), J774A.1 mouse
monocyte-macrophages ATCC-TIB-67™ were acquired from LGC Standards (Barcelona, Spain) and human
breast adenocarcinoma cell line MDA-MB-231 were kindly donated by Dr. Alberto Jiménez Schumacher (IIS
Aragén). These cell lines were used to determinate the subcytotoxic dose of the nanoparticles used.

Synthesis of nanoparticles with encapsulated carbon
To evaluate the biological behavior of two different particle sizes, approximately in the order of 100 nm and
1000 nm, it was considered the use of well-known particle production approaches: (1) emulsion-solvent
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evaporation to produce submicrometric particles and (2) electrospraying to generate micrometric particles. The
optimized protocols are briefly described below.

The previously described oil-in-water (o/w) single emulsion-solvent evaporation method*® was used for the
encapsulation of the previously prepared C-NPs in the PLGA nanoparticles (Fig. 1a). Briefly, the organic phase
was composed of 10 mg/ml of PLGA and 30 mg/ml of surfactant (Pluronic F-68) dissolved in 5 ml of ethyl
acetate containing 5 mg/ml of C-NPs previously prepared by laser pyrolysis. 10 ml of Milli-Q water were added
as the aqueous phase. The emulsification of both immiscible phases (organic and aqueous) was performed by an
ultrasonic sonotrode (Branson Digital 450 Sonicator) under 40% amplitude and for 25 s. The resulting emulsion
was left to evaporate on a stirring plate at 600 rpm for 3 h to evaporate the organic solvent and precipitate the
particles. The particles were washed and recovered by centrifuging for 15 min at 15 °C and 7500 rpm.

Microparticles were synthesized with an electrospinner (Yflow Electrospinner 2.2.D-500) using the
uniaxial technique (Fig. 1b) following a previous protocol with some modifications®!. Briefly, a solution of
dichloromethane and chloroform was prepared (DCM: CHCI, (4:1)) containing 50 mg/ml of PLGA and 5 mg/ml
of C-NPs previously prepared by laser pyrolysis, and stabilized with 10 mg/ml of Tween" 20. After optimization,
a 15 cm distance between the collector and the needle and a dissolution flow rate of 0.5 ml/h were set. The
Taylor cone was stabilized using a voltage of + 13 kV and — 3.9 kV corresponding to the tip of the needle and the
collector plate, respectively. The synthesized materials were collected on aluminum foil, placed on a flat collector.

Preparation of tattooing vectors
The synthesized nano- and microparticles were resuspended in a methylcellulose hydrogel for the preparation
of injectable suspensions (Fig. 1c). The criterion for their optimization was to obtain sufficient viscous media
to avoid the spread of the tag through the injection channel and in the tissue. The use of methylcellulose was
chosen because it aids in the rheological stabilization of the administered suspension avoiding unwanted particle
sedimentation, being suitable its use as an injectable®2. Briefly, methyl cellulose was dissolved at a concentration
of 1.0% (w/v) in water by alternately changing the temperature from 80 to 0 °C while the sample was subjected
to magnetic stirring at 600 rpm. After optimization, the previously prepared carbon-encapsulated nano- and
microparticles were resuspended at the selected concentrations (10 and 20 mg/ml) in 1.0% (w/v) methylcellulose.
As a result, 4 different vectors loaded with tiny C-NPs were obtained: CS10 (emulsified nanoparticles, at a
concentration of 10 mg/ml), CS20 (emulsified nanoparticles, at 20 mg/ml), CE10 (electrosprayed microparticles,
at 10 mg/ml) and CE20 (electrosprayed microparticles, at 20 mg/ml). Additionally, a non-encapsulated carbon
nanoparticle suspension at 20 mg/ml was used as positive control (C-NPs).
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Fig. 1. Brief outline of the methods used for the synthesis and preparation of the vectors. (a) Emulsion-solvent
evaporation method. (b) Electrospraying method. (c) Dispersion of the resulting vectors in methylcellulose
medium.
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Scanning and transmission electron microscopy of nano- and microparticles
The morphological characterization and size distribution of the resulting particles were performed by scanning
electron microscopy (SEM Inspect F50) at an acceleration voltage of 5-10 kV. The particles were prepared on
carbon tape on an aluminum slide. The samples were coated with a Pd layer using a high vacuum coater (Leica
EM ACE200, Wetzlar, Germany). Diameter distributions were obtained from manual measurements with the
free Image-]J software (v1.52; National Institutes of Health, 2019) for a sample of n=100.

Particle morphology and dimensions were also characterized using a T20-FEI transmission electron
microscope (FEI Company, Hillsboro, OR, USA) at 200 kV. TEM samples were prepared by depositing 50 pl of
the corresponding colloids dispersed in Milli-Q water on a formvar-coated copper grid and dried for at least 2 h.

Quantification of encapsulated carbon
Quantification of the carbon encapsulated in the polymeric particles was performed by thermogravimetric
analysis (Mettler Toledo TGA/STDA 85le, Mettler Toledo; Columbus, OH, US) using the degradation
temperatures of the materials used during the emulsification and electrospraying ranging from 30 to 800 °C
with a N, flow rate of 50 ml/min. TGA was used as a quantification method of the different organic constitutive
compounds as previously published®.

