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Nanomaterials represents a class of multifunctional materials that can play a key role in multiple
applications of biomedicine. In case of severe bone defects due to trauma, cancer or aging, a

huge demand for more effective treatments is one of the important challenges in clinical practice.
Biomaterials for bone tissue engineering (BTE) is one of the appealing approach to enhance
regenerative capability by combining several biocomponents like biomimetic materials and
nanomaterials, cells, growth factors. Hydroxyapatite (HA) represents the most used based biomaterial
for bone regeneration. However, there is still a crucial demand for new HA-based biomaterials
satisfying clinical needs in terms of improved osteointegration and osteoregeneration. Here we show
the synergic application of two nanomaterials, i.e., a fluorogenic hyaluronan nanogel (hyaluronic
acid with Rhodamine B, HyRB) and a class of theranostic core-shell silica nanoparticles (PluSNPs)
integrated into MgHA-type | collagen-based scaffolds. This novel biomaterial (HyRB/PIuSNPs

doped MgHA) showed improved performance in osteoregeneration, both for osteoconductivity

and osteoinductivity; furthermore, the HyRB/PluSNPs nanomaterials can act as contrast agent for
fluorescence imaging and have a potential for targeted drug delivery and for phototherapy. Results
pave the way for the development of new multifunctional biomaterials combining the advantages

of improved osteoconductivity/osteoinductivity of HyRB/PIuSNPs with their potential drug delivery
functionality and phototherapeutic properties.

Bone-related diseases like trauma, bone tumors, osteomyelitis and other bone disorders cause significant
mortality and morbidity"2. The treatments of these diseases include several approaches to repair the damage
and improve the capability of the new bone tissue growth and formation. The use of implantable bio-materials is
required in case of large bone defects due to the limited self-repair capability of the bone tissue'. In this context,
biomaterials combining several biocomponents like biomimetic materials and nanomaterials, cells, growth
factors to promote regenerative capability represent an appealing approach for bone tissue engineering (BTE).
The distinctive ability of BTE is the use of three-dimension scaffolds able to mimic the native tissue for the cells
attachment, growth and differentiation®°. Biomaterials for BTE must feature specific multiple functionalities
for an efficacious tissue integration including biocompatibility, biodegradability, proper surface properties and
porosity to induce cellular proliferation and differentiation through the ability to recruit osteoprogenitors,
providing a precise release of differentiation signals”*®.

Among biomaterials, hydroxyapatite (HA) represents one of the most effective bone regenerative materials
due to both its osteoconductive and osteoinductive properties’. Composites including hydroxyapatite and
collagen (HA/Col) are widely used biomaterials in BTE since their structural and compositional features mimic
the natural bone. HA is the main mineral phase providing the bone rigidity '®!, while the collagen protein
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constitutes its organic phase reinforcing HA and increasing the tensile strength. Based on that, a plethora of
HA/Col composite materials have been developed exhibiting several requirements typical of BTE scaffolds,
such as biocompatibility, poor inflammatory activity and good biodegradability'2. However, although HA/
Col composite materials show these interesting properties, in the last years it has been demonstrated that their
applicability in bone graft is limited due to their poor osteoinductivity and its structural fragility'®. Therefore,
further improvements are necessary to obtain HA/Col based materials able to mainly improve osteo-conductive/
inductive properties maintaining their biocompatibility and an adequate bioresorbability.

To address these needs, nanotechnologies can play a crucial role, offering both the opportunity to produce
supports with similar structure and size than the native bone and also the possibility to improve scaffold properties
by surface functionalization with specific nanoparticles'*!°. To date, nanomaterials have acquired a great interest
in a wide range of biomedical applications, including antibacterial, anticancer drug/gene delivery, cell imaging
and biosensing due to their nanoscale size and prominent biological and physicochemical features!®7.

