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Abstract
Tumor-associated macrophages (TAMs), a class of immune cells that play a key role in tumor immunosuppression, are 
recognized as important targets to improve cancer prognosis and treatment. Consequently, the engineering of drug delivery 
nanocarriers that can reach TAMs has acquired special relevance. This work describes the development and biological evalua-
tion of a panel of hyaluronic acid (HA) nanocapsules (NCs), with different compositions and prepared by different techniques, 
designed to target macrophages. The results showed that plain HA NCs did not significantly influence the polarization of 
M0 and M2-like macrophages towards an M1-like pro-inflammatory phenotype; however, the chemical functionalization of 
HA with mannose (HA-Man) led to a significant increase of NCs uptake by M2 macrophages in vitro and to an improved 
biodistribution in a MN/MNCA1 fibrosarcoma mouse model with high infiltration of TAMs. These functionalized HA-Man 
NCs showed a higher accumulation in the tumor compared to non-modified HA NCs. Finally, the pre-administration of the 
liposomal liver occupying agent Nanoprimer™ further increased the accumulation of the HA-Man NCs in the tumor. This 
work highlights the promise shown by the HA-Man NCs to target TAMs and thus provides new options for the development 
of nanomedicine and immunotherapy-based cancer treatments.
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HA SE-NCs	� Nanocapsules prepared by a self- 
emulsifying technique

HA-Man	� Mannose-functionalized hyaluronic acid
HDMD	� Human monocyte-derived macrophages
IC-50	� Half-maximal inhibitory concentration
IL	� Interleukin
IFN-γ	� Interferon gamma
LPS	� Lipopolysaccharide
Man	� Mannose
MHC-II	� Major histocompatibility complex class II
NCs	� Nanocapsules
NTA	� Nanoparticle tracking analysis
PDI	� Polydispersity index
rhM-CSF	� Recombinant human monocyte colony-

stimulating factor
SE-NEs	� Nanoemulsion prepared by self-emulsifying 

technique
STEM	� Scanning transmission electron microscopy
TAMs	� Tumor-associated macrophages
TNF-α	� Tumor necrosis factor α

Introduction

Tumor-associated macrophages (TAMs) play a major role in 
tumor progression [1]. They exhibit a chronic-inflammatory 
phenotype (M2-like) that promotes immunosuppression 
in the tumor microenvironment through the production of 
chronic inflammatory cytokines, interleukins, prostaglandins, 
and transforming growth factors [2, 3]. TAMs also modulate 
other aspects of tumor progression, such as angiogenesis, cell 
proliferation, fibrosis, and metastasis [4]. Therefore, these 
immunosuppressive cells are a relevant target for cancer 
prognosis and treatment [1, 4].

In parallel, nanotechnological approaches stand out for 
their versatility to design a large number of nanostructures 
adapted to different therapeutic objectives, including TAMs 
targeting [5, 6]. In this context, lipid nanoparticles [7, 8], 
liposomes [9–12], and polymeric nanoparticles [13, 14], 
among other nanocarriers, have been designed to reach 
TAMs for prognosis purposes or as therapies to kill them, 
impair their protumoral functions, or reprogram them towards 
M1-like macrophages with antitumoral activity [6, 15].

Hyaluronic acid (HA) is an endogenous glycosaminogly-
can, involved in the architectural structure of tissues, which 
has been used as a polymer to design TAM-targeted nanocar-
riers [16–18]. HA is recognized by several receptors, among 
them the CD44 receptor, which is widespread in cancer, 
endothelial, and immune cells [19, 20]. Several studies have 
demonstrated that the HA molecular weight, HA/receptor 
ratio, and/or receptor isoforms could limit its targeting capac-
ity [21]. With the aim of exploiting the passive targeting 
capacity of nanostructures, our research group has developed 

different types of HA-based nanocarriers [22–26], particu-
larly nanoparticles (NPs) and nanocapsules (NCs). NCs are 
versatile systems that have the ability to harbor in their oily 
core different types of drugs, such as small hydrophobic 
molecules, but also larger macromolecules, either in their 
outer polymeric layer or in their interphase. Previously, we 
have dedicated intensive efforts to design HA NCs capable of 
delivering anticancer drugs to the tumor microenvironment 
[27]. More precisely, we have developed docetaxel-loaded 
HA NCs that show an important antitumoral efficacy in a 
lung cancer murine model [28]. We have also invested sig-
nificant effort in adapting HA-based nanotechnologies for the 
delivery of polynucleotides [29, 30], peptides [31], proteins 
[23, 32], and monoclonal antibodies [33], in the context of 
cancer. Nevertheless, the HA targeting capacity has shown 
mixed results, probably due to the abovementioned wide-
spread presence of the CD44 receptor in different types of 
cells. Thus, we have decided to explore the functionaliza-
tion of HA with active targeting ligands. Recently, we have 
demonstrated that HA functionalized with the tumor homing 
peptide tLyp-1 increases substantially the accumulation of 
HA NCs in a lung cancer model [28]. Following a similar 
approach, in this paper, we hypothesize that the functionali-
zation of HA with ligands for receptors present on the surface 
of TAMs should improve their in vivo performance.

The monosaccharide mannose (Man) is one of the most 
well-known ligands used for the active targeting of immune 
cells. Man is involved in the recognition of endogenous and 
pathogenic molecules through the CD206 receptor, expressed 
by dendritic cells and macrophages [34]. Interestingly, the 
CD206 receptor is also a phenotypic marker overexpressed 
by M2-like (i.e., TAMs) versus M1-like macrophages in solid 
tumors [35]. In accordance, mannosylated nanocarriers have 
been used for the preferential targeting of TAMs [36–41]. 
However, very limited knowledge is still available about the 
combination of HA and Man in a nanostructure for TAMs 
targeting, which is the scope of our current work.

Here, we describe the development and evaluation of a 
panel of HA NCs designed to target TAMs. Different prepa-
ration techniques and compositions, including HA of differ-
ent molecular weights (MWs) and Man-functionalized hya-
luronic acid (HA-Man), led to a variety of prototypes which 
were fully characterized in terms of their physicochemical 
properties. Primary human macrophages were exposed to 
these HA NCs to test their immunotoxic activity and inter-
nalization. Finally, in order to understand their ability to 
reach macrophages in solid tumors, the biodistribution and 
tumor targeting ability of HA-Man NCs were analyzed, with 
and without the pre-administration of Nanoprimer™ (which 
decrease liver clearance of NCs) in a fully immunocom-
petent MN/MCA1 fibrosarcoma murine model with a high 
infiltration of TAMs.
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Materials and methods

Materials

For the synthesis of HA‑Man  All chemicals were purchased 
from Sigma-Aldrich and were used without further purifi-
cation. Hyaluronic acid was purchased from Lifecore Bio-
medical (sodium hyaluronate, lot number 024168, speci-
fication number LDP-9800042; Mw 57 kDa by MALLS). 
2,3,4,6-Tetra-O-acetyl-α-D-mannopyranosyl trichloroacetimi-
date and 2-[2-(2-azidoethoxy)ethoxy]ethanol were prepared 
following previously reported procedures [42–44]. All sol-
vents were of HPLC grade, purchased from Scharlab and 
Fisher. Et3N was dried under 4 Å molecular sieves. CH2Cl2 
was dried using a SPS800 solvent purification system from 
MBRAUN. H2O of Milli-Q grade was obtained from a Milli-
pore water purification system. Amberlite IR-120 was sequen-
tially washed with H2O, MeOH, and CH2Cl2 before use.

For the preparation of the NCs  Caprylic-capric triglycer-
ides (Miglyol® 812) were obtained from IOI Oleo GmbH 
(Hamburg, Germany). Cetrimonium bromide, DL-α-
tocopherol (Calbiochem®), and polysorbate 80 (Tween® 
80) were obtained from Merck KGaA (Madrid, Spain). 
Benzethonium chloride was purchased from Spectrum 
Chemical Mfg. Corp. (New Brunswick, USA). Polyethyl-
ene glycol (15)-hydroxystearate (Kolliphor® HS 15) was 
purchased from BASF SE (Ludwigshafen, Germany). 
DL-α-tocopherol-TPGS was bought to Antares Health Prod-
ucts Inc. (Jonesborough, USA). Lecithin-soya (Epikuron® 
145 V) was bought to Cargill Inc. (Minnetonka, USA). Fifty 
and 1500 kDa HA were received from Lifecore Biomedi-
cal Inc. (Chaska, USA). In total, 330 kDa HA was received 
from LEHVOSS Italia Srl. (Origgio, Italy). DiD′; DiIC18(5) 
(1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine, 
4-chlorobenzenesulfonate salt) and DiR′; DiIC18(7) 
(1,1′-dioactadecyl-3,3,3′,3′-tetramethylindotricarbocyanine 
iodide) were provided by ThermoFisher Scientific Inc. (Madrid, 
Spain). Nanoprimer™ technology was provided by Curadigm 
SAS (Paris, France).

Synthesis, isolation, and characterization of HA‑Man

A solution of DMTMM (55  mg, 0.199  mmol) and 3 
(7.45 mg, 0.024 mmol) in 1 mM phosphate buffer (pH 6.5, 
0.4 mL) was added to a solution of HA (40 mg, 0.10 mmol) 
in 1 mM phosphate buffer (pH 6.5, 0.9 mL). The reaction 
mixture was stirred at 70 °C for 2 h and then was ultrafil-
tered (YM5; 4 × 30 mL sat NaHCO3, 3 × 30 mL H2O) and 
lyophilized to afford HA-Man (37.5 mg, DS 15.6%; coupling 
yield 65%; mass recovery 85%). 1H NMR (500 MHz, Dfilter 

120 ms, D2O) δ: 4.90 (s, 0.16H), 4.54 (br s, 1H), 4.45 (br s, 
1H), 4.05–3.25 (m, 12.81H), 2.02 (s, 3H). For more details 
about the synthesis of new compounds, see the supplemen-
tary materials section.

Column chromatography

Automated column chromatography was performed on 
a MPLC Teledyne ISCO CombiFlash RF 200 psi with 
RediSep Rf columns refilled with silica 40–63 µm (from 
VWR Chemicals) or neutral alumina oxide 60 mesh (from 
Fisher Scientific). Samples were adsorbed onto silica or neu-
tral alumina and loaded into solid cartridges.

