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Upconversion nanoparticles (UCNPs) based on p-NaYF,4 doped with Yb®* and Er®* are promising candi-
dates for multimodal bioimaging and theranostic applications, owing to their unique optical properties
and favourable safety profile. However, their limited stability under physiological conditions and lack of
effective cellular targeting continue to restrict their clinical translation. Here, we report a surface functio-
nalisation strategy using hydroxybisphosphonate-modified polysaccharides—specifically mannan and
inulin—to improve both colloidal stability and biological performance of UCNPs. Mannan with grafted hydro-
xybisphosphonate anchor groups formed a robust coating that prevented aggregation in phosphate-buffered
and serum-containing media, while preserving upconversion luminescence. Crucially, the mannan-functiona-
lised surface enabled selective interaction with mannose receptor (MR)-expressing macrophages (J774A.1),
facilitating efficient cellular uptake as demonstrated by confocal microscopy and receptor inhibition assays. In
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vitro studies confirmed the high biocompatibility of mannan-coated UCNPs across a broad concentration
range (0.5-10 pg mL™Y), with no significant cytotoxicity or oxidative stress observed. This streamlined and
effective surface modification approach yields a stable, receptor-targeted nanoplatform with strong potential
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Introduction

Nanoparticles have emerged as powerful tools in the field of
diagnostics due to their unique physicochemical properties,
including high surface area-to-volume ratio, tuneable surface
chemistry, and the ability to interact with biological systems at
the molecular level. These features enable enhanced sensi-
tivity, specificity, and speed in detecting a wide range of bio-
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for future in vivo diagnostic and therapeutic applications involving immune cells.

markers associated with diseases. Recent advancements in
nanotechnology have facilitated the development of nano-
particle-based diagnostic platforms that integrate imaging,
biosensing, and targeted detection, offering promising alterna-
tives to conventional diagnostic methods, especially for
cancers."”

Accurate imaging of contrast agents and therapeutics
within diseased cells is critical for effective diagnosis and treat-
ment. Radionuclide-based imaging methods, such as Single-
Photon Emission Computed Tomography (SPECT) and
Positron Emission Tomography (PET) combined with
Computed Tomography (CT), offer high sensitivity and quanti-
tative capabilities, while optical imaging provides a noninva-
sive, radiation-free alternative. However, conventional optical
methods face limitations such as shallow tissue penetration
and background autofluorescence. These challenges have
spurred interest in near-infrared (NIR) optical imaging, par-
ticularly using lanthanide-doped upconversion nanoparticles
(UCNPs), such as NaYF4Yb*'/Er*".>"® These particles absorb
NIR light and emit visible light, allowing deeper tissue
imaging with minimal scattering and autofluorescence. In
addition to these optical benefits, UCNPs exhibit several
favourable properties for biomedical applications, including

This journal is © The Royal Society of Chemistry 2025
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high resistance to photobleaching and photoblinking, superior
signal-to-noise ratio, large anti-Stokes shifts, narrow emission
bands, long luminescence lifetimes, and outstanding photo-
and chemical stability. Furthermore, they generally demon-
strate low cytotoxicity and minimal photodamage to biological
tissues, supporting their use in advanced diagnostic and thera-
peutic strategies.”®

UCNPs also show great promise in theranostic applications,
combining multimodal imaging, targeted drug delivery, and
phototherapies within a single platform.*°* This multifunc-
tionality holds significant potential for enhancing detection
sensitivity and enabling personalized treatment strategies tai-
lored to individual patients. Nonetheless, clinical translation
remains limited due to several physicochemical and biological
challenges. Despite their chemical stability, recent studies
have shown that UCNPs may undergo partial dissolution in
biological media, potentially compromising their performance
and safety.'>"” There is also a question that upconversion
yield increases with square of light intensity, which requires
the use of high light fluxes, so such systems are more appropri-
ate for diagnostic imaging than for therapeutic applications.
Therefore, the development of next-generation nanomaterials
that combine strong optical performance, high biocompatibil-
ity, and efficient clearance from the body is crucial. A deeper
understanding of their interactions within biological systems
will be essential for unlocking their full clinical potential.

Surface biofunctionalisation plays a pivotal role in deter-
mining the interactions of UCNPs with biological systems, and
is thus a critical aspect of their application in the life sciences.
The surface coating material influences the nanoparticles’
physicochemical properties, affecting both their performance
and versatility. Effective biofunctionalisation ensures not only
biocompatibility—by minimizing cytotoxicity and optimizing
dose-response behaviour—but also promotes targeted cellular
interactions and internalization. Furthermore, the coating
must confer colloidal stability, enabling the nanoparticles to
perform consistently across various environments, from
in vitro studies to future in vivo applications. Despite its impor-
tance, achieving a functional and stable biofunctionalised
nanoparticle system remains a significant challenge, particu-
larly when addressing long-term storage stability.'®*°

Polysaccharides like mannan (MN) show promise as plat-
forms for diagnostic probes, not only in cancer detection but
also for identifying cancer-related complications such as senti-
nel lymph node (SLN) involvement.>*>> SLNs, the first nodes
to receive metastatic cells from primary tumours, are crucial
for staging cancers like breast, prostate, and melanoma.
Although sentinel lymph node biopsy is less invasive than full
dissection, it still carries surgical risks. Emerging imaging
techniques, including Magnetic Resonance Imaging (MRI),
SPECT/MRI, and PET/NIRF, show potential but remain sup-
plementary tools. This highlights the need for new, effective
SLN-targeted diagnostic approaches.

The MN from Saccharomyces cerevisiae is a biocompatible,
modifiable polysaccharide for multimodal probe development.
MN naturally binds to mannose receptors, particularly those

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

on dendritic cells and macrophages that populate inflamed or
cancer-infiltrated lymph nodes.’**> These properties make
MN a strong candidate for targeted imaging and potential
therapeutic strategies.

Mannose receptors (MRs) are a class of pattern recognition
receptors (PRRs) primarily expressed on the surface of macro-
phages, dendritic cells (DCs), and selected endothelial cells,
where they play a central role in innate immunity.**** These
transmembrane C-type lectin receptors recognize carbohydrate
structures rich in mannose, fucose, and N-acetylglucosamine,
commonly found on the surfaces of pathogens. In macro-
phages and DCs, MRs mediate endocytosis and phagocytosis
of glycosylated antigens, facilitating antigen processing and
presentation to T cells, thereby bridging innate and adaptive
immune responses. Particularly, the MR subtype CD206 is
highly expressed on alternatively activated (M2) macrophages
and immature DCs, where it contributes to tissue remodelling,
immune regulation, and pathogen clearance.>® Moreover, den-
dritic cells overexpressing DC-SIGN (dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin),
another mannose-binding receptor, are pivotal in capturing
mannose-rich antigens and promoting T-cell activation.*
These characteristics make mannose receptors valuable targets
for delivering diagnostic or therapeutic agents to immune
cells, especially within inflamed tissues or tumour-draining
lymph nodes.

Recently, we developed polysaccharide-coated calcium tung-
state and tungsten(vi)oxide nanoparticles where the polysac-
charides, including MN, were directly bound on the surface by
direct chelation to calcium and tungsten.”® However, the
coating was not completely stable.