Here we show the synergic application of two nanomaterials, i.e., a fluorogenic hyaluronan nanogel (hyaluronic
acid with Rhodamine B, HyRB) and a class of core-shell silica nanoparticles (NPs) integrated into MgHA-type
I collagen-based scaffolds to generate a novel biomaterial with improved performance in osteoregeneration and
imaging. The two nanomaterials (HyRB and NPs) have been demonstrated to intimately interact, with a synergic
role for bioavailability and cell internalization' and to be valuable and versatile platforms for drug delivery'
and actively targeted theranostics?®?!. The advantages in using these nanomaterials for bone regeneration are
multiple. It has been proved that HyRB are biocompatible and biodegradable since HA is a natural extracellular
matrix component in bone and supports adhesion, proliferation, and osteogenic differentiation??. Furthermore,
HA-based nanogels enhance mineralization and improve bone density, especially when used as delivery vehicles
for osteogenic growth factors?’. Additionally, silica nanoparticles have been found to promote osteogenic
differentiation trough the release of bioactive ions. In fact the dissolution of silica NPs in physiological
environments releases orthosilicic acid (Si(OH),), a bioavailable form of silicon. This chemical species plays
a direct role in stimulating osteoblast proliferation, Type I collagen production, Alkaline phosphatase (ALP)
activity, Calcium deposition and mineralization?®. Moreover, functionalized silica—-PEG nanoparticles have
optimal size (~25 nm) to enable efficient interaction with bone cells and good penetration into porous bone
structures®> and they show enhanced blood vessel formation and integration in bone defects?®. Finally, The
fluorescence properties of HyRB and NPs allow for the real-time monitoring of their distribution at the
microscale revealing an easy, stable and effective scaffold coating. The prepared bioscaffolds were characterised
by SEM (Scanning Electron Microscopy), confocal fluorescence microscopy and fluorescence lifetime imaging
microscopy (FLIM) and tested in terms of both osteoconductivity and osteoinductivity by in vitro studies using
hADSC (human Adipose Derived Mesenchymal Stem) cells.

Results

The samples based on hyaluronic acid nanogels coupled with rhodamine-B (HyRB) and those decorated with
silica nanoparticles (HyRB/PluSNPs) in PBS suspensions were characterized by High Resolution Transmission
Electron Microscopy (HR-TEM), Energy Dispersive X-ray (EDX), Photoluminescence (PL), and Raman
spectroscopy. We have chosen to use PBS-based suspensions in order to characterize the samples in the same
media used for the biological analysis. In Fig. 1A the HR-TEM image of the HyRB sample is showed. Here, it
is possible to note the presence of filamentous structures probably ascribed to the hyaluronic acid polymers
immersed in the PBS matrix. Figure 1B, C and D shows the HR-TEM images of the HyRB/PluSNPs sample
acquired at different magnifications. In all images it is possible to clearly observe the presence of small
nanoparticles decorating the whole surface of the polymer. The histogram of particles size as measured by TEM
image analysis (Fig. 1E) shows an average diameter of ~ 6 nm.

To demonstrate the presence of silica nanoparticles, EDX spectra of both samples were recorded. Figure 1f
shows the EDX spectra normalized to their baseline. As expected, the EDX analysis performed on the HyRB
sample (green graph) shows a typical profile of a carbohydrate material in PBS-based saline solution. The Cu
peak is due to the X-rays photoemission coming from the copper-based sample holder grid. The EDX spectrum
of the HyRB/PIuSNPs sample in Fig. 1F (black line) shows, in addition to the same signals seen in the HyRB
sample, the peak of Si (K ; and K,) at 1.76 keV. This signal is not present in the HyRB sample as showed in
the inset of the same Figure. Table 1 shows the assignment of the EDX signals for both samples performed by
Digital Micrograph (DM). The results extracted from the HR-TEM and EDX analysis allowed us to confirm the
presence of PluS nanoparticles decorating the entire surface of the polymer structures.

The three sample types were also characterized by optical spectroscopy. In Fig. 2 photoluminescence (Fig. 2a)
and Raman (Fig. 2b) spectra are shown. The emission spectra of Rhodamine B, obtained by exciting with laser
radiation at 473 nm, are centered at approximately 590 nm, as typical of highly concentrated RB derivatives?’~%.
In particular, we note that the intensities of the PL spectra of PluSNPs (red line) and HyRB/PluSNPs (green line)
samples are much more intense than that one of HyRB (black line, magnified 10-times in Fig. 2a). Furthermore,
the tail of the intense photoluminescence, which extends even below 520 nm, prevents the detection of the
Raman signal in the silica NPs samples, which is instead clearly visible in the nanogel spectrum. This occurrence
is highlighted in Fig. 2b where the Raman spectra in the range between 250 cm™' and 2000 cm™! are plotted
(here, the HyRB spectrum, black line, is magnified 2-times). In the inset we show the Raman spectrum of HyRB
after subtracting the PL background, where we clearly recognize all the typical vibrational peaks of the RB dye
(deformation, bending and stretching modes), as assigned in Table 2.