NMR spectroscopy

NMR spectra were recorded on a Varian Mercury 300 MHz 
or Varian Innova 500 MHz spectrometers. Chemical shifts 
are reported in ppm (δ units) downfield from internal tetra-
methylsilane (CDCl3), internal 3-(trimethylsilyl)propionic-
2,2,3,3-d4 acid sodium salt (D2O), or the residual HOD peak 
(D2O). Determination of the substitution degree of HA-Man 
was done by relative integration between the 3H of the 
N-acetyl group of HA (2.02 ppm) and the anomeric proton 
of the Man pendants (4.90 ppm) in the 1H NMR spectrum of 
the polymer (D2O) recorded with a 1H-diffusion filter (stimu-
lated Echo-LED pulse sequence with bipolar PFG gradients, 
relaxation delay (d1) was set to 15 s, and diffusion delay (Δ) 
was set to 120 ms). MestReNova 14.2 software (Mestrelab 
Research) was used for spectra processing.

Infrared spectroscopy

FT-IR spectra were recorded on a PerkinElmer spectrum two 
spectrophotometer equipped with an ATR accessory.

Mass spectrometry (MS)

Mass spectra were recorder on a Bruker Microtof spectrom-
eter coupled to a HPLC Agilent 1100 using atmospheric-
pressure chemical ionization (APCI) or electrospray ioniza-
tion (ESI). Samples were injected via flow injection analysis 
(FIA) using a MeOH/aqueous solution of formic acid 0.1% 
1:1, flow 0.2 mL/min.

Ultrafiltration

Ultrafiltration was performed on Millipore Amicon stirred 
cells with Amicon YM5 regenerated cellulose membranes 
under a 5 psi N2 pressure.
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HA NCs preparation

HA SE‑NCs

The preparation protocol of HA SE-NCs was adapted from 
a previously described protocol [33, 45]. More precisely, 
0.875 mL of a 2.75 mg/mL benzethonium chloride solu-
tion in polysorbate 80 was added to 1 mL of caprylic-capric 
triglycerides to obtain a stock solution of the oily phase. 
To obtain the water phase, 0.5 mL of an aqueous solu-
tion of polyethylene glycol (15)-hydroxystearate (7.5 mg/
mL); 0.25 mL of an aqueous solution of HA of 50, 330, or 
1500 kDa (1.5 mg/mL); and 0.575 mL of ultrapure water 
were mixed into a beaker. Then, 0.175 mL of the oily phase 
was quickly added over the water phase (1.325 mL) under 
magnetic stirring. Finally, the resulting HA SE-NCs were 
isolated using CentripureP10 size exclusion columns (EMP 
Biotech GmbH.; Berlin, Germany) to a final 1.5 mL volume.

HA SD‑NCs

The preparation protocol of HA SD-NCs has been previously 
described [46]. More precisely, to obtain the oily phase, the 
following solutions in ethanol were mixed in a microtube: 
0.2 mL of DL-α-tocopherol (67.5 mg/mL), 0.2 mL of DL-α-
tocopherol-TPGS (20 mg/mL), and 0.1 mL of benzethonium 
chloride (5 mg/mL). Then, 1 mL of an aqueous solution 
of HA of 50 kDa (2 mg/mL) and ultrapure water (0.5 mL) 
were added into a beaker to obtain the water phase. The oily 
phase was added quickly over the water phase under mag-
netic stirring to conclude the emulsification phase. Lastly, 
the organic solvents were removed by evaporation under the 
fume hood, and the final volume was adjusted to 2 mL with 
ultrapure water.

HA SD‑NCs/HA‑Man SD‑NCs loaded with fluorescent dyes 
for uptake and biodistribution studies

The preparation protocols of HA SD-NCs and HA-Man SD-
NCs have been previously described [28]. More precisely, 
0.2 mL of an 18.75 mg/mL ethanolic solution of lecithin-soya, 
0.05 mL of a 15 mg/mL ethanolic solution of cetrimonium 
bromide caprylic-capric triglycerides (0.015 mL), and acetone 
(4.75 mL) were added into a test tube to obtain the oily phase. 
The water phase, formed by 10 mL of non-modified or man-
nose-modified HA of 50 kDa (0.25 mg/mL), was placed into 
a beaker. The oily phase was added over the water phase drop 
by drop under magnetic stirring. Finally, the organic solvents 
were removed with a rotatory evaporator and the final volume 
adjusted with ultrapure water up to 5 mL. When needed, HA 
SD-NCs and HA-Man SD-NCs were labelled with DiD or 

DiR, incorporating the fluorophores into the oily phase with a 
final concentration of 25 µg/mL.

Physicochemical characterization of HA NCs

DLS

HA NCs were characterized by dynamic light scattering (DLS) 
using a Zetasizer Nano ZS ZEN 3600 equipment (Malvern 
Panalytical Ltd.; Malvern, UK). Previous to their characteri-
zation, HA NCs were diluted in ultrapure water (HA SE-NCs 
1:100; HA/HA-Man SD-NCs 1:20). The measurement param-
eters were the same for all the samples (laser incident angle 
173°, 25 °C, 6 runs, 12 s per run, 3 measurements).

NTA

Selected HA NCs were characterized by nanoparticle track-
ing analysis (NTA) using a NanoSight NS300 equipment 
(Malvern Panalytical Ltd.; Malvern, UK). Previous to their 
characterization, HA NCs were diluted in ultrapure water 
(HA SE-NCs 1:100; HA/HA-Man SD-NCs-TG 1:20). The 
measurement parameters were the same for all the sam-
ples (laser wavelength 488 nm, 25 °C, 5 captures, 60 s per 
capture).

STEM

Scanning transmission electron microscopy (STEM) images 
were taken from selected HA NCs. Firstly, HA NCs were 
diluted in ultrapure water (HA SE-NCs 1:10,000; HA/HA-
Man SD-NCs-TG 1:2,000) and mixed with the same volume 
of a 2% (w/v) phosphotungstic acid solution. Then, samples 
were located on copper grids with carbon films and washed 
with 1 mL of ultrapure water. Once the grids were dried, 
they were observed in the microscope (FESEM; ZEISS, 
ULTRA Plus, Germany).

Colloidal stability of HA NCs

Colloidal stability at storage conditions

The main physicochemical properties of the HA NCs were 
evaluated as described in the “DLS” section for 14 days dur-
ing the storage of the HA NCs at 4 °C.

Colloidal stability in relevant biological mediums

The main physicochemical properties of the HA NCs, incu-
bated with RPMI/10% fetal bovine serum (FBS) for 24 h, 
were evaluated as described in the “DLS” section.
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Endotoxin assessment

The endotoxin content of all the NCs was evaluated with 
PYROGENT™ Plus Gel Clot LAL and Kinetic-QCL® 
Kinetic Chromogenic LAL (Lonza Group Ltd.; Basel, Swit-
zerland). Endotoxin content for all samples was below the 
limit of 0.125 EU/mL.

Isolation and differentiation of HMDM

Human monocyte-derived macrophages (HMDM) were iso-
lated from healthy blood donors, as previously described 
[47]. HMDM were obtained by two-step gradient centrifu-
gation using lymphocyte-H cell separation media (Merck 
KGaA.; Milan Italy) and Percoll™ (ThermoFisher Scientific 
Ins; Milan Italy). M0 macrophages were differentiated by 
culturing 1 × 106 HMDM in RPMI/5% FBS with 25.00 ng/
mL of recombinant human monocyte colony-stimulating 
factor-1 (rhM-CSF-1) (PeproTech Inc.; London, UK). M1 
macrophages were differentiated by stimulating M0 in 
RPMI/5% FBS with 100 ng/ml of lipopolysaccharide (LPS) 
and 50 ng/mL of interferon-gamma (IFN-γ) (PeproTech Inc.; 
London, UK). Lastly, M2 macrophages were differentiated 
by stimulating M0 in RPMI/5% FBS with 20 ng/mL of inter-
leukin-4 (PeproTech Inc.; London, UK).

Cytotoxicity assays

HMDM were seeded in a 96-wells plate at a density of 
1 × 105 cells/wells. Cells were incubated with HA NCs at the 
indicated concentrations and times in RPMI/10% FBS. Cell 
viability was evaluated with AlarmarBlue™ cell viability 
reagent (ThermoFisher Scientific Inc.; Milan, Italy). Non-
treated cells were used as 100% cell viability control.

Expression of macrophages phenotypical markers 
by FACS and cytokine secretion by ELISA

M0 and M2 macrophages were seeded in a low-attachment 
24-wells plate at a density of 1 × 106 cells/well and incubated 
in RPMI/10% FBS with 100 µg/mL of HA NCs for 48 h. 
Treatment with IFN-γ + LPS was used as induced positive 
control. Cells were resuspended in fluorescence-activated 
cell sorting (FACS) buffer (PBS/1% bovine serum albumin 
(BSA)) and labelled with PerpCP™-Cy5.5 mouse anti-
human major histocompatibility complex class II (MHC-
II) and FITC mouse anti-human CD206 (BD Biosciences; 
San Jose, USA). Finally, cells were analyzed with the FACS 
equipment BD Canto™ (BD Biosciences; San Jose, USA). 
The secretion levels of the tumoral necrosis factor α (TNF-α) 
were measured with an ELISA kit following the instruction 
provided by the manufacturing company (R&D Systems 
Inc.; Minneapolis, USA).

Uptake and internalization assays in macrophages

M1 and M2 macrophages were seeded in a low-attachment 
24-wells plate at a density of 1 × 106 cell/well. Cells were 
incubated with 0.50 mL of RPMI/10% FBS containing 
0.5 mg/mL of DiD-labelled HA SD-NCs or DiD-labelled 
HA-Man SD-NCs for 1 h.

Flow cytometry

M1 and M2 macrophages were fixed for 20 min at 4 °C with 
fixative solution (PBS/4% paraformaldehyde), centrifugated, 
and resuspended in FACS buffer. Cells were analyzed with 
FACS equipment BD Canto™ (wavelengths: λexc 640 nm, 
λems 670 nm).

Confocal microscope

M1 and M2 macrophages were seeded in a 24-wells plate 
with coverslips (14 nm). Cells were labelled with DAPI and 
fixed for 20 min at 4 °C with fixative solution (PBS/4% para-
formaldehyde). Glass coverslips were recovered, mounted, 
and analyzed with a confocal microscope Leica TCS SP8 
SMD (Leica Camera Ag.; Wetzlar, Germany) (wavelengths: 
λexc 640 nm, λems 670 nm).