To prevent dissolution, preserve luminescence, and mini-
mize the potential toxicity of lanthanide-doped NaYF, UCNPs,
it is essential to apply a protective surface coating. Among
various options, phosphonate groups are considered highly
effective anchoring agents due to their strong binding affinity
to lanthanide (Ln) ions, which helps passivate the particle
surface and prevent degradation under biological conditions.
While poly(ethylene oxide)-phosphonate-modified lanthanide-
doped NaYF, UCNPs bearing a single reactive group can form
stable colloids in water, they tend to aggregate in phosphate-
buffered saline (PBS). In contrast, we have shown that poly
(ethylene oxide)-hydroxybisphosphonate ligands establish
robust, multidentate interactions with Ln ions, ensuring long-
term colloidal stability of UCNPs in both water and PBS. This
stable nanoparticle surface modification using poly(ethylene
oxide) conjugated via hydroxybisphosphonate (HBP) linkers,
offers a promising route to enhance biocompatibility and
stability for biomedical applications.*

In this paper, we report—for the first time to the best of our
knowledge—the combination of mannan’s potent macro-
phage-targeting properties with the excellent multimodal
imaging capabilities of UCNPs. This is achieved through the
use of a hydroxybisphosphonate anchoring group, enabling a
simple, mix-and-use approach for nanoparticle coating with
the polysaccharide mannan. Mannan offers a significant
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advantage over single p-mannose targeting units®?”*® due to
its multivalent nature, possessing numerous p-mannose resi-
dues that allow for synergistic, high-affinity binding to
mannose receptors. These receptors, as members of the lectin
family, feature multiple saccharide-binding domains. The flex-
ible backbone of the MN chain ensures steric accessibility to
receptor binding sites, while its macromolecular nature pro-
vides effective steric and colloidal stabilization of nano-
particles—capabilities not achievable with monovalent
p-mannose derivatives. To facilitate stable and direct attach-
ment to UCNPs surface, MN was functionalised with HBP
groups. This approach also allows modular co-functionali-
zation with other HBP-linked molecules in a toolbox manner.*
The UCNPs were doped with lanthanides (2 mol% Er and
20 mol% Yb) to confer appropriate upconversion fluorescence
properties in the NIR range for imaging purposes.
Additionally, the lanthanide doping enhances X-ray opacity for
potential future use in CT imaging and enables neutron acti-
vation, supporting theranostic applications (internal radiother-
apy + SPECT) such as the elimination of sentinel lymph node-
associated metastases (see Fig. S1, SI for an example of calcu-
lated direct thermal neutron activation).

Results and discussion
Synthesis of UCNP-C and UCNP-S

Core B-NaYF,;:20%Yb’",2%Er** (UCNP-C) and core-shell
B-NaYF,:20%Yb>",2%Er**@NaYF, (UCNP-S) UCNPs were syn-
thesised via a thermal decomposition approach using organic
lanthanide precursors, as previously demonstrated.”>*® The
reaction conditions were carefully optimised to obtain mono-
disperse nanocrystals with uniform morphology and mean dia-
meters of approximately 25.3 + 2.7 nm and 39.1 = 3.5 nm for
UCNP-C and UCNP-S, respectively (Fig. 1A and B). The result-
ing nanostructures comprised Yb** and Er’* dopant ions
embedded within a sodium yttrium fluoride (NaYF,) matrix, a
well-established host for upconversion luminescence. Among
the UCNPs structures reported in the literature, the hexagonal
(B) phase of NaYF, is considered the most efficient due to its
low phonon energy (~350 cm™'),* which reduces non-radiative
relaxation.

The applied synthesis protocol enabled the reproducible
preparation of high-quality p-NaYF, UCNPs with controlled
size, shape, and phase purity, making them highly promising
for biomedical applications such as multimodal imaging,*
nanoprobing for biomolecular detection, drug delivery,*
cancer therapy,** and theranostics,®® thereby attracting signifi-
cant research interest.*>****° The morphology and structure of
UCNP-C and UCNP-S were characterized by transmission elec-
tron microscopy (TEM) and scanning electron microscopy
(SEM). Selected area electron diffraction (SAED) confirmed the
hexagonal (P6) crystal structure of NaYF, Energy-dispersive
X-ray spectroscopy (EDS) confirmed the presence of all
expected elements in the sample, with Na, Y, and F being the
predominant constituents, consistent with the composition of
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Fig. 1 SEM images of UCNP-C (A) and UCNP-S (B). BF TEM image (C),
SAED pattern (D), HR TEM (E) and magnified HR TEM (F) images
ofNaYF4:Yb,Er@aNaYF, UCNP-S.

the NaYF, host matrix (Fig. S2, SI). High-resolution trans-
mission electron microscopy (HR-TEM, Fig. 1E and F) showed
distinct lattice fringes with an interplanar spacing of 5.16 A,
indicative of the crystalline nature of the obtained nano-
particles. The observed periodicity suggests a highly ordered
atomic arrangement, consistent with previously reported
B-phase NaYF, upconversion nanomaterials.>*"*!

Polysaccharides coatings

UCNPs exhibit significant potential for in vivo applications;
however, their colloidal and chemical stability in physiological
media is compromised, and UCNPs rapidly aggregate in phos-
phate-containing environments, resulting in the loss of their
optical properties as the particles degrade.

To prevent immediate aggregation, an effective protective
coating is required. A promising approach involves the use of
polymers functionalized with hydroxybisphosphonate moieties.
These moieties exhibit a strong affinity for the nanoparticle
surface, while the polymer itself provides steric or electrostatic
repulsion, thereby enhancing colloidal stability.***

For the development of a functional protective coating on
UCNPs, two non-ionic branched polysaccharides were selected:

This journal is © The Royal Society of Chemistry 2025
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inulin, an inert fructose-based polymer, and mannan, a
mannose-based polymer with the potential to target MRs.
Both polysaccharides were chemically modified by grafting
sodium neridronate through oxidation of a diol group within
the saccharide ring to form an aldehyde. This was followed by
Schiff base formation with the amine group of neridronate,
and its subsequent reduction to a secondary amine using
sodium cyanoborohydride (Fig. 2A).

Physicochemical characterization of polysaccharide-coated
UCNPs

The theoretical proportion of saccharide monomer units
(SMUs) subjected to oxidation for neridronate grafting was
10% and 30% on a molar basis, and the grafting yield was
monitored using "H NMR spectroscopy. The spectra of pristine
inulin and mannan are presented in (Fig. S3, SI), where each
SMU contains six protons, resulting in multiple overlapping
peaks within the 3.5-5.5 ppm range. In contrast, the neridro-
nate molecule exhibits characteristic signals from five methyl-
ene groups within the 3.0-1.0 ppm region (Fig. 2B).
Specifically, the peak at 3.03 ppm, attributed to the methylene
group in the a-position relative to the amine group of neridro-
nate, was compared with the peak at 4.21 ppm from H-3 of the
fructose ring in inulin, as well as with the peaks at 5.26 ppm
and 5.06 ppm from H-1 of the mannose ring in mannan.

A - B

A<—o

HO' H
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The degree of Ner grafting, expressed as the molar percen-
tage of SMU carrying a single Ner moiety, is summarized in
Table 1. Although oxidation of a single saccharide ring theor-
etically generates two functional groups capable of binding
Ner, the actual grafting efficiency was significantly lower.
Inulin demonstrated lower susceptibility to oxidation by
sodium periodate, yielding 3.6 mol% of SMU carrying Ner
(I-10 sample), compared to 6.7 mol% in mannan under identi-
cal reaction conditions (M-10 sample). Furthermore, the frac-
tion of SMU susceptible to oxidation and subsequent modifi-
cation was substantially below 100%. Notably, an attempt to
oxidize and modify 30 mol% of SMU in M-30 mannan sample
resulted in a grafting efficiency comparable to that observed at
10%, suggesting a saturation effect in the modification
process. The trends in Ner grafting to inulin and mannan were
further confirmed by determining the phosphorus content in
the samples (Table 1).