MgHA scaffolds were treated with HyRB and core-shell silica NPs nanomaterials (see Material and Methods
section) to obtain four new bioscaffolds consisting of (a) PluSNPs_MgHA, (b), Hy_MgHA (c) HyRB_MgHA and
(d) HyRB/PluSNPs_MgHA (Fig. 3, Panel A). Bioscaffolds were characterized by means of fluorescence-based
techniques to assess the efficacy of the surface coating procedure. The tested nanomaterials, i.e., HyRB, PluSNPs
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Fig. 1. HR-TEM of HyRB (A) and HyRB/PluSNPs (B-D) samples. (C-D) are the magnification of the yellow
panels shown in (B). (E) Histogram of diameter of silica nanoparticles as obtained by images B-D on the
HyRB/PluSNPs sample. EDX spectra of HA-RB (green spectrum) and PluS -HyRB (black spectrum); in the
insert the magnification of the Si peak region is reported.

EDX peaks assignment by DM

Energy (keV) | Element | Transition assignment
0.29 C KK,

0.53 ¢) K. K,

0.95 Cu Lyp Loy Ly,

1.04 Na K. Ky,

1.76 Si K. K,

2.02 P K, K,

2.62 al K. K,

3.32 K K, K,

Table 1. Detailed identification of each EDX signals in HyRB and HyRB/PluSNPs samples.

and the adduct of these two materials HyRB/PluSNPs, gave a significant pink coloration to the scaffolds, which
was clearly visible by naked eye (Fig. 3, panel A). A similar coloration could be seen under UV lamp, and we
proceeded with investigating the in-depth penetration of the coating materials by confocal microscopy. Z-stacks
of the scaffolds treated with HyRB, PluSNPs and HyRB/PluSNPs revealed that fluorescence can be found not
only at the most superficial layer of the scaffold, but even at several microns of depth (Fig. 3 panel B, Figures
$1-S3). Below 15 microns in depth direct fluorescence imaging was not possible due to scattering from the
intermediate layers.

The fluorescence lifetime of the rhodamine-based nanomaterials in aqueous solution and after their
integration onto the MgHA scaffolds was evaluated (Fig. 4). The FLIM images show that the lifetime is quite
homogenous throughout the scaffold, without “islands” with markedly different lifetime throughout the
scaffold (Fig. 4a). Rhodamine NPs, as expected, did not show significant variations of the emission decay
upon adsorption onto the scaffolds (PluSNPs_MgHA), owing to the fact that the rhodamine dyes are buried
inside the silica nanoparticle and their photophysical properties — and, specifically, their lifetime—are thus not
affected by the environment surrounding the PluSNPs. The measured lifetime for PluSNPsR is 2.72 ns in PBS
solution and 2.91 ns when PluSNPs are adsorbed on the MgHA scaffold (intensity averaged mean lifetime).
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Fig. 2. Photoluminescent (A) and Raman (B) spectra of HyRB (black line), PluSNPs (red line) and HyRB/
PluSNPs (green line) samples.

Raman frequency shift (cm™!) | Mode assignment?*

Rhodamine B Raman peaks

622 xanthene ring puckering

1200 ring deformation, C-H bending, N-H bending
1280 C-H bending

1356 aromatic C-C bending

1507 C-H and NH bending, C-N stretching

1525 C-H bending

1645 aromatic C=C stretching

Table 2. Detailed identification of Raman modes of rhodamine B.

HyRB

HyRB/PIuSNPs

Fig. 3. (A) Representative images of MgHA scaffolds functionalised by immersion in solutions of (from left
to right): PBS (control), PluSNPs, Hy (second control), HyRB and HyRB/PluSNPs. (B) confocal z-stacks of
MgHA scaffolds functionalized with HyRB/PluSNPs. Scalebar 5 um.
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Fig. 4. (A) FLIM image of PluSNPs_MgHA, HyRB_MgHA and HyRB/PluSNPs_MgHA (B) Overall decays
of FLIM images of MgHA scaffolds coated with HyRB and with HyRB/PluSNPs (red and green lines,
respectively), and of HyRB in water solution (black line).

Toint/ 1S Nanomaterial into scaffolds | Nanomaterial in solution
HyRB 2.93 1.38
PluSNPs 291 2.72
HyRB/PluSNPs | 1.35 1.63

Table 3. Intensity averaged mean lifetime of HyRB/NPs doped bioscaffolds and solution.