Carbon release study

To obtain the carbon release profiles of the carbon-loaded nano- and microparticles, they were dispersed in
distilled water (pH 7) and kept for 28 days at 37 °C under continuous agitation (~100 RPM). Aliquots of the
supernatants were taken every day during the first week, and once a week for the rest of the month, i.e. on days
1,2,3,4,5,6,7, 14, 21 and 28. The amount of carbon released was quantified by UV-Vis spectroscopy (Jasco
V670), with the maximum absorbance at 218 nm attributed to the electronic transition range of the carbon
backbone from m-m*34,

Cell viability assay

The cytotoxicity of the nanoparticles synthetized in this work was investigated using the Blue Cell Viability Assay
(Abnova, Taiwan) according to the manufacturer’s instructions®. Briefly, the cells were seeded at concentration
of 6,000 cells/well for fibroblasts and J774A.1 cells and 18,000 cells/well for the MBA-MD-231 cell line and were
incubated for 24 h at 37 °C and 5% CO,. Subsequently, carbon nanoparticles (C-NPs), electrosprayed carbon
loaded microparticles (CE) and emulsified carbon loaded nanoparticles (CS) at different concentrations were
added to the cells (0.1, 0.05, 0.025 and 0.01 mg/ml). After 24 h, the reagent (10% (v/v)) was added, cells were
incubated for 4 hat 37 °C and 5% CO, and fluorescence was read at 530/590 ex/em in a Varioskan LUX microplate
reader (Thermo Fisher Scientific, Waltham, Massachusetts, U.S.). Cytotoxicity was evaluated by comparing the
values obtained for the treated cells with the ones retrieved from untreated cells, considering these controls
as 100% viability. Four replicas of each experiment were performed in triplicate. All results are presented as
mean + standard deviation. Data were analyzed using two-way analysis of variance (ANOVA) (GraphPad Prism
8, San Diego, US). Statistically significant differences were considered when p <0.05.

In vivo studies

White Landrace pigs

Seven female White Landrace pigs with an average weight of 25 kg (22-30 kg) from Inga Food SA (Madrid,
Spain) were used. The experimental animals were divided into two study groups. The “short-term study”
included 4 animals which were housed for 1, 2, 4 and 6 weeks, and the “long-term study” included 3 animals
which were housed for 16 weeks. The study was carried out in the facilities of the Institute of Health Sciences
(IIS Aragoén, Spain), in accordance with the ARRIVE guidelines and the Spanish Policy for Animal Protection
RD53/2013 which meets the European Union Directive 2010/63. The experimental procedure was approved by
the Animal Research Ethics Committee of the University of Zaragoza under reference P109/20.

Surgical procedure, lymph node tattooing and sampling

In all animals, injections of the pigments were performed in the selected peritoneal lymph nodes from the
splenic artery root, portal vein root and distal ileum regions. We initially aimed to label axillary nodes but due
to the difficulty encountered during their ultrasound guided identification, due to the different consistency of
porcine and human axillary tissues, we decided to perform direct punctures in mesenteric nodes (of similar size
to those of humans). In each animal, 2-3 and 2-4 lymph nodes were tattooed per animal using both CE20 and
CS20 vectors in the “short-term study” and the “long-term study” groups, respectively. In the “long-term study”
group, 3 and 6 peritoneal lymph nodes were also tattooed with CS10 and CE10 vectors respectively to assess the
effect of the particle’s concentration. A control node using carbon nanoparticles (C-NPs) not encapsulated in the
polymeric PLGA-based matrix was tattooed per experimental animal mimicking the conventional carbon-based
pigments currently used in the clinic!”!$2°-2224, For vector administration surgery, a midline laparotomy was
performed to expose the abdominal viscera and isolate the selected mesenteric nodes. Once exposed, the nodes
were tattooed for subsequent identification using different silk stitch patterns. Vectors were loaded in 0.2 ml
doses (10 or 20 mg/ml) into 1 ml syringes and 21G needles were attached. Direct puncture was performed in
the lymph nodes of the splenic artery root, portal vein root and distal ileum. After surgery, the animals were
housed in special conditions in heated cages. We used buprenorphine (Buprenodale, Dechra, 0.05-0.1 mg/kg/
day) during the first 72 h after surgery, and antibiotic prophylaxis with enrofloxacin (Enroflox, Agrovet Market
SA, 2.5 mg/kg) until lymph node dissection surgery performed after 1, 2, 4, 6, or 16 weeks. For lymph node
dissection surgeries, a wide median laparotomy was also performed. Tattooed lymph nodes were identified
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macroscopically by showing a dark pigmentation characteristic of the vector administered. The tattooed lymph
nodes were resected next to the identification sites and separated for further processing.

Anesthesia and euthanasia

The surgical procedure was performed under general anesthesia with oral intubation, mechanical ventilation
and neuromuscular blockade. Animals were premedicated with zolazepam (Zoletil, Virbac, 0.05 mg/kg)
and intramuscular dexmedetomidine (Dexmopet, Fatro Iberica SL, 0.08 ml/kg). Anaesthetic induction was
performed with disopropylphenol (Propofol 1% MCT, Fresenius Kabi Laboratories Spain, 6 mg/kg) and
sevofluorane 1.9% (Baxter SL) was used for maintenance. Muscle block was induced with pancuronium bromide
(Pavulon, Organon Espanola SA, 4 mg/ml). Intraoperative analgesia consisted on the continuous infusion of
fentanyl (Fentanest, Aurovitas Espafia, 10 pg/kg/h) and Ringer’s lactate (8 ml/kg/h) was the solution used as fluid
therapy. At the end of the experiment, the animals were euthanized by a single injection of potassium chloride (1
mEq/kg) intravenously, preventing depolarisation of the heart muscle and causing it to stop.