Next, polysaccharide samples grafted with Ner were labelled
with AF 488 fluorescent dye using a spacer terminated with an
amine via the same reductive amination pathway described
previously for Ner grafting. Oxidation was performed on
8 mol% of SMU, yielding 0.08-0.29% of SMUs carrying the AF
488 dye (Table 1). The low grafting efficiency observed in this
second modification cycle further confirms the limited avail-
ability of SMUs susceptible to oxidation under the given reac-
tion conditions.
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Fig. 2 Scheme of modification of mannan with anchor hydroxybisphosphonate groups and AF 488 fluorescent label (A); *H NMR spectra of
mannan and inulin with grafted sodium neridronate groups (B). For the assignment of protons in pristine inulin and mannan see Fig. S3, SI. (C) (a)
Comparison of high resolution XPS spectra of neat core and core/shell NaYF4 nanoparticles before and after the anchoring of M30 through Ner
anchoring groups; (b) representative C 1s high resolution XPS spectra of core and shell nanoparticles bearing M30. (Black: measured data; red: fitted

data; blue: individual contributions of functional groups.)
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Table 1 Composition and molecular weight distributions of mannan and inulin with grafted Ner and AF 488

SEC Elemental analysis
Sample® M, Da M,, Da b DP’ (SEC) Ner,’ % ("H NMR) P, % Ner,’ % AF 488,% % (Uv-vis)
1-0 2630 5250 2.0 15 n/a
I-10 2220 4361 2.0 14 3.6 1.0 2.6 0.08
M-0 20120 33020 1.6 124 n/a
M-10 6770 13980 2.1 42 6.7 3.3 8.9 0.29
M-30 Not measurable® n/a 4.4 3.4 9.2 0.15

“Samples are labelled with M (mannan) and I (inulin) followed with a number, corresponding to a calculated molar % of SMU, oxidized for graft-
ing Ner molecule (see Fig. 2A). ” M,,, obtained from SEC, divided by a molecular weight of a saccharide monomer unit (162.14). “ Calculated as a
molar % of saccharide units, carrying one Ner molecule (see the discussion in the NMR section). ¢ Calculated as a molar % of saccharide units,

carrying one AF 488 molecule, similar to Ner. “ Sample fluorescence.

The precise determination of molecular weight for
branched polysaccharides is challenging; however, size-exclu-
sion chromatography (SEC) enables monitoring of molecular
weight (M,,) changes while keeping all other parameters con-
stant. The M,, of pristine polysaccharides was higher than that
of those modified with Ner and AF 488. Inulin exhibited only a
minor decrease in My, consistent with its lower susceptibility
to oxidation and modification. In contrast, mannan with 10%
oxidized SMU showed a threefold reduction in M,,. The M-30
sample, in which 30% of SMU was oxidized, could not be
measured due to fluorescence interference.

The chemical composition of the neat UCNP-C and UCNP-S
was proven via XPS analysis (Fig. 2C). The high-resolution XPS
spectra of both types of nanoparticles showed the presence of
the dominant Y 3d double peak at 159.3 eV (with a character-
istic Y 3ds,, — Y 3dj3/, spin split doublet with a separation of
2.1 eV).”® The ratio between the contributions of Na:Y:F
(determined ratios of 1.4:1.0:4.3 and 1.3:1.0: 5.2 for the core
and shell particles, respectively) corresponds well to the
expected theoretical stoichiometry of 1.0:1.0:4.0 of NaYF,
(Table S1, SI). In the high-resolution spectra taken in the C 1s
region of neat particles we observed contributions originating
from oleic acid (spectra not shown). The immobilization of
mannan and inulin polysaccharides bearing neridronate
anchoring groups led to a distinct change in the chemical
composition of both types of UNCPs. Namely in the region of
180-120 eV, covering the Y 3d, Si 2s and P 2p regions we
observed a drop in the intensity of Y 3d and the appearance of
P 2p signals of the neridronate group at 132.8 eV (with a
characteristic P 2pz,, — P 2p;,, spin split doublet with a separ-
ation of 1.0 eV) (Table S1, SI). Concomitantly we have observed
the appearance of nitrogen signals of N-C moieties at 400.0 eV
(these are highly overlapped with the Y 3s signals of the solid
part of the particles and the quantification might be trouble-
some). However, in the C 1s spectra of the modified UNCPs we
observe the dominance of the C-O (and C-N) contributions at
286.5 eV stemming from the hydroxy groups of the saccharide
moieties, -O-C-O- structures at 288.0 eV of various p(1-4) and
B(2-1) linkages present in the polysaccharides, and the anchor-
ing (PO;H),C-OH moiety at 289.5 eV. The presence of the
(PO3H),C-OH moiety is also well reflected in the quantitative

25124 | Nanoscale, 2025, 17, 25120-25135

assessment of the data, ie. being in quite good agreement
with the N-C moieties observed in the N 1s spectra as well as
in the phosphonate signals of P 2p (Table S1, SI).

The fluorescence of AF 488 was used to determine the
diffusion coefficient of the fluorophore by Fluorescence
Correlation Spectroscopy (FCS) (Table 2). For all samples, two-
component correlation curves were observed. After deconvolu-
tion of the correlation curves two diffusion coefficients were
obtained: a fast diffusion, ranging from 78 to 260 pm?> s,
which corresponds to the admixture of a free dye or free
labelled polysaccharide, and a slow diffusion component,
ranging from 5.5 to 47.8 pm®> s™'. The latter is attributed to
nanoparticles carrying labelled polysaccharide on the surface.
The number-average hydrodynamic diameters of the corres-
ponding nanoparticles are consistent with those measured by
SEM (UCNPs without polymer coating, Fig. 1A and B) and DLS
(UCNPs with polysaccharides in cell culture medium, Fig. 3B).

The upconversion emission of 1 mg mL™' UCNP-C and
UCNP-S, along with the emission from an AF 488 label in the
polysaccharide shell, is shown in Fig. 3A. The upconverting
properties were fully preserved after the adsorption of polysac-
charides, mediated by the hydroxybisphosphonate moiety.

The colloidal stability of UCNP-C and UCNP-S coated with
1-10, M-10, and M-30 was evaluated at 37 °C in DMEM culture
medium containing 10% fetal bovine serum (FBS). Stability
was assessed by measuring the hydrodynamic diameter every
30 min over 12 h. The exact dimensions of the UCNPs were
determined from SEM micrographs (Fig. 1). To monitor nano-

Table 2 Diffusion coefficients and number-average hydrodynamic dia-
meters of core and core—shell UCNPs coated with inulin and mannan,
labelled with AF 488, measured by FCS

Polysaccharide D, dy (nm) d, (nm) D,
UCNPs  coating (um?*s™")  FCS SEM (um?s™)
UCNP-C I-10 11.3 38 25.1 260

M-10 5.5 78 78

M-30 47.8 9 210
UCNP-S I-10 11.3 38 39.1 254

M-10 12.0 35 163

M-30 18.3 24 172

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (A) Dual mode emission spectra of UCNP-C and UCNP-S coated

with inulin and mannan, labelled with AF 488 in DMEM. The upper plots
show the characteristic upconversion emission of UCNPs centered
around 520-540 nm and 660 nm (excited using a CW laser at 980 nm),
while the lower plots present the fluorescence emission of AF 488 (cen-
tered around 520 nm). (B) The evolution of hydrodynamic diameter of
UCNP-C and UCNP-S in DMEM culture medium with 10% of FBS with
time at 37 °C.