Fibrosarcoma mice model

Female 6-week-old C57BL/6 mice were used as animal 
model. An orthotopic immunocompetent fibrosarcoma 
model was generated as previously described [48]. 1 × 105 
MN/MCA1 cells were injected into the caudal thigh mus-
cle. Procedures involving animals were conducted following 
Italian (4D.L.N.116, G.U., supplement 40,18–2-1992) and 
European (Directive 2010/63/EU) normative. Efforts were 
made to minimize the number of animals used and their 
suffering.

Biodistribution imaging

Mice were shaved to avoid the interferences of the fur and 
fed with an imaging diet. 0.10 mL of DiR-labelled HA SD-
NCs and DiR-labelled HA-Man SD-NCs were adminis-
tered by intravenous injection. Nanoprimer™ was injected 
at 360 mg/kg; 10 min before NCs administration follow-
ing manufacture protocol (Curadigm SAS; Paris, France). 
Ketamine and xylazine at a concentration of 100 mg/kg and 
10 mg/kg were used for anesthesia. Finally, mice were sac-
rificed with CO2.
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Analysis of IVIS images

Imaging analysis was performed with IVIS equipment 
Lumina III System (PerkinElmer Inc; Waltham, USA). Mice 
were inserted in a supine position into the equipment. Tis-
sues of interest were removed and analyzed ex vivo. IVIS 
equipment was used with the same configuration for all the 
mice and tissues (wavelengths: λexc 750 nm, λems 780 nm; 
binning 4 or 8; f/stop 2).

FACS analysis of excised tumors

Tumors were collected and prepared for FACS analysis. 
Cells were stained with LIVE/DEAD® Fixable Aqua Dead 
Cell Stain (Invitrogen; 1:1000 in PBS -/-) for 30 min at 
room temperature (RT) and then stained with the mix of 
antibodies (CD45-PerCP—Clone 30-F11 (BD Biosciences); 
Cd11b-APC eFluor780—Clone M1/70 (eBiosciences); 
F4/80-PE—Clone Cl:A3-1 (BioRad)), in FACS buffer for 
30 min at 4 °C. Cells were washed with FACS buffer and 
fixed with FACS fix Buffer (1% PFA PBS) for 20 min at 
4 °C. Cells were analyzed on a FACS Canto™ II analyzer 
and data generated by FloJow software (BD Biosciences).

Statistical analysis

Statistical analysis was performed with GraphPad Prism 
software. Statistical comparisons were done using two-
way ANOVA with Turkey’s multiple comparison test and 
one-way with Turkey’s multiple comparison test. Data were 
expressed as the mean ± standard deviation. P values 0.05 
or less were considered statistically significant. *(p < 0.05); 
**(p < 0.01); ***(p < 0.001); ****(p < 0.0001).

Results and discussion

Design, preparation, and characterization of HA NCs

As a first step towards the development of HA NCs 
functionalized with mannose for the targeting of TAMs, 
we have prepared a series of NCs with HA of different 
molecular weights (MWs), using different preparation 
techniques and compositions. In order to do this, we have 
built on the experience of our research group in the design 
and synthesis of polymeric nanocapsules (NCs) by solvent 
displacement (SD) or self-emulsification (SE) techniques 
[49–52]. As a continuation of our previous work, here we 
study the relevance of the formulation parameters and 
composition of HA NCs, including their functionaliza-
tion with mannose, for their interaction with macrophages 
in the tumor microenvironment. We developed a panel of 
HA NCs by the SE technique using HA of different MWs 

(50, 330, 1500 kDa) (Fig. 1). The polymeric coating and 
an oily core of caprylic-capric triglycerides of these pro-
totypes (HA-50/HA-330/HA-1500 SE-NCs) were similar 
to the ones that have already shown good intracellular 
mAb delivery [33, 45]. The counterpart nanoemulsions, 
without the polymeric coating (SE NEs), were included 
as control. Moreover, based on our previous work using 
docetaxel-loaded nanosystems [28], NCs prepared by the 
SD technique with a 50 kDa HA polymeric coating and an 
oily core of DL-α-tocopherol (HA SD-NCs) [46] were also 
included in the panel (Table S1).

All HA NCs showed similar physicochemical proper-
ties, with a particle size between 120 and 150 nm (PDI 
0.2–0.3) and Z-potential ranging from slightly negatively 
charged, for HA SE-NCs, to highly negative, for HA SD-
NCs (Table 1) [53]. A deeper analysis of selected proto-
types from the SE NCs group was performed, because due 
to their more recent development by our group, they lack 
the SD NCs exhaustive characterization. Thus, HA-50 SE-
NCs and their corresponding NE were characterized with 
orthogonal techniques, such as NTA and STEM, follow-
ing the EU-NCL recommendations [54]. These techniques 
added relevant information about particle size, size distri-
bution, and particle shape [55]. The HA-50 SE-NCs and 
the corresponding nanoemulsions (SE-NEs) showed similar 
particle size and distribution (Table 2). Moreover, STEM 
images showed particles with a spherical shape around 
100 nm (Fig. 2). Finally, the whole panel of HA NCs were 

Fig. 1   Illustration of the hyaluronic acid nanocapsules (HA NCs)

Table 1   DLS characterization of HA NCs (n = 3)

Nanocarrier Particle size (nm) PDI Zeta potential

SE-NEs 139 ± 13 0.25  + 3 ± 1 mV
HA-50 SE-NCs 130 ± 4 0.25  − 13 ± 3 mV
HA-330 SE-NCs 133 ± 3 0.25  − 18 ± 2 mV
HA-1500 SE-NCs 123 ± 5 0.25  − 19 ± 3 mV
HA SD-NCs 151 ± 8 0.15  − 36 ± 3 mV
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characterized regarding their stability in storage conditions 
and relevant biological medium. Our results show that the 
HA NCs were stable at 4 °C for at least 15 days and in 
RPMI/10% FBS at 37 °C for, at least, 24 h (Fig. S1).

Toxicological evaluation of HA NCs

To evaluate the toxicity of the nanostructures in vitro, human 
monocyte–derived macrophages (HMDMs) were exposed 
to different concentrations of HA NCs for 24 and 48 h. All 
nanosystems showed good tolerability up to a concentration 
of 100 µg/mL. Only the NCs prepared by the solvent displace-
ment technique (HA SD-NCs) at a concentration of 100 µg/
mL showed a minor toxicity, presenting a half-maximal 
inhibitory concentration (IC-50) of 209.7 µg/mL at 24 h and 
116.3 µg/mL at 48 h (Fig. 3A) (Table S2). The higher toxicity 
of these HA SD-NCs is likely related to the content of cationic 
surfactant in their structure [56]. All HA SE-NCs, prepared 
with HA of different MWs, showed similar toxicity at 24 h, 
with IC-50 around 1000 µg/mL (Fig. 3A) (Table S2). Overall, 
these results demonstrate the good biocompatibility of all the 
developed HA NCs and allow for the selection of non-toxic 
doses for further in vitro experiments as described below.

Effect of HA NCs on the phenotype and polarization 
of macrophages

With regard to the immunomodulatory properties of HA, 
others have suggested a pro-inflammatory activity for low 
molecular weight HA (< 150 kDa) versus anti-inflammatory 
properties for high molecular weight HA (> 1000 kDa) [57]. 
Thus, we decided to test the immunomodulatory properties 
of our HA NCs series (using HA of 50, 330, and 1500 kDa). 
For this, primary human macrophages, M0 (non-polarized) 

and M2 (IL-4 treated) HMDMs, were exposed for 48 h to 
the HA NCs. Incubation of HMDMs with IFN-γ + LPS was 
used as positive control of M1-like polarization (antitumor 
macrophages). The CD206 (mannose receptor) was quanti-
fied as M2-like marker, while, as indication of M1-like polar-
ization, the amount of MHC-II receptor on the surface of 
macrophages was measured by FACS. The results in Fig. 3B 
indicate that none of the HA SE-NCs induced significant 
variations in the expression levels of the CD206 and MHC-
II receptors in M0- or M2-treated macrophages. However, 
M0 and M2 macrophages exposed to HA SD-NCs showed a 
significant reduction in the amount of CD206 receptor, which 
could be related to the toxicity of this formulation at 48 h 
(Fig. 3A, B). Overall, no significant variations were observed 
in the MHC-II receptor for any of the HA NCs in M0- or 
M2-exposed macrophages, indicating no ability to induce 
M1-like polarization (as observed for the positive controls). 
To validate these results, the secretion of TNF-α by M0 and 
M2 macrophages incubated for 48 h with 100 µg/mL of the 
different HA NCs series was evaluated by ELISA. None of 
the formulations tested was able to induce the secretion of 
this pro-inflammatory cytokine (Fig. S2). These results are in 
agreement with previous research by Mizrahi et al. [58] that 
showed that multilamellar vesicles coated with polymeric 
HA of different MWs did not affect the differentiation of 
RAW 264.7 macrophages. As a whole, our experiments using 
human primary macrophages indicate that neither the MW 
of HA nor the different surfactants used in the SE or the SD 
techniques (see detailed composition in Table S1) signifi-
cantly affected the polarization of macrophages.

Table 2   NTA characterization 
of selected HA NCs (n = 3)

D10/50/90 distribution of the 10%/50%/90% of the particle population, DLS dynamic light scattering, HA 
SD-NCs nanocapsules prepared by solvent displacement with a 50-kDa HA polymeric coating and an oily 
core of DL-α-tocopherol, HA SE-NCs nanocapsules prepared by self-emulsifying with a HA polymeric 
coating, NTA nanoparticle tracking analysis, PDI polydispersity index, SE-NEs nanoemulsion prepared by 
self-emulsifying without polymeric shell, σ standard deviation

Nanocarrier Mean (nm) σ (nm) D10 (nm) D50 (nm) D90 (nm) Particles per mL

SE-NEs 115 ± 6 44 74 104 168 9·1012 ± 2·1012

HA-50 SE-NCs 108 ± 5 37 72 99 144 6·1012 ± 2·1012

Fig. 2   STEM images of A SE-NEs; B HA-50 SE-NCs. EHT = 20.00 kV; WD = 2.4 mm Mag = 200.00 K X. EHT, electron high tension; Mag, 
magnification; STEM, scanning transmission electron microscopy; WD, work distance
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Synthesis of mannosylated hyaluronic acid 
(HA‑Man) and development of HA‑Man NCs

To improve the ability of HA NCs to target macrophages in 
the TME, we implemented the functionalization of the NCs 
with mannose, as a targeting ligand. It is well-known that the 
mannose receptor (CD206) is overexpressed in TAMs (with 
an M2 phenotype) versus in M1 and M0 (non-polarized) 
macrophages [2]. Thus, we synthetized a new HA polymer 
functionalized with mannose (Man) residues, as ligands to 
be exposed on the surface of the NCs for the active targeting 
of the CD206 receptors on the surface of TAMs.