Macroscopic studies

Before dissection surgery, the tattooed lymph nodes were photographed in situ and the ease of their visual
identification was qualitatively scored on a scale from 1 to 3, with 1 being ‘indistinguishable’ (tagged with the
silk stitch but no optical signal to the naked eye of the vector was present), 2 “moderate” (tagged with the silk
stitch and having a moderate optical signal of the vector present) and 3 “optimal” (tagged with the silk stitch and
having a clear optical signal attributed to the vector present) identification (Fig. 2a).

After sampling, lymph nodes were fixed in 4% formalin for 3-5 day. Lymph nodes were dissected away
from the adjacent tissue and the largest tattooed side of the nodes was photographed. The photographs were
used to calculate the percentage of the tattooed lymph node area based on a histogram analysis (Fig. 2b). The
background of the image was colored white to subsequently remove these pixels and delimit the extent of the
lymph node. The image was converted to greyscale and image correction parameters were manually adjusted to
achieve an acceptable contrast between the untattooed lymph node tissue and the tattooed area. The histogram
of the image was extracted using Image] software®® and the percentage of the tattooed area was calculated by
quantifying the number of pixels with the darkest 30% of greys, taking into account the entire pure non-white
area. This system was validated by manually calculating the area of 3 lymph nodes. An error of +3% in the
tattooed area selected was estimated calculating the total lymph node area and the area marked by manual
segmentation using Gimp 2.10.38 software.

Microscopic studies

The formalin-fixed lymph nodes were cut into approximately 3 mm thick tissue slices and the most pigmented
slice was selected for histological processing. Samples were processed according to standard procedures and

a. Ease of identification scale

b. Tattooed area c. Clusters size d. Extension of inflammation

5"\ W .‘.s"v% s z.‘a'f‘.%"

Histogram —> Result:
Particles\ Lymph node 10.8%
[
] 255

Fig. 2. Macroscopic variables analyzed: (a) Ease of identification scale. (b) Estimation of the tattooed nodal
area. (c) Morphometry of the particles clusters. (d) Extension measurement of the inflammatory response.
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stained with hematoxylin and eosin (H&E) for light microscopy examination. Histological processing and
staining were carried out by the Scientific Technical Services - Microscopy and Pathology at IIS Aragén.

Histologic slides were evaluated by light microscopy to determine the presence and location of the pigment
and to assess the histological changes after the administration of the different pigments. In addition, the size of
clusters formed by particles agglomerates and the intensity of the histological changes were evaluated based on
a histogram analysis.

The size of the clusters formed by the inoculated particles were measured from micrographs of each tissue
section using Image] software®® (Fig. 2c). Six size ranges were established: <5 pum, 5-15 pm, 15-30 pm, 30-
45 um, 45-60 pm and > 60 pm. A total of 50 clusters were counted in each tattooed node (n=>50).

Finally, the degree of intensity of the inflammatory response was quantified according to the extent of the
inflamed tissue. The most extensive section of inflammatory tissue in the lymph node was manually measured
using Image] software (Fig. 2d).

Ultrastructural studies

After sampling, biopsies were fixed in 2% glutaraldehyde in PB for 3 days and subsequently washed with PB.
Samples were post-fixed with 2% osmium, rinsed, dehydrated in graded acetone (30%, 50%, 70% with 2% uranyl
acetate, 90%, 100%), cleared in propylene oxide and embedded in araldite (Durcupan, Fluka AG; Buchs SG,
Switzerland). An RMC MT-XL ultramicrotome was used for obtaining semi-fine and ultra-fine slices. Semi-thin
(1.5 um) and ultra-thin (0.05 um) sections were cut with a diamond knife. Semi-thin sections were stained with 1%
toluidine blue and examined by light microscopy (Olympus BX51 microscope, Olympus Imaging Corporation;
Tokyo, Japan). Ultra-thin sections were collected on Formvar-coated single-slot grids counterstained with 1%
uranyl acetate and Reynold’s lead citrate staining. The samples were observed at the Electronic Microscopy
Service of Biological Systems of the University of Zaragoza with a JEOL JEM 1010 transmission microscope
operating at 80 kV.

Statistical analysis

Statistical analyses were performed with IBM SPSS Statistics (SPSS Inc.; Illinois, USA). C-NPs-tattooed lymph
nodes were only used as control and were not included in the statistical studies. To study whether the data came
from a normal population, they were analyzed using the Shapiro-Wilk test. The variable of tattooed area showed
a normal distribution. According to that, the corresponding tattooed area was analyzed using the t-Student test
and the remaining variables were assessed using nonparametric tests. Independent groups were then established
according to time (“short-term study” (1-6 weeks) and “long-term study” (16 weeks) groups), type of tattooing
(CS10, CE10, CS20 and CE20, considering only data from the “long-term study” group), concentration (CS10-
CE10 and CS20-CE20, considering only data from the “long-term study” group), and particle size (CS10-CS20
and CE10-CE20). In these groups, the data analysis was performed using the Mann-Whitney U test. Significant
differences were considered when p <0.05. Correlation studies between variables used Kendall’s rank correlation
coeflicient. Statistically significant correlations were considered when p <0.05.