particle behavior in DMEM, the Z-average hydrodynamic dia-
meter, polydispersity index (PDI), derived count rate, and
intensity-weighted size distributions of UCNPs were analysed.
The Z-average diameter offers a single representative value for
all nanoparticle populations in the system, making it highly
sensitive to aggregation. Pristine UCNPs—both core and core-
shell—exhibited larger hydrodynamic diameters compared to
surface-modified UCNPs, suggesting a degree of aggregation in
DMEM (Fig. 3B). This aggregation appears to be partially miti-
gated by serum proteins from FBS, which likely contribute to
UCNP stabilization throughout the experiment. In contrast,
pristine UCNPs in pure PBS precipitated within minutes. For
UCNP-C the decrease in PDI (Fig. 3B) and an increase in the
derived count rate (Fig. S5, SI) were recorded within the first
three hours, pointing to equilibration of NPs with medium.
But across all coatings and time points, the intensity-weighted
size distributions of UCNP-C showed a dominant population
at 100-200 nm, with only minor fractions of larger aggregates
(Fig. S6, SI). In comparison, the derived count rate for UCNP-S

This journal is © The Royal Society of Chemistry 2025
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fluctuated more significantly. Both uncoated UCNP-S and
those coated with inulin (I110) showed signs of aggregation in
the size distributions (Fig. S6, SI), although their Z-average dia-
meters and PDI stabilized within the first two hours after
mixing, and the main population near 200 nm persisted
throughout the measurement period. UCNP-S coated with
mannans remained colloidally stable. Overall, all three polysac-
charide coatings contributed to maintaining colloidal stability
of the UCNPs during the experiment. However, for UCNP-S,
mannan coatings demonstrated significantly greater stabiliz-
ing effectiveness after mixing UCNPs with DMEM; however,
after this period, both the Z-average diameter and PDI
remained constant, suggesting that these coated UCNPs are
suitable for in vitro experiments. Additionally, photo-
luminescence measurements performed for bare core-shell
B-NaYF,:20%Yb** 29%Er**@NaYF, UCNPs dispersed in cyclo-
hexane (Fig. S4, SI) revealed strong green and red upconversion
luminescence under 980 nm laser excitation, confirming the
high optical quality of the uncoated nanoparticles.

In vitro studies

As an initial step in the biological evaluation of the novel
UCNPs, cytotoxicity was assessed using a cell viability (MTS)
assay. J774A.1 murine macrophage tumour cells were
employed as a model to investigate nanoparticle-induced cyto-
toxicity and cellular uptake. This cell line was chosen due to
its heterogeneous surface expression of functional MRs,**
which reflects the diversity typically observed among macro-
phage populations.*®

No significant cytotoxicity was observed after 24 or 48 h of
incubation with all variants of UCNPs at concentrations
ranging from 0.5 to 10 pg mL™' (Fig. 4A and B), confirming
their biocompatibility. To evaluate the impact of UCNPs on
oxidative stress, intracellular levels of reduced glutathione
(GSH) were measured using the GSH Glo™ Glutathione Assay.
A slight, dose-dependent decrease in GSH levels was detected
(Fig. 4C), indicating mild oxidative stress; however, these
changes were not statistically significant. To further investigate
the reduction in GSH levels and to exclude a potential increase
in reactive oxygen species (ROS), intracellular hydrogen per-
oxide (H,0,) levels were measured in J774A.1 cells following
24 h of UCNPs treatment. In the presence of a positive control
(menadione),*® a marked increase in H,0, production was
observed, reaching up to a 24-fold change. In contrast, none of
the UCNPs treatments induced a significant increase in H,O,
levels (Fig. 4D).

To validate the theoretical prediction that mannan coating
enhances UCNPs uptake in macrophages via MR-mediated
endocytosis, J774A.1 cells were incubated with UCNPs at con-
centrations of 1, 5, and 10 pg mL™"' for 24 h. Uptake was
assessed by detecting green fluorescence from AF 488 conju-
gated to the surface of UCNP-C and UCNP-S functionalised
with either inulin (C-I10, S-110) or mannan (C-M10, C-M30,
S-M10, S-M30).

Confocal fluorescence microscopy imaging of live cells after
24 h of incubation revealed superior uptake of both C-M30
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The effect of UCNPs on cell viability after 24 (A) and 48 h (B), cellular levels of GSH (C), and H,O, (D) after exposure of cells to different concen-
trations of UCNPs (0-10 pg mL™) (mean + SD, n = 3). Negative controls (NC) — cells without treatment. MTS positive controls: 10 uM actinomycin D
(Act D) and 10 pM mitomycin C (Mit C); ROS and GSH positive controls — 6.25; 12.5 and 25 pM menadione. P-Values were calculated using one-way

ANOVA—Dunnett’s test, * p < 0.0001.

and S-M30 compared to other UCNPs types tested (Fig. 5A).
These findings were further corroborated after the cells were
washed and fixed, effectively removing potentially non-interna-
lized free UCNPs (Fig. 5B). Quantification of mean fluo-
rescence intensity from three representative images for each
treatment condition confirmed enhanced uptake of mannan-
coated UCNPs (C-M30, S-M30) compared to the corresponding
controls, C-I110 and S-I10, respectively (Fig. 5C). To evaluate the
kinetics of UCNPs uptake, time-lapse live-cell imaging was
conducted at 2-hour intervals (Fig. S7, SI). Signals for C-M30
and S-M30 were detectable in live cells as early as 2 h post-
incubation.

To further verify both the internalization and luminescent
properties of the UCNPs, confocal fluorescence imaging was
performed using a microscope equipped with a near-infrared
(980 nm) laser to excite upconversion emission (Fig. 6). The AF
488 signal (green channel) overlapped with the UCNP emis-
sion (red channel), providing strong evidence for successful
mannan functionalization (Fig. 6B). The red signal from the
UCNPs confirmed efficient cellular uptake and the preser-
vation of their upconversion luminescence. Notably, S-M30
exhibited clear colocalisation with Rab7-positive endosomes
after 4 h of incubation (Fig. 6A), indicating active endo-lysoso-
mal trafficking.

25126 | Nanoscale, 2025, 17, 25120-25135

These observations are consistent with previous studies
indicating that the internalization of core-shell NaYF,:Yb,
Er@NaYF, UCNPs, functionalized with various copolymers and
commercially available PAA and PEI polymers, occurs via cla-
thrin-mediated endocytosis in J774A.1 macrophage cells.” In
contrast, the uptake and toxicity of similar core UCNPs, such as
NaYF,:18%Yb,2%Er (33 + 2 nm) with silica coatings, have been
primarily assessed in RAW 264.7 macrophages.*® In the context
of active targeting of M2-type RAW 264.7 macrophages, mannose-
decorated, macrophage = membrane-coated, silica-layered
NaErF,@NaLuF, UCNPs, co-doped with perfluorocarbon (PFC)/
chlorin e6 (Ce6) and loaded with paclitaxel (PTX), were success-
fully developed as a macrophage reprogramming. Furthermore,
alternative polysaccharides, including guar gum, have been
explored for their effects on the colloidal stability of NaGdF:Er’",
Yb*"-based UCNPs, as well as their influence on cellular uptake
and cytotoxicity toward ]J774A.1 macrophages, demonstrating
good dispersibility in biologically relevant media, chemical and
optical stability, and high biocompatibility.*

To ensure that the observed red signal originated from
UCNP upconversion rather than fluorescence bleed-through or
cellular autofluorescence, lambda (1) scans were conducted.
The intracellular emission spectra (Fig. 6C), recorded in A-scan
mode upon 980 nm excitation, matched those obtained during

This journal is © The Royal Society of Chemistry 2025
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physicochemical characterization of the UCNPs,>**® displaying
characteristic emission peaks at ~550 nm and ~660 nm,
corresponding to green and red luminescence, respectively. To
assess the intracellular biodistribution of UCNPs in J774A.1
cells, supplementary confocal microscopy was performed
using Z-stack scanning followed by 3D reconstruction of the
imaged section (Fig. S8, SI).