The mannosylated HA (HA-Man) was produced by amide 
coupling between the carboxylic acid at the D-glucuronic acid 
monomers of HA and an aminated mannose derivative (3), 

Fig. 3   A HA NCs toxicity 
profile towards HMDM at 24 
and 48 h; AlamarBlue™ cell 
viability assay. B Quantifica-
tion of CD206 (M2 phenotypic 
marker) and MHC-II (M1 phe-
notypic marker) on the surface 
of M0 and M2 macrophages 
after 48-h incubation with HA 
NC, measured by FACS. M1 
macrophages (treated with 
IFN-γ + LPS) were used as 
positive control. Statistical 
comparison was performed 
using one-way and two-way 
ANOVA with Tukey’s multiple 
comparison test. *(p < 0.05); 
**(p < 0.01); ***(p < 0.001); 
****(p < 0.0001) respect to 
control group. RFI, relative 
fluorescence intensity

Fig. 4   Synthesis of mannosylated hyaluronic acid (HA-Man)
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provided with a flexible and hydrophilic linker to ensure an 
effective receptor-mediated recognition by the corresponding 
cells (Fig. 4). The amine 3 was prepared in three steps from an 
acetylated mannose trichloroacetimidate precursor [43, 59]. 
First, a BF3-catalyzed glycosylation with 2-[2-(2-azidoethoxy)
ethoxy]ethanol afforded the α-mannose derivative 1 in 72% 
yield. The α configuration at the anomeric position of 1 was 
confirmed by 1H NMR according to the observed J = 1.7 Hz 
coupling constant (see supplementary information). Depro-
tection of the acetyl groups (KOH, MeOH, 95%), followed 
with azide reduction by hydrogenation (1 atm, Pd/C, 97%) 
afforded 3 in excellent yield. Amide coupling between HA 
(50 kDa) and amine 3 was performed under slightly acidic 
aqueous conditions in the presence of 4-(4,6-dimethoxy-l,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) 
[42], a water-stable triazine-based condensing reagent. Inter-
estingly, the yield using DMTMM was superior to the one 
obtained when using EDC/NHS [60]. The resulting HA-Man 
was obtained with an 85% mass recovery after purification by 
ultrafiltration. A degree of substitution (DS) of 16% was deter-
mined by relative integration in the 1H NMR spectrum of the 
polymer (D2O) between the N-acetyl protons of the HA chain 
(2.02 ppm) and the anomeric proton of the mannose pendants 
(4.90 ppm) (see supplementary information). Considering that 
two monosaccharides comprise the repeating unit of HA, this 
results in a degree of substitution of 8% for our polymer on a 
monosaccharide basis.

Using the HA-Man polymer, we prepared NCs by the SD 
technique (HA-Man SD-NCs), and their physicochemical and 
biological properties were compared with those of the corre-
sponding non-modified NCs (HA SD-NCs). It is worth men-
tioning that our research group has previously demonstrated 
the versatility of similar HA SD-NCs to be functionalized 
with peptide targeting ligands, such as t-LyP-1. The t-LyP-1-
HA-NCs showed a significant improvement in their biodistri-
bution profile, drug accumulation in the tumor (when loaded 
with docetaxel), and a better antitumoral efficacy in an A549 

non-small lung cancer animal model [28]. In the current 
work, HA SD-NCs and HA-Man SD-NCs showed similar 
physicochemical properties, despite the Man functionaliza-
tion (Table 3). HA SD-NCs and HA-Man SD-NCs were also 
characterized with NTA and STEM. Minor modifications in 
the preparation of HA SD-NCs for in vivo experiments were 
performed at this step, as described in the methodology “HA 
SD-NCs/HA-Man SD-NCs loaded with fluorescent dyes for 
uptake and biodistribution studies” section, and a compre-
hensive characterization for both formulations was completed 
(our results found no significant differences between them). 
HA-Man SD-NCs presented a 20 nm larger mean diameter 
and a more heterogeneous population compared to HA SD-
NCs (Table 4). The mean particle size determined by NTA 
was smaller than the one observed with DLS for both proto-
types. In both cases, STEM images showed spherical parti-
cles with a size of about 100 nm (Fig. 5).

Internalization of mannosylated 
and non‑mannosylated HA NCs by macrophages

To evaluate their uptake by macrophages, both HA NCs and 
HA-Man NCs described in the previous section were now 
labelled with DiD, and internalization assays were evaluated 
by FACS and confocal microscopy. First, primary human 
M1 (antitumoral) and M2 (protumoral) macrophages were 
cultured in vitro, and the presence of the CD206 receptor 
on the surface of the cells for each polarization status was 
measured. As expected, the highest value was observed for 
the M2 macrophages, mimicking TAMs [35] (Fig. S3). After 
1 h of exposure, HA-Man NCs were found to be internalized 
by macrophages of both phenotypes in a greater extent than 
non-functionalized HA NCs (Fig. 6A). Of note, the increased 
uptake was particularly remarkable for M2 macrophages 
(3.1-fold) (Fig. 6A). These results were validated by confo-
cal microscopy, confirming the internalization of the NCs 
and showing the same pattern for the uptake of HA-Man 
NCs versus HA NCs by M1 and M2 macrophages (Fig. 6B).

These internalization assays using primary human mac-
rophages showed that the functionalization of HA with man-
nose greatly enhanced the ability of the HA NCs to target 
M2 macrophages (threefold higher for M2 versus M1). Simi-
lar results have been reported for other types of nanocarriers 
functionalized with mannose, although the improvement of 

Table 3   DLS characterization of HA SD-NCs and HA-Man SD-NCs

Nanocarrier Particle size (nm) PDI Zeta potential (mV)

HA SD-NCs 160 ± 4 0.10  − 50 ± 7
HA-Man SD-NCs 158 ± 12 0.15  − 39 ± 7

Table 4   NTA characterization 
of HA SD-NCs and HA-Man 
SD-NCs

D10/50/90 distribution of the 10%/50%/90% of the particle population, DLS dynamic light scattering, HA 
SD-NCs / HA-Man SD-NCs nanocapsules prepared by solvent displacement with a mannose-modified 
50-kDa hyaluronic acid polymeric coating and an oily core of caprylic-capric triglycerides, NTA nanoparti-
cle tracking analysis, PDI polydispersity index, SD standard deviation

Nanocarrier Mean (nm) SD (nm) D10 (nm) D50 (nm) D90 (nm) Particles per mL

HA SD-NCs 97 ± 8 27 70 94 132 4·1012 ± 2·1012

HA-Man SD-NCs 117 ± 7 39 80.7 110 164 4·1012 ± 2·1012
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the uptake varied depending on the nanocarrier composition. 
For example, our results are strikingly better than others pre-
viously reported for mesoporous nanocarriers functionalized 

with HA-Man (Gao et  al. [61]), which provided only a 
slight increase in the uptake by M2 macrophages (around 
10% improvement). A similar improvement in uptake was 

Fig. 5   A HA SD-NCs images; 
B HA-Man SD-NCs STEM 
images. EHT = 20.00 kV; 
WD = 2.5 mm Mag = 100.00 K 
X. STEM, scanning transmis-
sion electron microscopy

Fig. 6   A Internalization assays 
in M2 versus M1 macrophages 
after their exposure to HA NCs 
and HA-Man NCs for 1 h. B 
Confocal microscopy images 
of M1 and M2 macrophages 
exposed to HA NCs and HA-
Man NCs for 1 h; DAPI (blue), 
DiD-loaded NCs (red). RFI, 
relative fluorescence intensity. 
Statistical comparison was 
performed using two-way 
ANOVA with Tukey’s multiple 
comparisons. **(p < 0.01)
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observed in other studies using cell lines. Gennari et al., 
using XS106 dendritic cells, observed a higher uptake for 
chitosan/hyaluronic acid nanoparticles, only when the man-
nose was presented on their surface with the proper mode 
of ligand presentation [62]. In another work, Mahor et al. 
developed mannosylated polyethyleneimine-hyaluronan 
nanohybrids for gene delivery and found a high transfection 

rate through the endocytic pathway mediated by the man-
nose receptor in RAW264.7 and THP-1 cell lines [63]. Our 
results, using primary human macrophages, confirm the effi-
cacy of HA-Man NCs to target preferentially the M2 mac-
rophages in vitro and encourage further experiments to test 
their ability to target TAMs in vivo.

Fig. 7   Tumor accumulation of 
HA and HA-Man NCs, 24 h 
after their intravenous adminis-
tration in a MN/MCA1 fibrosar-
coma mouse model. A Ex vivo 
fluorescence signal of NCs 
loaded with DiR in the excised 
tumor corrected by milligrams 
of tissue. Liposomal liver 
buffering agent (Nanoprimer™) 
was administered 10 min before 
the intravenous (i.v.) injection 
of the NCs. B Ex vivo images 
of the excised tumors at 24 h. C 
HA and HA-Man NCs accumu-
lation in macrophages (CD45+; 
CD11b+; F4/80+) sorted by 
FACS from excised tumors: per-
centage of positive cells (DID.+ 
cells) and mean fluorescence 
intensity. Statistical comparison 
was performed using one-way 
ANOVA with Tukey’s multiple 
comparison test. *(p < 0.05), 
**(p < 0.01), ***(p < 0.001)
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Biodistribution and tumor targeting ability 
of mannosylated and non‑mannosylated HA NCs

Numerous nanotechnological approaches have been inves-
tigated to improve the delivery of drugs to the tumor site, so 
as to improve their antitumoral activity and reduce their side 
effects. Most of these experiments have been performed with 
immunodeficient murine models that are commonly used 
in preclinical biomedical research and present significant 
differences when compared with a fully functional immune 
system in terms of nanoparticle clearance and biodistribu-
tion [6, 64]. Another issue related to the intravenous admin-
istration of nanocarriers is their high hepatic clearance: The 
liver, acting as a “physiological filter,” hampers their ability 
to reach the tumor [65, 66]. Taking these considerations into 
account, we have chosen the MN/MCA1 orthotopic fibro-
sarcoma murine model, fully immunocompetent (C57BL/6 
mice), presenting a high infiltration of TAMs and high vas-
cularization [48] as the optimal model to evaluate in vivo the 
TAM-targeting capacity of the HA NCs, with and without 
mannose, upon intravenous administration. To address the 
challenge presented by the liver accumulation, we have also 
tested the biodistribution of NCs after the pre-administration 
of the liposomal liver occupying agent Nanoprimer™ [67]. 
Nanoprimer™ blocks temporarily the uptake by the hepatic 
cells, mainly Kupffer cells and liver sinusoidal endothelial 
cells, and thus provides a therapeutic window for the admin-
istration of the polymeric NCs and improves their accumula-
tion in the tumor.