Results

Characterization of nano- and microparticles

The optimized particle morphology and size distribution histogram were characterized using scanning electron
microscopy (Fig. 3a, g). Figure 3(m, n) depicts the morphology and size of the C-NPs here considered as a
cargo in PLGA nano and microparticles. C-NPs have a mean particle size of 12.4+3.1 nm (Fig. 30). An average
nanoparticle size (emulsion, CS, Fig. 3b) of 123 +32 nm was estimated, which increased to 1.07+0.41 pm in
the case of microparticles (electrospray, CE, Fig. 3h). The heterogeneity in particles size was determined with
the polydispersity index (PDI), which was 0.07 for CS and 0.15 for CE, considering a PDI value lower than
0.25 as a narrow size distribution of the sample’”38. Therefore, the CE were more polydisperse in size than
the CS. Transmission electron micrographs revealed the presence of carbon nanoparticles (dark contrast dots
of approximately 12-20 nm) encapsulated inside the nano- and microparticles for both syntheses (Fig. 3c,
i, respectively) although for the CE microparticles some C-NPs were localized not only in the core but also
attached on the surface of the microparticles.

TGA analysis of the CS obtained by single emulsion-solvent evaporation revealed an average PLGA content
of 87.5 wt% and an average carbon content of 12.5 wt% (Fig. 3d). The TGA curves indicate a remaining weight
between 6.1 and 23.5 wt% (associated to carbon), so the carbon encapsulation performance results may be
slightly underestimated. These results were similar to those of CE, with an average PLGA content of 86.7 wt%
and carbon content of 12.3 wt% (Fig. 3j).

The carbon released in vitro was less than 1 wt% during the first month for both nano- and microparticles
(Table 1; Fig. 3e, k). The reduced carbon release rate can be explained by (1) the large hydrophobicity of the carbon
nanoparticles, which does not disperse or solubilize in water and were not released from the PLGA encapsulating
mixed matrices and (2) because the particles to be released were large enough (12.4 + 3.1 nm, Fig. 30) and would
require an extensive degradation of the PLGA-based polymeric matrix in order to be released. This represents a
positive outcome considering that the longer the permanence of the carbon nanoparticles within the polymeric
particles, the better the intensity of the tattooing. It is important to point out that according to the manufacturer
the degradation timeframe of the PLGA used (PLGA Resomer’ RG504H) is less than 3 months. The hydrolytic
degradation of the polymer would initially produce a burst C-based nanoparticles initial release followed by a
sustained release over time caused by its bulk erosion. As it is shown in Fig. 3e, k an initial burst release was
not observed, probably due to the hydrophobic nature of the C-based nanoparticles, instead a lineal release was
measured in vitro which would match a first order release kinetics, indicative of a concentration dependent

Scientific Reports |

(2024) 14:29512 | https://doi.org/10.1038/s41598-024-80931-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Carbon-based nanoparticles (CS)

Carbon-based microparticles (CE)

b

g __h

a
o

123+ 32nm
DSR: 25.9 %

1.07£0.41ym
DSR: 38.7 %

S5
o

w
o

alblith B 1

50 100 150 200
Particle diameter, nm

Frequency
Frequency

[N
o

3

04 08 12 16
Particle diameter, pm

—CS8 —CE

= PLGA val | «PLGA |

—=C-NPs | (B % =C-NPs 1N~
~Plurgnic—T 1T ) < PlUroniC. =s-meseee e s 23

0 200 400 600 800
Temperature, °C

0 200 400 600 800
Temperature, °C

k |
ke 120 /MMDA-MB-231 WJ774 [INHDF-Ad 0.6 EMDA-MB-231 1774 BINHDF-Ad
100 g
X c 9
= 80 s [
2 80,4
5 60 8 %
8 b4 ©
> a0 é S
°
20 202
0.01 0.025 005 01 0 5 10 15 20 25 30 0.01 0.025 005 0.1
Concentration (mg/ml) Days Concentration (mg/mi)
(o]
35
124+ 3.1nm 120 {IMDA-MB-231 [)774 INHDF-Ad
30 : o,
e DSR: 25.0 % 1004
> <9 X
Q - 80.
g 20 z
3 = 604
g 5 3 60
Pt > 404
)
20
5
ol L]
500 6 8 10 12 14 16 18 20 0.01 0.025 005 0.1
g Particle diameter, nm Concentration (mg/ml)

Fig. 3. Characterization of the polymeric particles containing C-NPs synthesized (a-f) by emulsion (CS)
and (g-1) by electrospraying (CE), and (m-p) carbon nanoparticles (C-NPs). (a, g, m) Scanning electron
micrographs of the particles. The carbon nanoparticles have been artificially coloured in blue to make them
more visible in the micrographs. (b, h, o) Histograms of the size distributions. (¢, i, n) Transmission electron
micrographs of the particles, where carbon is clearly distinguished by its higher electron density. (d, j)
Thermogravimetric curves. The solid blue line represents the mass loss of the micro and nanoparticles, the
dashed black line represents the weight loss of empty PLGA, the solid black line represents the weight loss of
carbon and the dashed blue line represents the weight loss of the stabilizer, in the case of the nanoparticles
obtained by emulsion. (e, k) Curves of the release kinetics of the encapsulated carbon nanoparticles from the
polymeric nano- and microparticles in PBS 1x medium. (f, 1, p) Cell viability in the fibroblast (NHDE-Ad),
macrophages (J774), and human breast adenocarcinoma (MDA-MB-231) cell lines. Untreated control cells
were assigned as 100% viability. Statistical analyses are referred to untreated control cells (*p <0.05, **p <0.01,
***p <0.001, ****p <0.0001).

mechanism. Over time, the amount of C-based nanoparticles released would depend on the remaining amount
of the particles entrapped in the mixed matrix.