We observed that the fluorescence from internalized UCNPs
is dominated by red emission at 655 nm (Fig. 6C), both in cells
incubated with mannan-coated UCNPs and in colloidal disper-
sions of uncoated UCNPs in cyclohexane (Fig. S4). In contrast,
UCNPs coated with mannan or inulin and dispersed in DMEM
exhibit predominantly green emission at 540 nm (Fig. 3A). One
possible explanation for the predominance of red emission
observed in Fig. 6C is the use of femtosecond pulsed exci-
tation, whereas the green-dominated spectra were obtained
under continuous-wave (CW) excitation in cell medium. These
different excitation regimes are known to affect the upconver-
sion emission profile. For NaYF,:Yb*",Er’* UCNPs, femtose-
cond pulsed excitation typically leads to a relative enhance-
ment of red emission (*Foj, — “I;5 transition at ~655 nm)
compared to green emission (*Hyy, and *S;, — “Iis, tran-
sitions at ~520 and ~540 nm, respectively), as previously
reported in the literature.’®>"

Moreover, from a biological standpoint, the observed shift
in dominant emission from green (~540 nm) in colloidal sus-

This journal is © The Royal Society of Chemistry 2025

pension (Fig. 3A) to red (~655 nm) after cellular internalization
(Fig. 6C) can be explained by changes in the local chemical
environment affecting how different Er’* excited states
respond to surface quenching. In protein-rich media such as
DMEM supplemented with 10% FBS, there is a protein corona
around the nanoparticles. This corona passivates surface
defects and limits the interaction of high-energy vibrational
groups (such as -OH, -NH,, and -COOH) with the lanthanide
ions. These groups are known to induce quenching of excited
lanthanide states via multiphonon relaxation processes.>” The
protective corona could reduce non-radiative relaxation path-
ways. It may particularly shield the green-emitting states
(*Hy/» and “Ss/,), which are more sensitive to surface quench-
ing than the red-emitting “Fs, level, thereby enhancing green
luminescence.” After internalization into cells, the nano-
particles encounter a more complex intracellular environment
characterized by lower pH, enzymatic activity, and potential
nanoparticle aggregation. These conditions facilitate the
return of surface quenching mechanisms—especially multi-
phonon relaxation and cross-relaxation—that more strongly
suppress green emission. Notably, although the red-emitting
level is more resistant to these non-radiative decay processes,
it is still significantly quenched, leading to the observed shift
toward red-dominant emission inside the cell. Consequently,
it can be inferred that both the adsorption of serum proteins
and the nature of the surface coating, especially the not fully
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recorded in A-scan mode. n = 3. Scale bar: 10 pm.

characterized protein corona, and the dispersion environment
significantly affect the relative intensities of the emission
luminescence peaks.

To further validate the specific effect and advantages of the
mannan coating on UCNPs uptake, we conducted an inhi-
bition assay to demonstrate MR-mediated internalization of
C-M30 and S-M30 (Fig. 7A). For MR inhibition, mannan (1 or
10 mg mL™") was used, following established protocols.>*™° A
significant decrease in mean fluorescence intensity (MFI) was
observed after 2 h, following a 30 min pre-treatment with
either 1 mg mL™" mannan for both C-M30 (p < 0.01) and
S-M30 (p < 0.0001), or with 10 mg mL™' mannan for C-M30
and S-M30 (both p < 0.0001) (Fig. 7B).

As an additional confirmation of the specific uptake of
mannan-coated UCNPs by phagocytic cells expressing the
MR, we tested the uptake of S-M30 in four non-phagocytic
cell lines without MR expression and compared it with
internalization in J774A.1 cells. Minimal internalization was
observed in all MR-negative cell lines compared to J774A.1
cells (Fig. 8).
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Materials and methods

Chemicals. The rare earth oxides Y,0O;, Yb,03;, and Er,O0g,
sodium trifluoroacetate (NaCF;COO), trifluoroacetic acid (TFA,
99%), oleic acid (OA, 65.0-88.0%), 1-octadecene (ODE, 90%),
and cyclohexane (99%) were purchased from Sigma-Aldrich
(Warsaw, Poland). Inulin from chicory, mannan from
Saccharomyces cerevisiae, sodium cyanoborohydride (95%), and
sodium azide (99.5%) were purchased from Merck (Prague,
Czech Republic); sodium periodate (99.0%) was purchased
from HiChem (Prague, Czech Republic); hydrogen peroxide
(30% not stabilized) was obtained from Lach-Ner (Neratovice,
Czech Republic); AF 488 amine was purchased from
Lumiprobe (Hanover, Germany). Sodium neridronate (Ner)
was synthesized as described elsewhere.*

Synthesis of lanthanide trifluoroacetate (Ln(TFA);) precur-
sors. Ln(TFA); (Ln =Y, Yb, or Er) precursors were synthesized
by dissolving 4 mmol of Y,0;, Yb,03, or Er,O; in a solution of
20 mL water and 20 mL trifluoroacetic acid. The mixture was

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 UCNPs internalization in MR-negative non-phagocytic cell lines. Confocal microscopy images of J774A.1 cells and various non-phagocytic
cell lines (HCT116, H520, A549, and U20S) lacking MR expression, following 24 h incubation with S-M30 (5 pg mL™). Green channel: AF 488 signal
of S-M30; blue channel: nuclei (Hoechst 33342). BF = Bright Field; n = 3. Scale bar: 100 um.

stirred at boiling temperature until a transparent solution
formed, then filtered to remove unreacted oxides. The filtrate was
heated to evaporate water, and the resulting precipitate was dried
at 120 °C in air for 12 h to obtain solid Ln(TFA); powder.
Synthesis of Core p-NaYF,:20%Yb>*,2%Er** and Core-Shell
NaYF,:20%Yb** 2%Er** @NaYF, UCNPs. p-NaYF,:20%Yb*",2%
Er** UCNPs were synthesized using a modified thermal
decomposition method under strictly anhydrous and anaero-
bic conditions. In a 50 mL three-necked flask, the following
precursors were mixed: Y(CF;COO); (0.78 mmol), Yb
(CF3C00); (0.20 mmol), Er(CF;COO); (0.02 mmol), and
NaCF;COO (2.5 mmol). Oleic acid (20 mmol) and 1-octadecene

This journal is © The Royal Society of Chemistry 2025

(20 mmol) were added to the mixture. The reaction mixture
was degassed with argon for 30 min, then heated to 120 °C for
60 min to remove water. The reaction mixture was then heated
to 330 °C for 30 min to synthesize the nanocrystals. After
cooling, the nanocrystals were precipitated by adding ethanol
and centrifuged at 6000 rpm for 10 min. The precipitate was
dissolved in cyclohexane by sonication, then reprecipitated
with excess ethanol, and this process was repeated 3-5 times.
The final UCNPs were centrifuged, suspended in 5 mL of cyclo-
hexane, and stored at room temperature. To obtain homo-
geneous and hexagonal core-shell nanoparticles, the same
procedure was repeated without doping ions to form the shell.

Nanoscale, 2025, 17, 25120-25135 | 25129
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Removal of oleic acid (OA). OA-coated core and OA-coated
core-shell UCNPs were precipitated from 0.5 mL of cyclo-
hexane with 1 mL of ethanol and centrifuged at 6000 rpm at
15 °C for 10 min. The UCNPs were then suspended in 0.1 M
hydrochloric acid and sonicated for 180 min, then centrifuged
at 16 500 rpm at 15 °C for 20 min and redispersed in ethanol-
hydrochloric acid solution (pH 4) with sonication for an
additional 180 min. This procedure was repeated five times
using 99.8% ethanol, followed by five repetitions with sterile
distilled water. Finally, the OA-free UCNPs were suspended in
1 mL of sterile distilled water.