In agreement with this experimental rationale, it was 
found that, 24 h after intravenous injection, the HA-Man 
NCs had a significantly higher access to the tumor than the 
non-functionalized HA NCs (Fig. 7A, B). Additionally, it 

was observed that the administration of the Nanoprimer™ 
(injected 10 min before the NCs) was able to increase the 
accumulation of both HA-Man and HA NCs in the tumor 
(1.41- and 4.48-fold increase, respectively) (Fig. 7A, B). 
This strategy meant to reduce liver uptake following intrave-
nous administration has been previously validated for other 
types of nanocarriers (i.e., loaded with siRNA) designed to 
target cancer cells [68]. As expected, this enhanced accu-
mulation was attributed to the 1.30-fold increase enhanced 
uptake of the functionalized NCs by the TAMs (Fig. 7C). By 
FACS analysis of ex vivo excised tumors, it was observed a 
higher accumulation of HA-Mannose NCs, versus the HA 
NCs, in the macrophages present in the fibrosarcoma tumors. 
Both higher number of macrophages (CD45+; CD11b+; 
F4/80+) loaded with the fluorescent dye (DiD) and higher 
mean fluorescence intensity were observed for the function-
alized HA-Mannose NCs (Fig. 7C).

For a more detailed analysis of the biodistribution profile, 
HA-Man NCs were administered intravenously, with and with-
out Nanoprimer™, in tumor-free mice. Lower accumulation of 
HA-Mannose NCs was confirmed in the liver following pre-
administration of the Nanoprimer™ by ex vivo analysis (aver-
age radiant efficiency of the whole tissue) after the experiment 
was completed (24 h) (Fig. 8A). During the first hour after 
the administration of the HA-Man NCs, a significantly lower 
accumulation was observed in the liver of mice pre-treated 
with Nanoprimer™ (1.76-fold), and this effect persisted over 
time, resulting in lower liver accumulation after 24 h also in 
these “healthy” animals (Fig. S4A and B). These dedicated 
experiments confirmed our results on the fibrosarcoma tumor 
model, where a significant improvement in the ratio of tumor/
liver accumulation of HA-Man NCs was observed with Nano-
primer™ pre-treatment from 3.90 to 10.26% (Fig. 8B).

Fig. 8   Accumulation of HA-Man NCs in the liver or tumor, with 
or without Nanoprimer.™ pre-administration, 24  h after their intra-
venous injection. A Ex  vivo fluorescence signal (average radiant 
efficiency) from the whole tumor normalized to the signal from the 
whole liver in the MN/MCA fibrosarcoma murine model is presented 

as percentage. B Ex  vivo fluorescence signal (average radiant effi-
ciency) in the liver, related to the accumulation of HA-Man NCs cor-
rected by milligrams of tissue in healthy mice (statistical comparison 
was performed using t-test. *(p < 0.05), **(p < 0.01)
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Other mannose-functionalized nanosystems of different 
compositions have been previously tested, mostly using par-
tially immunodeficient murine tumor models, for the tar-
geting of TAMs [41, 61]. Gao et al. demonstrated higher 
tumor accumulation for mannose-HA-mesoporous calcium 
silicate nanocomposites (MCNs) versus the same MCNs not 
coated by HA-Man, in xenograft models, consisting on 4T1 
breast cancer cells injected in balb/c mice [61]. However, 
in this case, undesirable higher liver accumulation was also 
observed for the MCNs when coated with HA-Man. Using 
similar tumor models, Song et al. tested the biodistribution 
of pH-sensitive poly(allylamine hydrochloride)-based nano-
particles coated with PEG and mannose double-modified 
trimethyl chitosan [41]. Their results demonstrated a sat-
isfactory tumor accumulation, which was correlated with 
low liver uptake and prolonged blood circulation using these 
nanostructures. Now, as a novelty, in the present study, we 
have used fully immunocompetent mice (C57BL/6) with 
orthotopic fibrosarcoma tumors and showed the efficacy 
of the functionalization of HA with mannose as a strategy 
to improve the ability of polymeric nanocapsules to reach 
TAMs in solid tumors.

Conclusions

We have developed a simple method to produce hyalu-
ronic acid (HA) nanocapsules, using different prepara-
tion techniques, starting with HA of different MWs and 
functionalizing their surface with mannose for the pref-
erential targeting of macrophages in solid tumors. Our 
results demonstrate the biocompatibility and safe profile 
of these versatile NCs, which allows the easy combination 
of different components and is not affected by the MW 
of the polymer or the preparation techniques. In contrast 
to previous reports on the capacity of HA to affect the 
polarization of macrophages [57], the NCs evaluated in 
this study did not show an immunomodulatory activity 
in primary human macrophages, encouraging their use 
for biomedical applications. Furthermore, the HA NCs 
functionalized with mannose were able to reach TAMs in 
solid tumors. A clear improvement in the biodistribution 
profile of the HA-Man NCs after intravenous administra-
tion was observed, with a higher blood circulation time, 
lower hepatic uptake, and significant increase in tumor 
accumulation. The combination of the HA-Man NCs with 
Nanoprimer™ increased, even more, the tumor target-
ing ability of the HA-Man NCs in a fibrosarcoma tumor 
model. Therefore, these results provide a series of versatile 
HA nanosystems for the targeting of macrophages in solid 
tumors, with potential to be loaded with appropriate cargo 
(i.e., pharmacological molecules), that could be used for 
prognosis or therapeutic purposes.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13346-​022-​01265-9.

Author contribution  IFM, JCC, CTV, and DBM contributed to the 
preparation and characterization of nanoparticles. CA, AM, AU, and 
FTA contributed to the biological in vitro and in vivo experiments. FM, 
LP, JD, and MG contributed to the experiments with Nanoprimer tech-
nology. JC, MFV, and EFM contributed to the synthesis of hyaluronic 
acid functionalized with mannose. FTA, IFM, CA, and JCC contributed 
to the design, acquisition, analysis, and interpretation of in vitro and 
in vivo data and in the drafting of the work. JCC, MG, PA, EFM, MJA, 
and FTA contributed to the design and revision of the work.

Funding  Open Access funding provided thanks to the CRUE-CSIC 
agreement with Springer Nature. This work was supported by the 2^2-
INTRA​TAR​GET project (A20/00028) funded by the ISCIII under the 
umbrella of the ERA NET EuroNanoMed GA N 723770 of the EU 
Horizon 2020 Research and Innovation Programme. This work was 
also supported by the Xunta de Galicia (ED431C 2018/30, and “Cen-
tro singular de investigación de Galicia” accreditation 2019 − 2022, 
ED431G2019/03), and the European Union (European Regional Devel-
opment Fund-ERDF). FTA was supported by a grant by “Fundación 
de la Asociación Española Contra el Cáncer” and an “Oportunious” 
program grant by Xunta de Galicia. Iago Fernández Mariño acknowl-
edges a predoctoral FPU grant from “Ministerio de Universidades” of 
the Kingdom of Spain.

Availability of data and materials  All data are available upon reason-
able request.

Declarations 

Ethics approval and consent to participate  Procedures involving ani-
mals were conducted following standard operating procedures with the 
appropriate approval of the ethics and scientific committees.

Consent for publication  Not applicable.

Competing interests  The authors declare no conflict of interest. Laurence 
Poul, Julie Devalliere, Francis Mpambani, and Matthieu Germain are 
employees of Curadigm, a subsidiary company of Nanobiotix.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. 
Tumour-associated macrophages as treatment targets in oncol-
ogy. Nat Rev Clin Oncol. 2017;14:399–416. https://​doi.​org/​10.​
1038/​nrcli​nonc.​2016.​217.

	 2.	 Solinas G, Schiarea S, Liguori M, Fabbri M, Pesce S, Zammataro 
L, Pasqualini F, Nebuloni M, Chiabrando C, Mantovani A, Allavena 

https://doi.org/10.1007/s13346-022-01265-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.1038/nrclinonc.2016.217


1909Drug Delivery and Translational Research (2023) 13:1896–1911	

1 3

P. Tumor-conditioned macrophages secrete migration-stimulating 
factor: a new marker for M2-polarization, influencing tumor cell 
motility. J Immunol. 2010;185:642–52. https://​doi.​org/​10.​4049/​
jimmu​nol.​10004​13.

	 3.	 DeNardo DG, Ruffell B. Macrophages as regulators of tumour 
immunity and immunotherapy. Nat Rev Immunol. 2019;19:369–
82. https://​doi.​org/​10.​1038/​s41577-​019-​0127-6.

	 4.	 Yang L, Zhang Y. Tumor-associated macrophages: from basic 
research to clinical application. J Hematol Oncol. 2017;10:58. 
https://​doi.​org/​10.​1186/​s13045-​017-​0430-2.

	 5.	 Cassetta L, Pollard JW.  Targeting macrophages: therapeutic 
approaches in cancer. Nat Rev Drug Discov. 2018;17:887–904. 
https://​doi.​org/​10.​1038/​nrd.​2018.​169.

	 6.	 Andón FT, Digifico E, Maeda A, Erreni M, Mantovani A, Alonso 
MJ, Allavena P. Targeting tumor associated macrophages: the new 
challenge for nanomedicine. Semin Immunol. 2017;34:103–13. 
https://​doi.​org/​10.​1016/J.​SMIM.​2017.​09.​004.