The cytotoxic effects of the C-NPs, CE and CS are depicted in Fig. 3(f, Lp) compared with the untreated cells
(100% viability). Following the recommendations of the ISO 10993-5 for medical devices, viability below 70% is
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Identification rate (%)
[*2]
o

N
o
s

Released carbon (wt%)
1 week 2weeks |3 weeks |4 weeks
Carbon from Nanoparticles | 0.42+0.3 | 0.55+0.6 | 0.59+0.5 | 0.83+0.5

Carbon from Microparticles | 0.17+0.0 | 0.31+0.0 | 0.37+0.0 | 0.53+0.0

Table 1. Percentage of carbon released in vitro in nano and microparticles.
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Fig. 4. Macroscopic and microscopic variables analyzed. (a) Identification rates of CE20 (colored in blue
and purple) and CS20 (colored in shades of green) tattoos. (b) Frequency of dissected lymph nodes showing
difficult (1), moderate (2) or easy (3) identification. (c) Percentage of tattooed area over time for CS20 and
CE20 vectors.

considered cytotoxic®. Accordingly, no cytotoxic effect was observed for fibroblast and MDA-MB-231 cell lines
for CE and CS particles at any of the concentrations assayed, yielding viability values higher than 75 and 95%,
respectively. For macrophages a slight increase in the cytotoxicity was observed when cells were treated with CE
at the higher doses assayed. When both, fibroblasts and MDA-MB-231, were treated with C-NPs no cytotoxic
effect was observed but, conversely, high concentrations of C-NPs (0.05 and 0.1 mg/ml) exerted cytotoxicity for
macrophages. These results revealed a significant reduction of the cytotoxicity when C-NPs were encapsulated
in the polymeric NPs.

Macroscopic studies

Both vectors studied were identifiable intraoperatively from 1 to 16 weeks after injection. CE20 tattooed lymph
nodes were more easily identified than CS20 were (p=0.053). Nodes with an “ease of identification” of 2 and 3,
could be easily found during nodal resection surgery. However, nodes rated 1 did not show easily identifiable
tattoos. Compared to the silk stitch label, 100% of the lymph nodes were tattooed when using the CE20 vector.
In the case of the CS20 vector, 62.5 and 37% of the lymph nodes were tattooed in the “short-term” and “long-
term” groups, respectively (Fig. 4a-b). The ease of identification decreased with statistical significance over time
(p=0.005). In the “long term” study, 42.9 and 25% of the lymph nodes were tattooed with CE10 and CS10 vectors,
respectively. The results show that the increase of concentration in CE-tattooed nodes positively correlated with
the ease of identification (p=0.02). However, no correlation was found for the CS-tattooed nodes.

As expected, a significant positive correlation was found between the ease identification and the percentage
area of the lymph nodes tattooed (p=0.003). For both vectors, the percentage area of the lymph nodes tattooed
was larger in the “short-term study” than in the “long-term study” group (Fig. 4c). The reduction of the tattooed
area over time was statistically significant (p=0.014). From the first to the 16th week, this reduction was ~2.2
and ~1.9 fold for CE20 (22.0+2.2%) and CS20 (20.5+11.4%), respectively. Additionally, the long-term study
group showed a reduction in the percentage of tattooed area related to the decrease in particle concentration
in the case of CS vectors (CS20 11.0+4.4% - CS10 7.4+ 5.7%) but not in CE vectors (CE20 9.9+5.6% - CE10
11.1+3.6%) (Figure S1).

In the C-NPs-tattooed lymph nodes (control) of “short-term study” group, 66.6% of lymph nodes were
properly identified. Nevertheless, in the “long-term study” group, no lymph node was easily identified. In the
“short-term study” group, C-NPs vectors tattooed the 15.5+0.2% of the surface, which was reduced to 2.5 +3.5%
in the “long-term study” group. This preliminary data suggests a ~6.2-fold reduction. Therefore, conventional
carbon-based markers based on nanoparticles provided a reduced contrast in the tissue compared to our vectors
that contain in the interior of a polymeric matrix those carbon nanoparticles. C-NPs (control) samples were
not included in the statistical study since the number of lymph nodes obtained after this tattooing was reduced.
However, we use these results descriptively in light and electron microscopy studies.
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Microscopic studies

Histopathologic evaluation of the lymph nodes revealed that CE20 and CS20 vectors were located mainly in the
inner, in the pericapsular area or/and in the soft tissue adjacent to the node (Fig. 5a). The main location was
pericapsular and/or adjacent in all cases (Fig. 5b).

The polymeric particles rearranged themselves into different microscopic structures, giving rise to clusters
of varied dimensions. Clusters of 5 to 15 pm were most frequently observed. In the “short-term study” group,
average cluster sizes were 14.5+4.0 (CS20) and 19.1 +10.2 um (CE20). In the “long-term study” group, clusters
measured 44.5+44.1 (CS20), 14.1 +8.3 (CE20), 21.0 +5.6 (CS10), 15.7 + 6.6 um (CE10) (Fig. 5¢). Although not
statistically significant, a reduction in cluster size was observed as stabling time increased.