Reductive amination for grafting of sodium neridronate
(Ner) onto polysaccharides. To 250 mg of inulin or mannan
(1.54 mmol of SMUs), dissolved in 20 mL of deionized water,
solid sodium periodate (33 mg, 0.154 mmol or 99 mg,
0.462 mmol) was added to achieve oxidation of 10% or 30% of
the SMUs, respectively. The solution was stirred in darkness at
ambient temperature for 12 h. Subsequently, sodium neridro-
nate (46 mg, 0.154 mmol or 138 mg, 0.462 mmol, respectively)
and sodium borohydride (9 mg, 0.154 mmol or 27 mg,
0.462 mmol, respectively) were added as solids. The pH of the
solution was adjusted to 6 using potassium hydroxide, and the
mixture was stirred for another 12 h. The entire reaction
mixture was freeze-dried, then dissolved in 3 mL of deionized
water, purified by SEC on a Sephadex G25 column, and freeze-
dried again. '"H NMR (400 MHz, D,0, §), inulin: 4.22 (t, 1H);
4.08 (t, 1H); 3.84-3.70 (m, 5H); 3.03 (t, 2H); 1.87-1.67 (m, 2H),
1.61-1.37 (m, 4H); 1.32-1.17 (m, 2H); mannan: 5.26 and 5.06
(s and m, respectively, 1H); 4.23 (s, 1H); 4.05-3.76 (m, 5H);
3.03 (t, 2H); 1.87-1.67 (m, 2H), 1.61-1.37 (m, 4H); 1.32-1.17
(m, 2H).

Labelling of mannan and inulin with AF 488 amine by
reductive amination. To a solution of inulin or mannan
(20 mg, 0.12 mmol of SMUs) in 0.5 mL of deionized water,
solid sodium periodate (2 mg, 9 pmol) was added to oxidize
8% of the saccharide monomer units. The reaction mixture
was stirred overnight in the dark. Subsequently, AF 488 amine
(0.2 mg, 0.3 pmol) and sodium cyanoborohydride (0.6 mg,
9 pmol), each dissolved in 40 pL of deionized water, were
added. After overnight stirring, the AF 488 dye bleached in the
presence of the reducing agent. To partially recover the fluo-
rescence, 10 pL of 30% hydrogen peroxide was added. The
polysaccharide was then purified by size-exclusion chromato-
graphy (SEC) on a Sephadex G-25 column and freeze-dried.
The AF 488 content was determined colorimetrically in a
0.5 mg mL™" solution of the polysaccharide in deionized water
(€405 = 71800 L mol™" em™).

Adsorption of inulin and mannan on UCNP-C and UCNP-S.
The aliquots from the dispersions of pristine nanoparticles in
deionized water were mixed with pure water to achieve a final
concentration of 1 mg mL™". To 200 L of the diluted nano-
particle dispersion, 1 mg of polysaccharide grafted with Ner,
or grafted with both Ner and AF 488, was added. The mixture
was stirred overnight and purified from non-adsorbed polysac-
charides using a centrifugal concentrator (MWCO 300 000,
Vivaspin 500, Sartorius) at 268g for 20 min. The initial volume
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was concentrated to 20 pL, after which 180 pL of a 0.02% (w/v)
aqueous solution of sodium azide was added. The nano-
particles were redispersed by repeated shaking. The centrifu-
gation process was repeated three times, and the samples were
stored as a dispersion in a 0.02% (w/v) sodium azide solution.
The concentration of nanoparticles after purification was
determined from the yttrium content in a weighed aliquot of
10 pL.

Characterization analyses

Scanning electron microscopy, transmission electron
microscopy, energy dispersive X-ray spectroscopy, and electron
diffraction. Scanning electron microscopy (SEM) studies were
conducted using a ThermoFisher Scientific Helios 5 UX dual-
beam scanning electron microscope. Transmission electron
microscopy (TEM) studies were performed using a JEOL
JEM-F200 microscope operated at 200 kV and equipped with a
dual SDD energy-dispersive X-ray spectroscopy (EDS) system.
Samples for TEM observations were prepared via drop-casting
a nanoparticle suspension onto Lacey carbon TEM grids.

Nuclear magnetic resonance spectroscopy (lH NMR). 'H
NMR spectra were acquired using a Bruker Avance NEO 400
spectrometer operating at 400.1 MHz. The width of the 'H
NMR 90° pulse was 16.5 ps, with a relaxation delay of 10 s, an
acquisition time of 3.28 s, and 64 scans. All samples were dis-
solved in deuterated water and recorded at 323 K, following a
15 min stabilization period after the temperature was reached.
The chemical shift was calibrated on the HDO signal accord-
ing to®” at 4.5 ppm.

Size exclusion chromatography (SEC) analysis. The SEC ana-
lyses were performed using a Deltachrom SDS 030 pump
(Watrex Ltd, Prague, Czech Republic) with a 0.5 mL min~" flow
rate and a PL aquagel column, 8 pum, OH-MIXED-H (Polymer
Laboratories, Shropshire, UK). A DAWN HELEOS II MALS
detector (Wyatt Technology Corp.) with the laser operating at a
wavelength 1 = 658 nm, and an Optilab T-rEX differential
refractometer (Wyatt Technology Corp.) were used in a series,
respectively. Water (prepared with the laboratory water purifi-
cation system Milli-Q® IQ 7000, Merck KGaA, Darmstadt,
Germany) with the addition of 0.1 M LiCl (95%, Lachema,
Czech Republic) was used as the mobile phase at ambient
temperature. Manual injection was used and data were col-
lected into Astra software (Wyatt Technology Corp.). B, M,,
and M, were determined. The values of dn/dc used were set
according to the literature 0.14 for inulin®® and 0.145 for
mannan.”®

UV-Vis spectroscopy. UV-Vis spectra of polysaccharides with
grafted AF 488 were recorded in 0.5 mg mL ™" solutions in de-
ionized water wusing an Evolution 220 UV-Visible
Spectrophotometer (Thermo Scientific, USA) in a glass cuvette.

Spectroscopic characterization of AF 488 and UCNPs. The
emission spectra of AF 488 label and UCNPs were recorded
using a FluoTime 300 fluorescence steady-state and lifetime
spectrofluorometer equipped with a PDL 820 computer-con-
trolled driver (PicoQuant GmbH, Berlin, Germany). The AF 488
label was excited with a SOLEA supercontinuum tunable laser

This journal is © The Royal Society of Chemistry 2025
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at 488 nm, while the UCNPs were excited with a LDH-D-C-980
diode laser head at 980 nm. Emission spectra were acquired
using a PMA hybrid photon detector and high-resolution exci-
tation and emission double monochromators. The measure-
ment setup was automatically optimized and maintained
across all series. Data were analysed with EasyTau software
(version 2.2.3293, PicoQuant GmbH, Berlin, Germany). All
measurements were performed at ambient temperature.
Photoluminescence measurements of bare core-shell UCNPs
(without mannan or inulin coating) dispersed in cyclohexane
were performed using a spectral system with a continuous-
wave (CW) 980 nm laser (Lumics LU0980D300-DNA014) as the
excitation source and a spectrophotometer (Horiba Jobin Yvon
Fluorolog3) as the detector.