	 7.	 Ovais M, Guo M, Chen C. Tailoring nanomaterials for targeting 
tumor-associated macrophages. Adv Mater. 2019;31:e1808303. 
https://​doi.​org/​10.​1002/​adma.​20180​8303.

	 8.	 Gazzaniga S, Bravo AI, Guglielmotti A, van Rooijen N, Maschi 
F, Vecchi A, Mantovani A, Mordoh J, Wainstok R. Targeting 
tumor-associated macrophages and inhibition of MCP-1 reduce 
angiogenesis and tumor growth in a human melanoma xenograft. 
J Invest Dermatol. 2007;127:2031–41. https://​doi.​org/​10.​1038/​sj.​
jid.​57008​27.

	 9.	 Qian Y, Qiao S, Dai Y, Xu G, Dai B, Lu L, Yu X, Luo Q, Zhang 
Z. Molecular-targeted immunotherapeutic strategy for melanoma 
via dual-targeting nanoparticles delivering small interfering RNA 
to tumor-associated macrophages. ACS Nano. 2017;11:9536–49. 
https://​doi.​org/​10.​1021/​acsna​no.​7b054​65.

	10.	 Leuschner F, Dutta P, Gorbatov R, Novobrantseva TI, Donahoe JS, 
Courties G, Lee KM, Kim JI, Markmann JF, Marinelli B, Panizzi 
P, Lee WW, Iwamoto Y, Milstein S, Epstein-Barash H, Cantley W, 
Wong J, Cortez-Retamozo V, Newton A, Love K, Libby P, Pittet 
MJ, Swirski FK, Koteliansky V, Langer R, Weissleder R, Anderson 
DG, Nahrendorf M. Therapeutic siRNA silencing in inflammatory 
monocytes in mice. Nat Biotechnol. 2011;29:1005–10. https://​doi.​
org/​10.​1038/​nbt.​1989.

	11.	 Alupei MC, Licarete E, Patras L, Banciu M. Liposomal simvas-
tatin inhibits tumor growth via targeting tumor-associated mac-
rophages-mediated oxidative stress. Cancer Lett. 2015;356:946–
52. https://​doi.​org/​10.​1016/j.​canlet.​2014.​11.​010.

	12.	 Jung K, Heishi T, Khan OF, Kowalski PS, Incio J, Rahbari NN, 
Chung E, Clark JW, Willett CG, Luster AD, Yun SH, Langer 
R, Anderson DG, Padera TP, Jain RK, Fukumura D. Ly6Clo 
monocytes drive immunosuppression and confer resistance to 
anti-VEGFR2 cancer therapy. J Clin Invest. 2017;127:3039–51. 
https://​doi.​org/​10.​1172/​JCI93​182.

	13.	 Rajan R, Sabnani MK, Mavinkurve V, Shmeeda H, Mansouri H, 
Bonkoungou S, Le AD, Wood LM, Gabizon AA, La-Beck NM. 
Liposome-induced immunosuppression and tumor growth is medi-
ated by macrophages and mitigated by liposome-encapsulated 
alendronate. J Control Release. 2018;271:139–48. https://​doi.​org/​
10.​1016/j.​jconr​el.​2017.​12.​023.

	14.	 Wang Y, Lin YX, Qiao SL, An HW, Ma Y, Qiao ZY, Rajapaksha 
RY, Wang H. Polymeric nanoparticles promote macrophage reversal 
from M2 to M1 phenotypes in the tumor microenvironment. Bio-
materials. 2017;112:153–63. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​
2016.​09.​034.

	15.	 Dacoba TG, Anthiya S, Berrecoso G, Fernández‐Mariño I, 
Fernández‐Varela C, Crecente‐Campo J, Teijeiro‐Osorio D, Tor-
res Andón F, Alonso MJ. Nano-oncologicals: a tortoise trail reach-
ing new avenues. Adv Funct Mater. 2021. https://​doi.​org/​10.​1002/​
adfm.​20200​9860.

	16.	 Jose A, Labala S, Ninave KM, Gade SK, Venuganti VVK. Effec-
tive skin cancer treatment by topical co-delivery of curcumin and 
STAT3 siRNA using cationic liposomes. AAPS PharmSciTech. 
2018;19:166–75. https://​doi.​org/​10.​1208/​s12249-​017-​0833-y.

	17.	 Huang W-C, Chen S-H, Chiang W-H, Huang C-W, Lo C-L, Chern 
C-S, Chiu H-C. Tumor microenvironment-responsive nanoparticle 
delivery of chemotherapy for enhanced selective cellular uptake 
and transportation within tumor. Biomacromol. 2016;17:3883–92. 
https://​doi.​org/​10.​1021/​acs.​biomac.​6b009​56.

	18.	 Parayath NN, Parikh A, Amiji MM. Repolarization of tumor-associated 
macrophages in a genetically engineered nonsmall cell lung cancer 
model by intraperitoneal administration of hyaluronic acid-based nano-
particles encapsulating MicroRNA-125b. Nano Lett. 2018;18:3571–9. 
https://​doi.​org/​10.​1021/​acs.​nanol​ett.​8b006​89.

	19.	 Misra S, Hascall VC, Markwald RR, Ghatak S. Interactions between 
hyaluronan and its receptors (CD44, RHAMM) regulate the activi-
ties of inflammation and cancer. Front Immunol. 2015;6:201. 
https://​doi.​org/​10.​3389/​fimmu.​2015.​00201.

	20.	 Zhang H, Zhang X, Ren Y, Cao F, Hou L, Zhang Z. An in situ 
microenvironmental nano-regulator to inhibit the proliferation and 
metastasis of 4T1 tumor. Theranostics. 2019;9:3580–94. https://​
doi.​org/​10.​7150/​thno.​33141.

	21.	 Rios de la Rosa JM, Tirella A, Tirelli N. Receptor-targeted drug 
delivery and the (many) problems we know of: the case of CD44 
and hyaluronic acid. Adv Biosyst. 2018;2:1800049. https://​doi.​
org/​10.​1002/​adbi.​20180​0049.

	22.	 Oyarzun-Ampuero FA, Goycoolea FM, Torres D, Alonso MJ. A 
new drug nanocarrier consisting of polyarginine and hyaluronic 
acid. Eur J Pharm Biopharm. 2011;79:54–7. https://​doi.​org/​10.​
1016/J.​EJPB.​2011.​04.​008.

	23.	 Oyarzun-Ampuero FA, Brea J, Loza MI, Torres D, Alonso MJ. 
Chitosan-hyaluronic acid nanoparticles loaded with heparin for 
the treatment of asthma. Int J Pharm. 2009;381:122–9. https://​
doi.​org/​10.​1016/J.​IJPHA​RM.​2009.​04.​009.

	24.	 Oyarzun-Ampuero FA, Rivera-Rodriguez GR, Alonso MJ, Torres 
D. Hyaluronan nanocapsules as a new vehicle for intracellular 
drug delivery. Eur J Pharm Sci. 2013;49:483–90. https://​doi.​org/​
10.​1016/J.​EJPS.​2013.​05.​008.

	25.	 Cadete A, Alonso MJ. Targeting cancer with hyaluronic acid-
based nanocarriers: recent advances and translational perspectives. 
2016;11:2341–2357. https://​doi.​org/​10.​2217/​NNM-​2016-​0117.

	26.	 Berrecoso G, Crecente-Campo J, Alonso MJ. Quantification of the 
actual composition of polymeric nanocapsules: a quality control 
analysis. Drug Deliv Transl Res. 2022. https://​doi.​org/​10.​1007/​
S13346-​022-​01150-5.

	27.	 Cadete A, Alonso MJ. Targeting cancer with hyaluronic acid-
based nanocarriers: recent advances and translational perspec-
tives. Nanomedicine (Lond). 2016;11:2341–57. https://​doi.​org/​
10.​2217/​NNM-​2016-​0117.

	28.	 Teijeiro-Valiño C, Novoa-Carballal R, Borrajo E, Vidal A, Alonso-
Nocelo M, de la Fuente Freire M, Lopez-Casas PP, Hidalgo M, 
Csaba N, Alonso MJ. A multifunctional drug nanocarrier for effi-
cient anticancer therapy. J Control Release. 2019;294:154–164. 
https://​doi.​org/​10.​1016/j.​jconr​el.​2018.​12.​002.

	29.	 Raviña M, Cubillo E, Olmeda D, Novoa-Carballal R, Fernandez-
Megia E, Riguera R, Sánchez A, Cano A, Alonso MJ. Hyalu-
ronic acid/chitosan-g-poly(ethylene glycol) nanoparticles for gene 
therapy: an application for pDNA and siRNA delivery. Pharm Res. 
2010;27:2544–55. https://​doi.​org/​10.​1007/​S11095-​010-​0263-Y.

	30.	 De La Fuente M, Seijo B, Alonso MJ. Novel hyaluronic acid-
chitosan nanoparticles for ocular gene therapy. Invest Ophthalmol 
Vis Sci. 2008;49:2016–24. https://​doi.​org/​10.​1167/​IOVS.​07-​1077.