In all samples from the “short-term study”, a foreign body reaction associated with the presence of the
pigments was observed. The inflammatory process was characterized by the presence of macrophages and giant
multinucleated cells (GMC) that engulfed the particles since the first week. Extracellular particles were also
present (Fig. 5e-g). Small foci of necrosis associated with foreign body reaction were observed occasionally for
both vectors. CE vectors induced a larger inflammatory response than CS vectors did (p=0.029). Additionally,
the extent of the inflammatory response positively correlated with the tattooed area (p=0.051). A statistically
significant reduction in the intensity of the inflammation was observed over the weeks (p=0.04). After 16 weeks
of stabling, the presence of inflammation was substantially reduced and almost all lymph nodes showed mild
or no inflammation. The reductions of the extension of the inflammatory tissue from the “short-term study”
group to the “long-term study” group were from 223 +174 to 104+ 57 pm (CS20) and 413 + 250 to 278 +207 um
(CE20) (Fig. 5d). Thus, ~2.1 and ~1.5-fold reductions were identified. A foreign body reaction associated
with low particle concentration vectors was also observed. The inflammatory reaction was higher in the CE10
(2394151 pm) than in CS10 vector (75 + 16 pm) probably attributed to the larger sizes of the former.
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Fig. 5. (a) Particles localization in the three different nodal regions (pericapsular region, adjacent tissue and
inner region). (b) Particle’s location in CS20 and CE20 tattooed nodes. (c) Clusters size in CS20 and CE20-
tattoed nodes. (d) Extension of the inflammatory tissue in CS and CE20 tattooed nodes. (e-g) Inflammatory
reaction associated with (e) CE20 and (f, g) CS20 vectors.
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In C-NPs samples, samples at short times show the formation of large carbon clusters within the lymph node.
In “short-term study” group, the average of cluster’s size was 25.0 +24.4 um, while in the “long-term study”
group was 5.8 +0.4 pm. There is a tendency for them to disintegrate into smaller, more dispersed clusters as
the weeks go by. In nodes tattooed with C-NPs (control) inflammation was highly variable and reduced from
5414245 to 14+ 19 pm (~40-fold reduction).

Ultrastructural study
Inoculated particles were mainly found internalized in macrophages, isolated by or in the cytoplasm of GMC, or
recruited into the connective tissue surrounding the lymph node.

In the early stages of the particle uptake process, in all cases macrophages internalize the particles through
the formation of filopodia and lamellipodia (Fig. 6).

Macrophages phagocytosed all three types of particles. They are easily distinguished by their ultrastructural
characteristics: carbon microparticles (CE) (Fig. 7a-b), carbon nanoparticles (CS) (Fig. 7c-d) and non-
encapsulated carbon particles (C-NPs) (Fig. 7e-f). The average size of phagocytosed CE particles retrieved from
the ultrastructural images is 911.6 +547.9 nm (n=>50). CS particles show an average size of 99.6+43.2 nm
(n=50). Finally, C-NPs tend to aggregate into structures of 41.9+16.6 nm (n=>50). The phagolysosomes
observed inside macrophages presented differences in size, morphology and electron density. The membrane of
CE and CS loaded phagolysosomes is physically bounded to the surface of the microparticles, which generates
regular and rounded morphologies (Fig. 7b-c). However, the morphology of C-NPs phagolysosomes is more
irregular (Fig. 7e).

After particle uptake by macrophages (Fig. 8a), the carbon particles cause disruption of the phagolysosome
membrane in all three cases (Fig. 8b-c). As a result of membrane rupture, the lysosomal hydrolases are released
into the cytosol, which cause lysis of the cell membrane itself with subsequent release of the cell organelles into
the extracellular space (Fig. 8d-e), with the carbon particles remaining intact (Fig. 8d).

Although the particles were mainly found in macrophages, particles were also observed in GMC which are
formed by the fusion of macrophages and can isolate the pigments in the extracellular space or within the
cytoplasm. (Fig. 9a).

The cellular debris and particles released by the rupture of the macrophage membranes are phagocytosed by
new macrophages and so on. Thus, macrophages with numerous phagolysosomes with carbon in their interior
were found (Fig. 9b). After 4 weeks, the polymer degraded, and more free carbon particles were found (Fig. 9b-
d). Isolated high-carbon macrophages were observed within a matrix of collagen fibers in the adjacent tissue
(Fig. 9d).

Discussion
The tattooing of lymph nodes is increasingly employed in clinical trials to tattoo SLN in breast cancer patients
before NAT. This strategy is low cost, does not require preoperative localization procedures and minimizes
additional discomfort for the patient, making it promising for lymph node tattooing in oncologic patients*.
Carbon-based tattoos are beginning to be validated in clinical studies'’~%%. In our experimental study, we have
developed two carbon-based vectors based on C-NPs encapsulated within a biodegradable polymeric matrix
and inoculated in pig lymph nodes. The identification rate (moderate-optimal visibility on the identification
scale) in the “short-term study” group (1-6 weeks) was high in lymph nodes tattooed with both vectors (62.5-
100%). In the “long-term study” group (16 weeks), the rates were lower (25.0-66.7%). Our results are in line with
other clinical studies performed, which reported a positive identification rate of 69-100%18-25:41:42,

Lymph nodes tattooed with 0.2 ml of CE20 vectors were adequately identified in node resection surgeries. It
was possible to identify 100% of the nodes in both the “Short-term study” and in the “Long-term study” groups.

Fig. 6. Structure and ultrastructural features of macrophages. (a) Macrophage with numerous lysosomes
(arrows) in its cytoplasm. (b) Lamellipodia (arrowhead) and filopodia (arrow) emerging from the surface of a
macrophage.
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Fig. 7. Different types of particles phagocytosed by macrophages. (a, b) Microparticles (CE). (c, d)
Nanoparticles (CS). (e, f) Non-encapsulated carbon nanoparticles (C-NPs).