X-ray photoelectron spectroscopy (XPS). XPS measurements
were carried out with a K-Alpha" spectrometer (ThermoFisher
Scientific, East Grinstead, UK). Neat UNCPs and their modified
counterparts bearing inulin and mannan with grafted Ner
have been spread on silicon wafers. The resulting films were
analysed using a micro-focused (spot radius of 400 pm), mono-
chromated Al Ka X-ray source at an angle of incidence of 30°
(measured from the surface) and an emission angle normal to
the surface. The kinetic energy of the electrons was measured
using a 180° hemispherical energy analyser operated in the
constant analyser energy mode (CAE) at 200 eV and 50 eV pass
energy for the survey and high-resolution spectra respectively.
Survey and high-resolution spectra were measured. The high-
resolution spectra were measured in the region of 180-120 eV
(covering the Y 3d, Si 2s and P 2p regions), C 1s, N 1s, O 1s, F
1s and Na 1s and survey spectra were measured. Spectral resol-
utions of 0.1 and 1.0 eV were used for the high-resolution and
survey spectra, respectively. All reported XPS spectra are
averages of the 10 individual measurements referenced to the
C 1s peak of hydrocarbons at 285.0 eV. Data acquisition and
processing were performed using Thermo Advantage software.
The XPS spectra were fitted with Voigt profiles obtained by
convolving Lorentzian and Gaussian functions. The analyser
transmission function, Scofield sensitivity factors, and
effective attenuation lengths (EALs) for photoelectrons were
applied for quantification. EALs were calculated using the
standard TPP-2M formalism. The BE scale was controlled by
the well-known position of the photoelectron C-C and C-H, C-
O and C(=O0)-O C 1s peaks of polyethylene terephthalate and
Cu 2p, Ag 3d, and Au 4f peaks of metallic Cu, Ag and Au,
respectively. The BE uncertainty of the reported measurements
and analysis is in the range of +0.1 eV. The quantitative ana-
lysis and reported values are averages of 5 measurements on
independently prepared samples.

Fluorescence correlation spectroscopy (FCS) analysis.
Measurements of UCNP-C and UCNP-S, coated with I-10,
M-10, and M-30, and carrying the AF 488 label, were performed
using an Olympus IX83 confocal laser scanning microscope
controlled by FluoView 1200 software (Olympus Corporation,
Japan). This system was extended with a FLIM/FCS upgrade
kit, operated using SymphoTime64 software (PicoQuant
GmbH, Germany). The labelled UCNPs were excited by an
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LDH-D-C-485 laser diode emitting 488 nm light, driven by a
PDL 828 Sepia II driver in picosecond pulsed mode at a
40 MHz repetition rate (both devices PicoQuant GmbH)
through the 488 nm dichroic mirror built into the IX83 scan
head. An Olympus UPlanSApo water immersion objective (60x,
1.2 NA) delivered the excitation light into a diffraction-limited
spot and collected the emitted fluorescence. The laser inten-
sity was maintained at approximately 2 pW average power at
the objective entrance pupil to avoid photobleaching and/or
saturation. The collected fluorescence passed through a
Semrock 520 nm BrightLine emission filter and was detected
by a hybrid photomultiplier (PMA Hybride-40 from PicoQuant
GmbH) operated in photon counting mode. Photon counts
were recorded using a PicoHarp300 TCSPC module in a T3
time tagging mode. The SymPhoTime64, ver. 2.1 software from
PicoQuant was used for data acquisition and FCS data ana-
lysis. Each acquisition took 1-2 min in average, and the
measurements were performed at 23 + 1 °C. From the collected
data, the number-weighted diffusion coefficient of AF 488 was
calculated and then converted into the apparent hydrodynamic
radius using the Einstein-Stokes equation.

Elemental analysis. Quantitative determination of yttrium
(Y) in the samples was performed using an ICP-MS instrument
(NexION 2000 B, PerkinElmer, USA). A standard solution of Y
(c = 100 mg L™, 5% HNOj;; ANALYTIKA® spol. s r.o., Czech
Republic) was used for calibration. Samples and standards
were diluted to appropriate concentrations for ICP-MS analysis
using Milli-Q grade water containing 2.5% nitric acid (65-69%,
Analpure Ultra; ANALYTIKA® spol. s r.0.). The calibration
curve for Y was established in standard mode over a concen-
tration range of 0.04-0.97 pg L™". The phosphorus content was
measured colorimetrically at 690 nm by molybdenum blue
method on Biochrom Libra S22 UV-VIS spectrometer
(Biochrom Ltd UK). The sample was dissolved in 1 mL HCIO,
and 0.3 mL HNO; in Biotage Initiator microwave reactor
(Biotage AB, Sweden), then the aliquot of the solution was
diluted with Milli-Q water. A reagent mixture containing
H,S0,, ammonium molybdate, ascorbic acid, and antimony
potassium tartrate was added, and absorbance was measured
at 690 nm. Calibration was carried out using a certified phos-
phorus reference material (Astasol).

Dynamic light scattering (DLS). The hydrodynamic dia-
meters of UCNP-C and UCNP-S, dispersed in DMEM cell
culture medium (Carpicorn Scientific, Germany) at a concen-
tration of 50 g mL™", were measured at 37 °C using the Nano-
ZS Zetasizer ZEN3600 Model (Malvern Instruments, UK).

In vitro experiments

Cell culture. J774A.1 cells (TIB-67™), U-2 OS (HTB-96™),
HCT116 (CCL-247™), H520 (HTB-182™) and A549
(CCL-185™) were purchased from the American Type Culture
Collection (ATCC). Cells were cultured in the appropriate
ATCC-recommended medium supplemented with 10% foetal
bovine serum (FBS) and 100 U mL ™" penicillin-streptomycin
(Gibco™), and maintained at 37 °C in a humidified atmo-
sphere containing 5% CO,.
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Cell viability assay. To evaluate cytotoxicity of the tested
UCNPs a CellTiter 96 AQueous One Solution Cell Proliferation
Assay (Promega G3580) was performed according to the manu-
facturer’s protocol. The J774A.1 cells were seeded in clear
96-well plates (TPP) at 1 x 10* cells per well and incubated 24 h
at 37 °C, 5% CO,. Four different concentrations of UCNPs were
tested: 0.5; 1; 5 and 10 pg mL™*. All treatments were carried
out in biological triplicate, each comprised of a technical
triplicate. Cell viability was assessed 24 and 48 h post-treat-
ment. Untreated cells were utilized as negative control (NC),
while the positive controls were represented by cells treated
with 10 pM Actinomycin D and 10 pM Mitomycin C. The
absorbance from the corresponding cell-free conditions was
used as background. The relative cell viability (%) was calcu-
lated using the formula: [(ABSsampie — ABSpackground)/(ABSnc —
ABSpaciground)] X 100%.

Oxidative stress. To assess UCNP-induced oxidative stress in
J774A.1 cells, two luminescence-based assays—ROS-Glo™
H,0, Assay (Promega, G8820) and GSH-Glo™ Glutathione
Assay (Promega, V6911) were performed according to the man-
ufacturer’s protocol. J774A.1 cells were seeded in white opaque
384-well plates (Revvity) at a density of 2.5 x 10> cells per well
and incubated for 24 h at 37 °C with 5% CO,.