	31.	 Dacoba TG, Omange RW, Li H, Crecente-Campo J, Luo M, 
Alonso MJ. Polysaccharide nanoparticles can efficiently modulate 
the immune response against an hiv peptide antigen. ACS Nano. 
2019;13:4947–59. https://​doi.​org/​10.​1021/​ACSNA​NO.​8B076​62.

https://doi.org/10.4049/jimmunol.1000413
https://doi.org/10.4049/jimmunol.1000413
https://doi.org/10.1038/s41577-019-0127-6
https://doi.org/10.1186/s13045-017-0430-2
https://doi.org/10.1038/nrd.2018.169
https://doi.org/10.1016/J.SMIM.2017.09.004
https://doi.org/10.1002/adma.201808303
https://doi.org/10.1038/sj.jid.5700827
https://doi.org/10.1038/sj.jid.5700827
https://doi.org/10.1021/acsnano.7b05465
https://doi.org/10.1038/nbt.1989
https://doi.org/10.1038/nbt.1989
https://doi.org/10.1016/j.canlet.2014.11.010
https://doi.org/10.1172/JCI93182
https://doi.org/10.1016/j.jconrel.2017.12.023
https://doi.org/10.1016/j.jconrel.2017.12.023
https://doi.org/10.1016/j.biomaterials.2016.09.034
https://doi.org/10.1016/j.biomaterials.2016.09.034
https://doi.org/10.1002/adfm.202009860
https://doi.org/10.1002/adfm.202009860
https://doi.org/10.1208/s12249-017-0833-y
https://doi.org/10.1021/acs.biomac.6b00956
https://doi.org/10.1021/acs.nanolett.8b00689
https://doi.org/10.3389/fimmu.2015.00201
https://doi.org/10.7150/thno.33141
https://doi.org/10.7150/thno.33141
https://doi.org/10.1002/adbi.201800049
https://doi.org/10.1002/adbi.201800049
https://doi.org/10.1016/J.EJPB.2011.04.008
https://doi.org/10.1016/J.EJPB.2011.04.008
https://doi.org/10.1016/J.IJPHARM.2009.04.009
https://doi.org/10.1016/J.IJPHARM.2009.04.009
https://doi.org/10.1016/J.EJPS.2013.05.008
https://doi.org/10.1016/J.EJPS.2013.05.008
https://doi.org/10.2217/NNM-2016-0117
https://doi.org/10.1007/S13346-022-01150-5
https://doi.org/10.1007/S13346-022-01150-5
https://doi.org/10.2217/NNM-2016-0117
https://doi.org/10.2217/NNM-2016-0117
https://doi.org/10.1016/j.jconrel.2018.12.002
https://doi.org/10.1007/S11095-010-0263-Y
https://doi.org/10.1167/IOVS.07-1077
https://doi.org/10.1021/ACSNANO.8B07662


1910	 Drug Delivery and Translational Research (2023) 13:1896–1911

1 3

	32.	 Parajó Y, D’Angelo I, Welle A, Garcia-Fuentes M, Alonso MJ. 
Hyaluronic acid/chitosan nanoparticles as delivery vehicles for 
VEGF and PDGF-BB. Drug Deliv. 2010;17:596–604. https://​doi.​
org/​10.​3109/​10717​544.​2010.​509357.

	33.	 Molina-Crespo Á, Cadete A, Sarrio D, Gámez-Chiachio M, Martinez 
L, Chao K, Olivera A, Gonella A, Díaz E, Palacios J, Dhal PK, Besev 
M, Rodríguez-Serrano M, García Bermejo ML, Triviño JC, Cano 
A, García-Fuentes M, Herzberg O, Torres D, Alonso MJ, Moreno-
Bueno G. Intracellular delivery of an antibody targeting gasdermin-B 
reduces HER2 breast cancer aggressiveness. Clin Cancer Res An Off 
J Am Assoc Cancer Res. 20119;25:4846–4858. https://​doi.​org/​10.​
1158/​1078-​0432.​CCR-​18-​2381.

	34.	 Martinez-Pomares L. The mannose receptor. J Leukoc Biol. 
2012;92:1177–86. https://​doi.​org/​10.​1189/​jlb.​05122​31.

	35.	 Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Mac-
rophage polarization: tumor-associated macrophages as a para-
digm for polarized M2 mononuclear phagocytes. Trends Immunol. 
2002;23:549–55. https://​doi.​org/​10.​1016/​S1471-​4906(02)​02302-5.

	36.	 Zhu S, Niu M, O’Mary H, Cui Z. Targeting of tumor-associated 
macrophages made possible by PEG-sheddable, mannose-modified 
nanoparticles. Mol Pharm. 2013;10:3525–30. https://​doi.​org/​10.​
1021/​mp400​216r.

	37.	 Niu M, Naguib YW, Aldayel AM, Shi Y, Hursting SD, Hersh MA, 
Cui Z. Biodistribution and in vivo activities of tumor-associated 
macrophage-targeting nanoparticles incorporated with doxoru-
bicin. Mol Pharm. 2014;11:4425–36. https://​doi.​org/​10.​1021/​
mp500​565q.

	38.	 Niu M, Valdes S, Naguib YW, Hursting SD, Cui Z. Tumor-asso-
ciated macrophage-mediated targeted therapy of triple-negative 
breast cancer. Mol Pharm. 2016;13:1833–42. https://​doi.​org/​10.​
1021/​acs.​molph​armac​eut.​5b009​87.

	39.	 Peng H, Chen B, Huang W, Tang Y, Jiang Y, Zhang W, Huang 
Y. Reprogramming tumor-associated macrophages to reverse 
EGFR(T790M) resistance by dual-targeting codelivery of gefi-
tinib/vorinostat. Nano Lett. 2017;17:7684–90. https://​doi.​org/​10.​
1021/​acs.​nanol​ett.​7b037​56.

	40.	 Shi C, Liu T, Guo Z, Zhuang R, Zhang X, Chen X. Reprogram-
ming tumor-associated macrophages by nanoparticle-based reac-
tive oxygen species photogeneration. Nano Lett. 2018;18:7330–
42. https://​doi.​org/​10.​1021/​acs.​nanol​ett.​8b035​68.

	41.	 Song Y, Tang C, Yin C. Combination antitumor immunotherapy 
with VEGF and PIGF siRNA via systemic delivery of multi-
functionalized nanoparticles to tumor-associated macrophages 
and breast cancer cells. Biomaterials. 2018;185:117–32. https://​
doi.​org/​10.​1016/j.​bioma​teria​ls.​2018.​09.​017.

	42.	 Kunishima M, Kawachi C, Morita J, Terao K, Tani S. 
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium 
chloride: an efficient condensing agent leading to the formation 
of amides and esters. Tetrahedron. 1999;55:13159–70.

	43.	 Nagahori N, Nishimura SI. Tailored glycopolymers: controlling 
the carbohydrate-protein interaction based on template effect. Bio-
macromol. 2001;2:22–4. https://​doi.​org/​10.​1021/​BM000​0438.

	44.	 Amaral SP, Fernandez-Villamarin M, Correa J, Riguera R, Fernandez-
Megia E. Efficient multigram synthesis of the repeating unit of gallic 
acid-triethylene glycol dendrimers. Org Lett. 2011;13:4522–5. https://​
doi.​org/​10.​1021/​OL201​677K.

	45.	 Cadete A, Olivera A, Besev M, Dhal PK, Gonçalves L, Almeida 
AJ, Bastiat G, Benoit JP, de la Fuente M, Garcia-Fuentes M, Alonso 
MJ, Torres D Self-assembled hyaluronan nanocapsules for the intra-
cellular delivery of anticancer drugs. Sci Rep 2019;9:11565. https://​
doi.​org/​10.​1038/​s41598-​019-​47995-8.

	46.	 Crecente-Campo J. Technological and biological aspects of poly-
meric nanocapsyles for the desing of new nanovaccines, Univer-
sidade de Santiago de Compostela. 2019.

	47.	 Maeda A, Digifico E, Andon FT, Mantovani A, Allavena P. 
Poly(I:C) stimulation is superior than Imiquimod to induce 

the antitumoral functional profile of tumor-conditioned mac-
rophages. Eur J Immunol. 2019;49:801–11. https://​doi.​org/​10.​
1002/​eji.​20184​7888.

	48.	 Germano G, Frapolli R, Belgiovine C, Anselmo A, Pesce S, Liguori 
M, Erba E, Uboldi S, Zucchetti M, Pasqualini F, Nebuloni M, van 
Rooijen N, Mortarini R, Beltrame L, Marchini S, Fuso Nerini I, 
Sanfilippo R, Casali PG, Pilotti S, Galmarini CM, Anichini A, Man-
tovani A, D’Incalci M, Allavena P. Role of macrophage targeting 
in the antitumor activity of trabectedin. Cancer Cell. 2014;23:249–
262. https://​doi.​org/​10.​1016/j.​ccr.​2013.​01.​008.

	49.	 Losa C, Marchal-Heussler L, Orallo F, Jato JLV, Alonso MJ. 
Design of new formulations for topical ocular administration: 
polymeric nanocapsules containing metipranolol. Pharm Res. 
1993;10:80–7. https://​doi.​org/​10.​1023/A:​10189​77130​559.

	50.	 Calvo P, Alonso MJ, Vila-Jato JL, Robinson JR. Improved ocular 
bioavailability of indomethacin by novel ocular drug carriers. J 
Pharm Pharmacol. 1996;48:1147–52. https://​doi.​org/​10.​1111/j.​
2042-​7158.​1996.​tb039​11.x.

	51.	 Calvo P, Sánchez A, Martínez J, López MI, Calonge M, Pastor JC, 
Alonso MJ. Polyester nanocapsules as new topical ocular delivery 
systems for cyclosporin A. Pharm Res. 1996;13:311–5. https://​doi.​
org/​10.​1023/A:​10160​15803​611.

	52.	 Crecente-Campo J, Guerra-Varela J, Peleteiro M, Gutiérrez-Lovera 
C, Fernández-Mariño I, Diéguez-Docampo A, González-Fernán-
dez Á, Sánchez L, Alonso MJ. The size and composition of poly-
meric nanocapsules dictate their interaction with macrophages and 
biodistribution in zebrafish. J Control Release. 2019;308:98–108. 
https://​doi.​org/​10.​1016/J.​JCONR​EL.​2019.​07.​011.

	53.	 Mora-Huertas CE, Fessi H, Elaissari A. Influence of process and 
formulation parameters on the formation of submicron particles 
by solvent displacement and emulsification-diffusion methods 
critical comparison. Adv Colloid Interface Sci. 2011;163:90–122. 
https://​doi.​org/​10.​1016/j.​cis.​2011.​02.​005.

	54.	 Leong HS, Butler KS, Brinker CJ, Azzawi M, Conlan S, Dufès 
C, Owen A, Rannard S, Scott C, Chen C, Dobrovolskaia MA, 
Kozlov SV, Prina-Mello A, Schmid R, Wick P, Caputo F, Boisseau 
P, Crist RM, McNeil SE, Fadeel B, Tran L, Hansen SF, Hart-
mann NB, Clausen LPW, Skjolding LM, Baun A, Ågerstrand M, 
Gu Z, Lamprou DA, Hoskins C, Huang L, Song W, Cao H, Liu 
X, Jandt KD, Jiang W, Kim BYS, Wheeler KE, Chetwynd AJ, 
Lynch I, Moghimi SM, Nel A, Xia T, Weiss PS, Sarmento B, 
das Neves J, Santos HA, Santos L, Mitragotri S, Little S, Peer D, 
Amiji MM, Alonso MJ, Petri-Fink A, Balog S, Lee A, Drasler B, 
Rothen-Rutishauser B, Wilhelm S, Acar H, Harrison RG, Mao 
C, Mukherjee P, Ramesh R, McNally LR, Busatto S, Wolfram J, 
Bergese P, Ferrari M, Fang RH, Zhang L, Zheng J, Peng C, Du 
B, Yu M, Charron DM, Zheng G, Pastore C. Publisher Correc-
tion: On the issue of transparency and reproducibility in nano-
medicine. Nat Nanotechnol. 2019;14:811. https://​doi.​org/​10.​1038/​
s41565-​019-​0523-x.