In the TATTOO multicentric clinical study, lymph nodes were tattooed with 3 ml of Spot” commercial carbon
suspension or 0.6 ml of CARBO-REP". They found 83.6% of the lymph nodes??. Goyal et al.>* tattooed the
SLN with 2 ml of Spot” or Black Eye’ reporting an intraoperative identification of 75-82%. Natsiopoulos et al.'$
successfully identified 93.3% of nodes injected with 0.3-0.7 ml of Spot’. Allweis et al.2 injected by ultrasound
guidance 0.2-0.5 ml doses of Spot with an identification rate of 95%. Patel et al.?! reported a 100% identification
rate after injection of 0.1-1 ml Spot . Dostalek et al.?® tattooed with 0.1-0.5 ml of an activated carbon dispersion
(Carbosorb, IMUNA PHARM, Slovakia) reporting an intraoperative detection rate of 81%. Kim et al.*! reported
a 98% detection rate using activated charcoal (Charcotrace™). Choy et al.*? used 0.1-0.5 ml of Spot’ to tattoo the
nodes with an identification rate of 93.7-94.6%. Park et al.!’ tattooed the nodes with 0.5 ml of Spot’ reporting an
identification rate of SLN of 100%. In another recent clinical trial (NEOTARGET), 69% of carbon tattooed nodes
(Sterimark’) were optimally localized intraoperatively?>.

In the present study we explored the effect of factors such as time (1 to 16 weeks), particle size (range ~100 nm
and ~1 pm) and concentration (10 and 20 mg/ml), on the tattooing of the lymph nodes and the tissue reaction.
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Fig. 8. Effect of particles on macrophages. (a) Detail of the cytoplasm of a macrophage showing lysosomes
with carbon particles (C-NPs) inside. (b) Carbon particles rupture the membrane of phagolysosomes
(arrowheads), releasing lysosomal hydrolases that rupture the cell plasma membrane (arrows). (c) Plasma
membrane of a macrophage lysed by spilled hydrolases. The rupture of the phagosome membrane
(arrowheads) and the plasma membrane (arrows) is observed. (d) After rupture of the plasma membrane, the
carbon particles remain intact in the extracellular medium. (e) The organelles spilled into the extracellular
space preserve their structure.

Studies on tissue response in the different time periods after injection of carbon-based markers are scarce. The
cytotoxicity of carbon nanostructures is still a matter of debate. Although some authors report that carbon
particles are inert and non-cytotoxic, others reported inflammatory reactions to varied degrees**-%. In our study,
all tattoos tested in this work induced foreign body inflammatory reactions. This type of inflammation is normal
after the inoculation of nano- and micro-particles into the body as previously reported?’. We demonstrate that
the pigment particles remaining in the lymph node or in the adjacent soft tissue are mainly located within
inflammatory tissue. As time goes by, the inflammatory reaction decreases and the intensity of the tattooing also
decreases.

Some preclinical studies revealed the diffusion of carbon-based particles to extranodal lymphoid tissue in
10.7-13.0% of cases'®*442, probably because of the small size of the carbon particles. It is also observed greater
dissemination of the tattooing as the time between tattooing and surgery increased?*. In this work, the statistical
studies do not conclude an evident correlation between the adjacent location of the particles and the stabling
time of the animals. However, some lymph nodes could not be identified in the lymph node dissection surgery.
Therefore, these non-tattooed lymph nodes could have lost the tattooing by dissemination to adjacent tissue and
this study may underestimate this possibility.

The effect of particle size affects particle biodistribution. In the lymph node, inoculation of particles with
a size>100 nm is recommended to maximize stability and persistence®->°. However, nanoparticles < 10 nm
can easily enter the capillaries and are quickly eliminated after injection®*2. Xu et al.>* demonstrated that
50, 200 and 500 nm NPs migrate effectively to tumour-draining lymph nodes, although the efficiency of NPs
accumulation in the nodes was negatively correlated with the size of the NPs. In other studies, PLGA NPs
with a diameter >1 pm have been reported to have lower uptake in the lymph node than NPs with a diameter
of 300 nm>*>. This has been attributed to the fact that macrophages show a greater capacity to phagocytose
nanoparticles than microparticles®. We synthesized nanoparticles (by emulsion, CS) in the ~100 nm range, and
microparticles (electrosprayed, CE) in the ~1 um range to study the effect of particle size. For both particles,
the final ratio between PLGA and C-NPs loaded was very similar, so variations in the biological effects were
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Fig. 9. Particle isolation in GMC and particle interaction with macrophages in the long term. (a) Carbon
particles (C-NPs) internalized in a GMC. (b) Highly particle-laden macrophage (after 16 weeks). (c) The
polymer of CS and CE particles is degraded, and free C-NPs appear inside macrophages. (d) Particle-laden
macrophage is isolated within a matrix of collagen fibers.

associated with particle size. Lymph nodes tattooed with larger particle sizes (CE) showed easier identification
than smaller particles (CS) did. The tattooed areas were similar in CE and CS-tattooed lymph nodes. According
to other studies®, this phenomenon may be because microparticles are phagocytosed to a lesser extent and are
better preserved in the lymph node. We also found that particle size had a significant effect on the intensity of the
inflammatory reaction, with inflammation increasing with particle size. This could be associated with a higher
amount of carbon in these particles and reduced phagocytosis of the microparticles®, leading to increased
immune activity to deal with the particles. Nonencapsulated C-NPs show large inflammatory reactions and
increased breakdown of macrophage phagolysosomes (associated with free C-NPs), leading to a higher rate of
cell death according with our ultrastructural studies. These experimental results were like those obtained in the
in vitro cytotoxicity assays, where we found that polymer-encapsulated C-NPs reduce carbon toxicity®.