The tested concentrations of UCNPs and the number of bio-
logical and technical replicates were identical to those
described in the "Cell viability assay" section. Cellular levels of
ROS and GSH were quantified 24 h post-treatment. For positive
controls ie., increased H,0, levels and decreased levels of
GSH, cells were treated with 6.25, 12.5, or 25 pM menadione
6 h prior to the ROS-Glo™ H,0, Assay and GSH-Glo™
Glutathione Assay readouts. Untreated cells were used as the
negative control (NC). Luminescence from corresponding cell-
free conditions was used as the background. Fold changes in
H,0, and GSH levels were calculated using the formula:
(LUMsample - LUMbackground)/(LUMNC - LUMbackground]'

Imaging of UCNPs internalization. For live-cell imaging of
UCNPs internalization, 1 x 10* J774A.1 cells per well were
seeded in a PhenoPlate-96 (Revvity) and cultured for 24 h at
37 °C under 5% CO,. The medium was completely replaced
with fresh medium with or without UCNPs (1, 5, or 10 ug
mL ") before confocal microscopy imaging. Live-cell imaging
was performed using a Cell Voyager CV8000 high-throughput
cellular imaging and discovery system (Yokogawa) at 37 °C in
5% CO, for 24 h. Time-lapse live imaging of UCNPs internaliz-
ation was performed by acquiring images every 2 h. Bright-
field and Alexa Fluor 488 (green channel: ex 488 nm; em 525/
50 nm) images were acquired using a 20x or 40x water immer-
sion objective. After live-cell imaging, cells were washed three
times with ice-cold PBS followed by 15 min fixation with 4%
paraformaldehyde at room temperature. Subsequently, one
wash with PBS was performed. Finally, Hoechst 33342 in PBS
(10 pM) was added for 15 min to the cells prior to imaging.
Images of cells, following washing and fixation to remove non-
internalized UCNPs, were acquired using a Cell Voyager
CVv8000 high-throughput cellular imaging and discovery
system (Yokogawa) in the same setup as mentioned above with
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an additional channel added for Hoechst 33342 (ex 405 nm;
em 445/45 nm). Image quantification for UCNPs internaliz-
ation in live/fixed cells was calculated as the mean gray value
per field (3 representative images) in the green channel. All
images were post-processed and analysed using Signals Image
Artist software (v1.3, Revvity) or Image]. Maximum intensity
3D projections of z-stack images are presented.

Optical and immunocytochemical analysis using confocal
microscopy. Cells were seeded onto chamber slides (Thermo
Scientific) at 4 x 10" cells per well and incubated for 24 h at
37 °C in a humidified atmosphere with 5% CO,. The medium
was then completely replaced with fresh medium containing
UCNP-C-M30 or UCNP-S-M30 (5 pg mL™"), or without nano-
particles (control).

After 4 h of incubation, cells were washed three times with
PBS and fixed for 15 min at room temperature using 4% paraf-
ormaldehyde. Permeabilization was carried out with 0.25%
Triton X-100 in PBS for 15 min, followed by a single PBS wash.
Cells were then blocked for 90 min with 1% BSA in PBS, which
was also used for dilution of both primary and secondary anti-
bodies. After blocking, primary anti-human Rab7 monoclonal
antibody D95F2 (1:200, Cell Signaling) was added, and cells
were incubated overnight at 4 °C.

The following day, all wells were washed three times with
PBS and incubated with goat anti-rabbit IgG (H + L) Cross-
Adsorbed Secondary Antibody, Alexa Fluor 647 (1:1000,
Invitrogen) for 60 min at room temperature, followed by three
additional washes. Finally, Hoechst 33342 in PBS (10 uM) was
added for 15 min to stain the nuclei.

The intracellular presence, subcellular colocalization, and
luminescence properties of UCNPs were assessed using an
LSM 710 NLO microscope (Carl Zeiss), equipped with an infra-
red femtosecond laser (Chameleon, Coherent). UCNPs were
excited with a femtosecond laser at a wavelength of 980 nm
(red channel; em 500-700 nm), or with an argon laser at a
wavelength of 488 nm for AF 488 signal (green channel; em
494-572 nm), Hoechst 33342 (cell nuclei) were excited with a
femtosecond laser at a wavelength of 705 nm (blue channel;
em 425-475 nm), and Rab7 (late endosomes) were excited with
an argon laser at a wavelength of 633 nm (red channel; em
644-722 nm).

Inhibition of MR-mediated UCNPs internalization. To
inhibit MR-mediated internalization of UCNPs, cells were pre-
incubated with mannan (Sigma-Aldrich). Cells were seeded as
described above in the section “Imaging of UCNPs
Internalization”. At 24 h post-seeding, the culture medium was
replaced with fresh medium containing 1 mg mL™" or 10 mg
mL™" of mannan, or without mannan (control), and incubated
for 30 min. Subsequently, UCNP-C-M30 or UCNP-S-M30 (both
at 5 ug mL™") in complete medium was added. Live-cell
imaging was performed using a Cell Voyager CV8000 high-
throughput cellular imaging and discovery system (Yokogawa)
after 2 h of incubation at 37 °C in 5% CO,. Bright-field and
green channel images (ex 488 nm; em 525/50 nm) were cap-
tured by a 20x water immersion objective. The inhibition of
UCNP internalization was quantified by measuring the mean

This journal is © The Royal Society of Chemistry 2025
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gray value per field in the green channel, using ImageJ soft-
ware. All images were post-processed and analysed using
Signals Image Artist software (version 1.3, Revvity) and Image].
Maximum 3D projections of z-stacks are presented.

UCNPs uptake in non-phagocytic cells lacking MR
expression. Various cell lines, including J774A.1, U-2 OS,
HCT116, H520, and A549, were seeded as described in the
“Imaging of UCNPs Internalization” section. The culture
medium was replaced with fresh medium, with or without
UCNP-C-M30 or UCNP-S-M30 (5 ug mL™"). After 24 h of incu-
bation, the cells were washed three times with PBS and fixed
for 15 min at room temperature using 4% paraformaldehyde.
Following fixation, the cells were washed once with PBS.
Hoechst 33342 (10 pM) in PBS was then added for 15 min to
stain the nuclei before imaging. Images of fixed cells were
acquired using a Cell Voyager CV8000 high-throughput cellular
imaging and discovery system (Yokogawa) in the same setup as
mentioned above.

Statistical analysis

In vitro imaging quantification data of UCNP internalization
and inhibition calculations are presented as mean + standard
deviation (n = 3). Data acquired from maximum 3D projections
of z-stacks are presented. All experiments were done in at least
three biological replicates. The results were analysed using
one-way ANOVA followed by Dunnett’s post hoc test or two-way
ANOVA followed by Tukey’s post hoc test, using GraphPad
Prism 8.0 software. For all analyses, a p-value < 0.05 was con-
sidered statistically significant.

Conclusions

In this work, we developed colloidally stable and biologically
functional UCNPs by coating them with hydroxybisphospho-
nate-modified  polysaccharides—specifically, inulin and
mannan. This surface engineering strategy provided both
strong anchoring to the UCNPs and enhanced steric and
electrostatic stabilization in biologically relevant media, effec-
tively preventing aggregation and preserving upconversion
luminescence.

Mannan-functionalized UCNPs showed significantly
enhanced uptake in MR-expressing macrophage-like J774A.1
cells compared to inulin-coated analogues. Confocal
microscopy, receptor inhibition assays, and Rab7 colocalisa-
tion studies confirmed that the uptake occurs via mannose
receptor-mediated endocytosis and subsequent endo-lysoso-
mal trafficking. Importantly, the particles retained their photo-
physical properties following surface modification, and cyto-
toxicity assays demonstrated good biocompatibility across a
range of concentrations (with no significant cytotoxic
effects observed in J774A.1 cells, even at higher concentrations
10 pg mL™Y).

These findings establish hydroxybisphosphonate-functiona-
lized mannan as a promising coating for the targeted delivery
of UCNPs to MR-expressing immune cells, such as macro-
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phages. The combination of optical stability, minimal cyto-
toxicity, and receptor-specific cellular uptake supports their
further development for in vivo biomedical imaging and tar-
geted therapeutic applications.
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