	55.	 Caputo F, Clogston J, Calzolai L, Rösslein M, Prina-Mello 
A. Measuring particle size distribution of nanoparticle enabled 
medicinal products, the joint view of EUNCL and NCI-NCL. A 
step by step approach combining orthogonal measurements with 
increasing complexity. J Control Release. 2019;299:31–43. https://​
doi.​org/​10.​1016/j.​jconr​el.​2019.​02.​030.

	56.	 Arechabala B, Coiffard C, Rivalland P, Coiffard LJM, De Roeck-
Holtzhauer Y. Comparison of cytotoxicity of various surfactants 
tested on normal human fibroblast cultures using the neutral red 
test, MTT assay and LDH release. J Appl Toxicol J Appl Toxicol. 
1999;19:163–5. https://​doi.​org/​10.​1002/​(SICI)​1099-​1263(199905/​
06)​19:3.

	57.	 Rayahin JE, Buhrman JS, Zhang Y, Koh TJ, Gemeinhart RA. High 
and low molecular weight hyaluronic acid differentially influence 
macrophage activation. ACS Biomater Sci Eng. 2015;1:481–93. 
https://​doi.​org/​10.​1021/​acsbi​omate​rials.​5b001​81.

https://doi.org/10.3109/10717544.2010.509357
https://doi.org/10.3109/10717544.2010.509357
https://doi.org/10.1158/1078-0432.CCR-18-2381
https://doi.org/10.1158/1078-0432.CCR-18-2381
https://doi.org/10.1189/jlb.0512231
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1021/mp400216r
https://doi.org/10.1021/mp400216r
https://doi.org/10.1021/mp500565q
https://doi.org/10.1021/mp500565q
https://doi.org/10.1021/acs.molpharmaceut.5b00987
https://doi.org/10.1021/acs.molpharmaceut.5b00987
https://doi.org/10.1021/acs.nanolett.7b03756
https://doi.org/10.1021/acs.nanolett.7b03756
https://doi.org/10.1021/acs.nanolett.8b03568
https://doi.org/10.1016/j.biomaterials.2018.09.017
https://doi.org/10.1016/j.biomaterials.2018.09.017
https://doi.org/10.1021/BM0000438
https://doi.org/10.1021/OL201677K
https://doi.org/10.1021/OL201677K
https://doi.org/10.1038/s41598-019-47995-8
https://doi.org/10.1038/s41598-019-47995-8
https://doi.org/10.1002/eji.201847888
https://doi.org/10.1002/eji.201847888
https://doi.org/10.1016/j.ccr.2013.01.008
https://doi.org/10.1023/A:1018977130559
https://doi.org/10.1111/j.2042-7158.1996.tb03911.x
https://doi.org/10.1111/j.2042-7158.1996.tb03911.x
https://doi.org/10.1023/A:1016015803611
https://doi.org/10.1023/A:1016015803611
https://doi.org/10.1016/J.JCONREL.2019.07.011
https://doi.org/10.1016/j.cis.2011.02.005
https://doi.org/10.1038/s41565-019-0523-x
https://doi.org/10.1038/s41565-019-0523-x
https://doi.org/10.1016/j.jconrel.2019.02.030
https://doi.org/10.1016/j.jconrel.2019.02.030
https://doi.org/10.1002/(SICI)1099-1263(199905/06)19:3
https://doi.org/10.1002/(SICI)1099-1263(199905/06)19:3
https://doi.org/10.1021/acsbiomaterials.5b00181


1911Drug Delivery and Translational Research (2023) 13:1896–1911	

1 3

	58.	 Mizrahy S, Raz SR, Hasgaard M, Liu H, Soffer-Tsur N, Cohen K, 
Dvash R, Landsman-Milo D, Bremer MGEG, Moghimi SM, Peer 
D. Hyaluronan-coated nanoparticles: the influence of the molecu-
lar weight on CD44-hyaluronan interactions and on the immune 
response. J Control Release. 2011;156:231–8. https://​doi.​org/​10.​
1016/j.​jconr​el.​2011.​06.​031.

	59.	 Ren T, Dexi L. Synthesis of targetable cationic amphiphiles. Tet-
rahedron Lett. 1999;40:7621–5. https://​doi.​org/​10.​1016/​S0040-​
4039(99)​01558-0.

	60.	 Rydergren S. Chemical modifications of hyaluronan using 
DMTMM-activated amidation. 2013. http://​www.​teknat.​uu.​se/​
stude​nt . Accessed 30 May 2022.

	61.	 Gao S, Liu Y, Liu M, Yang D, Zhang M, Shi K. Biodegradable 
mesoporous nanocomposites with dual-targeting function for 
enhanced anti-tumor therapy. J Control Release. 2022;341:383–
98. https://​doi.​org/​10.​1016/J.​JCONR​EL.​2021.​11.​044.

	62.	 Gennari A, Pelliccia M, Donno R, Kimber I, Tirelli N. Mannosyla-
tion allows for synergic (CD44/C-type lectin) uptake of hyaluronic 
acid nanoparticles in dendritic cells, but only upon correct ligand 
presentation. Adv Healthc Mater. 2016;5:966–76. https://​doi.​org/​
10.​1002/​ADHM.​20150​0941.

	63.	 Mahor S, Dash BC, O’Connor S, Pandit A. Mannosylated polyeth-
yleneimine-hyaluronan nanohybrids for targeted gene delivery to 
macrophage-like cell lines. Bioconjug Chem. 2012;23:1138–48. 
https://​doi.​org/​10.​1021/​BC200​599K.

	64.	 Lucas AT, Madden AJ, Zamboni WC. Challenges in preclini-
cal to clinical translation for anticancer carrier-mediated agents. 

Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2016;8:642–53. 
https://​doi.​org/​10.​1002/​WNAN.​1394.

	65.	 Wilhelm S, Tavares AJ, Dai Q, Ohta S, Audet J, Dvorak HF, Chan 
WCW. Analysis of nanoparticle delivery to tumours. Nat Rev 
Mater. 2016;1:16014. https://​doi.​org/​10.​1038/​natre​vmats.​2016.​14.

	66.	 Tsoi KM, MacParland SA, Ma X-Z, Spetzler VN, Echeverri J, 
Ouyang B, Fadel SM, Sykes EA, Goldaracena N, Kaths JM, Con-
neely JB, Alman BA, Selzner M, Ostrowski MA, Adeyi OA, Zilman 
A, McGilvray ID, Chan WCW. Mechanism of hard-nanomaterial 
clearance by the liver. Nat Mater. 2016;15:1212–21. https://​doi.​org/​
10.​1038/​nmat4​718.

	67.	 Saunders NRM, Paolini MS, Fenton OS, Poul L, Devalliere J, 
Mpambani F, Darmon A, Bergère M, Jibault O, Germain M, 
Langer R. A nanoprimer to improve the systemic delivery of 
siRNA and mRNA. Nano Lett. 2020;20:4264–9. https://​doi.​org/​
10.​1021/​acs.​nanol​ett.​0c007​52.

	68.	 Saunders NRM, Paolini MS, Fenton OS, Poul L, Devalliere J, 
Mpambani F, Darmon A, Bergère M, Jibault O, Germain M, Langer 
R, Langer R, Langer R, Langer R. A nanoprimer to improve the sys-
temic delivery of siRNA and mRNA. Nano Lett. 2020;20:4264–9. 
https://​doi.​org/​10.​1021/​ACS.​NANOL​ETT.​0C007​52.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jconrel.2011.06.031
https://doi.org/10.1016/j.jconrel.2011.06.031
https://doi.org/10.1016/S0040-4039(99)01558-0
https://doi.org/10.1016/S0040-4039(99)01558-0
http://www.teknat.uu.se/student
http://www.teknat.uu.se/student
https://doi.org/10.1016/J.JCONREL.2021.11.044
https://doi.org/10.1002/ADHM.201500941
https://doi.org/10.1002/ADHM.201500941
https://doi.org/10.1021/BC200599K
https://doi.org/10.1002/WNAN.1394
https://doi.org/10.1038/natrevmats.2016.14
https://doi.org/10.1038/nmat4718
https://doi.org/10.1038/nmat4718
https://doi.org/10.1021/acs.nanolett.0c00752
https://doi.org/10.1021/acs.nanolett.0c00752
https://doi.org/10.1021/ACS.NANOLETT.0C00752

	Mannose-modified hyaluronic acid nanocapsules for the targeting of tumor-associated macrophages
	Abstract
	Introduction
	Materials and methods
	Materials
	Synthesis, isolation, and characterization of HA-Man
	Column chromatography
	NMR spectroscopy
	Infrared spectroscopy
	Mass spectrometry (MS)
	Ultrafiltration

	HA NCs preparation
	HA SE-NCs
	HA SD-NCs
	HA SD-NCsHA-Man SD-NCs loaded with fluorescent dyes for uptake and biodistribution studies

	Physicochemical characterization of HA NCs
	DLS

	NTA
	STEM
	Colloidal stability of HA NCs
	Colloidal stability at storage conditions
	Colloidal stability in relevant biological mediums

	Endotoxin assessment
	Isolation and differentiation of HMDM
	Cytotoxicity assays
	Expression of macrophages phenotypical markers by FACS and cytokine secretion by ELISA
	Uptake and internalization assays in macrophages
	Flow cytometry
	Confocal microscope

	Fibrosarcoma mice model
	Biodistribution imaging
	Analysis of IVIS images

	FACS analysis of excised tumors
	Statistical analysis

	Results and discussion
	Design, preparation, and characterization of HA NCs
	Toxicological evaluation of HA NCs
	Effect of HA NCs on the phenotype and polarization of macrophages
	Synthesis of mannosylated hyaluronic acid (HA-Man) and development of HA-Man NCs
	Internalization of mannosylated and non-mannosylated HA NCs by macrophages
	Biodistribution and tumor targeting ability of mannosylated and non-mannosylated HA NCs

	Conclusions
	Anchor 43
	References