The concentration of particles was explored at 10 and 20 mg/ml, only effects on the identification rates were
observed. The identification rate was higher in CE20 and CS20 nodes with respect to CE10 and CS10, respectively.
Additionally, CE20 significantly improved the identification of lymph nodes compared to CE10. In CS samples,
no statically significant conclusions were observed. In contrast, other authors suggest that the administered
volume (and, therefore, final particle concentration) does not correlate with ease of identification?*.

The biological effect of tattooing lymph nodes with (nonencapsulated) carbon particles remains deeply
unknown. Using transmission electron microscopy, we were able to observe the interaction of the particles
with macrophages (Fig. 10). We observed a dynamic process in which phagocyted particles were released to
the extracellular medium and re-uptaken by new macrophages as part of a detoxification process. We found
that particles were phagocytosed or isolated in GMC from the first week. Phagocytosis of exogenous particles
by macrophages is one of the main mechanisms of innate immune defense®’~>°. Although particles were mainly
found in macrophages, large amounts of particles were also observed inside GMC. GMC formation associated
with foreign bodies (typically between 10 and 100 pm) is a frequent phenomenon®®!. This is in accordance with
previous studies in skin which demonstrate that dermal macrophages constitute the primary store of dermal
tattoo pigment in mice®?.

An important aspect before progressing to clinical trials is to ensure that carbon-based tattoos do not affect
the pathological examination of the nodal tissue. However, in other studies pathologists did not consider
histologic evaluation to be complicated by the carbonaceous pigment!®1%21:22,
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Fig. 10. Overview of the lymph node tattooing technique and its biological effect on the lymph node. Created
with Scienfy’.

In this preliminary study, all included variables showed greater efficiency for the synthesized particles
compared to the control tattoos (nonencapsulated C-NPs). In week 1, the inflammation produced by the
nonencapsulated carbon was more than double than that of the polymer-encapsulated carbon. Moreover, in
the long-term study group, no C-NPs-tattooed lymph nodes were easily identified. We could not detect nodes
tattooed with C-NPs after long periods of stabling (from 6 weeks onwards). Therefore, the encapsulation of
C-NPs in polymeric systems improves the efficiency when tattooing nodes.

In vitro release studies showed very slow-release rates of C-NPs from the polymeric systems chosen.
However, the degradation pattern of the polymers varies as a function of the pH of the medium®. The lysosomal
pH is estimated to be between 4.5 and 5, which accelerates PLGA degradation®*®*. Under recreated lysosomal
conditions, PLGA degradation was estimated to be close to ~40% after 4 weeks®. These in vitro results could
explain the higher release rate of C-NPs in our in vivo studies since we found free C-NPs as early as 4 weeks after
inoculation. Our results are in agreement with previous studies which have shown a faster PLGA degradation
rate in vivo compared to in vitro attributed to an autocatalytic effect of the acidic hydrolyzed byproducts®.

At clinical level, ease of identification and a reduced inflammatory reaction are the most relevant variables
to grant subsequent clinical development. On the one hand, our preliminary results indicate that polymer-
encapsulated C-NPs smaller in size (nano over micron) show lower inflammatory reaction. In this sense, the
use of polymers with larger periods of degradation could reduce the inflammation due to the lower release of
C-NPs. On the other hand, polymer-encapsulated C-NPs greater in size (micron over nano) lightly improved
the ease of identification. In general, thanks to the polymer encapsulation the inflammatory reaction caused by
the C-based nanomaterials highly decreases and the initial inflammation decreases over time showing no signs
after 16 weeks. No fibrotic tissue was detected either. Therefore, polymer encapsulation of C-NPs currently
used in clinical trials is beneficial for SLN tattooing. Future studies will be conducted using a larger animal
sample to verify our findings always taking into account the principles of the 3Rs (Replacement, Refinement
and Reduction).

Conclusion

In order to facilitate SLN identification during surgery we have proposed the use of polymer encapsulated
carbon-based nanoparticles to reduce unwanted bare nanoparticles migration and to control their local release
and cellular uptake. In doing so, we have demonstrated in a preclinical study that it is possible to clearly identify
by the naked eye tattoed mesenteric lymph nodes even 16 weeks after labelling. Of all the particles tested in this
preliminary study, CS20 and CE20 tattooing showed similar reduction in the thickness of the inflammatory
tissue (~2.1 and~1.5-fold, respectively). Likewise, the reduction of the tattooed area was ~1.9-fold (CS20), and
~2.2-fold reduction (CE20) from short-term to long-term study groups, respectively. After 16 weeks of stabling,
the presence of an inflammatory response was substantially reduced and almost all lymph nodes labelled showed
mild or no inflammation. CE20 showed superior positive identification rates (100%) and similar tattooed areas
than the others vectors tested. Therefore, it represents the most efficient tattooing of the lymph node compared
to the other vectors studied. However, further studies are required to confirm these findings.

Data availability
All data generated or analyzed during this study are included in this published article and its supplementary
information file.
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