On the contrary, HyRB (whose rhodamine B moieties are heavily quenched in solution) is very sensitive to the
environment, and indeed it shows a very relevant enhancement of fluorescence lifetime from 1.38 to 2.93 ns
upon adsorption on the MgHA scaffolds (HyRB_MgHA), which can be explained by the conformational change
of the HyRB polymer chains, as previously observed for similar surface adsorption processes'®3°. Indeed, owing
to the favourable interaction with the MgHA scaffolds, rhodamine dyes are free to disentangle, releasing the m-n
stacking interactions responsible for their self-quenching. This switch-on mechanism is well supported by the
observed lifetime enhancement, resulting in the strong fluorescence intensity observed when coating the MgHA
scaffolds to form HyRB_MgHA (Fig. 4b, Table 3). Interestingly, the adduct of these two materials (PluSNPs and
HyRB) adsorbed onto the scaffold (HyRB/PluSNPs_MgHA) presents a shorter average lifetime (from 1.63 ns
in PBS to 1.35 ns upon adsorption onto the scaffold), indicating that HyRB is more massively packed onto the
scaffold in presence of NPs. This can be explained with the onset of multiple layers of HyRB/PIuSNPs into the
scaffold which pack HyRB close together favouring the self-quenching of RB dyes. (Fig. 4b, Table 3). The higher
concentration of the rhodamine dye, on the other hand, counterbalance the observed quenching, so that the
intensity observed onto the confocal stacks is equal or even larger compared with the intensity recorded in
confocal images of MgHA scaffolds with HyRB alone, despite the shorter lifetime.

The analysis of FLIM images shows therefore that NPs have a relevant role in organizing the HyRB polymer
chains onto the MgHA scaffolds, improving their packing and enhancing their local density.

In order to assess the biocompatibility and the osteo-conductivity/inductivity of the HyRB/PluSNPs doped
MgHA bioscaffolds, hADSCs were cultured on scaffold surfaces and their viability at several timepoints (1, 7, 14,
and 24 days) were analysed by MTS assay. Results are reported in Fig. 5 panel A showing that the cell number
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Fig. 5. Cell viability, adhesion and proliferation of hADSCs on HyRB/PluSNPs doped MgHA bioscaffolds after
24 days of osteogenic differentiation. (A) Cell viability assay from 1 to 24 days of osteogenic differentiation

on MgHA functionalised scaffolds. ANOVA test p values is reported and (**p <0.01) indicates significant
differences between scaffolds as reported by the Bonferroni post-hoc test. (B) Representative images of

H&E staining on MgHA functionalised scaffolds at D1 and D24 of osteogenic differentiation: MgHA

(control), PluSNPs_MgHA, Hy_MgHA, HyRB_MgHA, HyRB/PluSNPs_MgHA scaffolds. (C) Cell adhesion
quantification performed on 5 H&E stained sections from 1 to 24 days of osteogenic differentiation, on MgHA
functionalised scaffolds. ANOVA test p values is reported and (**p <0.01) indicates significant differences
between scaffolds as reported by the Bonferroni post-hoc test. Scale bars: 100 pm. *p <0.05; **p<0.01; ns, not
significant.
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increases in all new bioscaffolds compared to the control over time from D1 to D14, while at D24 the cell
proliferation decreases comparable to the control due to the increasing of the cell differentiation. More in details,
MTS values at D14 (maximum peak of proliferation) were 32.5% higher for PluSNPs_MgHA, 25.3% higher
for Hy_MgHA respect to the control. An even higher enhancement, compared to the control, were found for
both HyRB_MgHA and PluSNPs@HyRB corresponding to 48.4% and 44.8%, respectively. These results suggest
that all HyRB/PluSNPs doped MgHA bioscaffolds are biocompatible and able to enhance hADSCs proliferation
in statistically significant manner compared to the control; notably, both HyRB_MgHA and HyRB/PluSNPs_
MgHA increase cell viability more than scaffolds coated with only NPs or native Hy, highlighting their relevant
osteoconductive properties, while there is no appreciable difference between MgHA scaffolds coated with HyRB
respect to HyRB/PluSNPs.

To further evaluate the biocompatibility and ability of seeded cells to adhere, penetrate and propagate into
scaffolds, we performed H&E staining at several time points of osteogenic differentiation. Results reported in
Fig. 5 panel B and C, after 24 days, showed a very low presence of cells in the MgHA scaffolds (control), whereas in
all the MgHA functionalized scaffolds, and particularly in HyRB_MgHA and HyRB/PluSNPs_MgHA, hADSCs
display very high ability to penetrate, invade the whole scaffold and proliferate. Data collected by both MTS
and H&E analyses suggest that both HyRB and NPs@HyRB functionalizations of MgHA scaffolds significantly
increase the osteoconductive ability, in terms of cell adhesion and proliferation, compared with the control.

In addition to the biocompatibility and osteconductivity, we also evaluated the new biomaterial ability to
induce osteogenic differentiation. The extracellular matrix mineralization is a main feature of the osteogenic
differentiation process and the formation of calcium deposits can be evaluated by AR S staining. To this aim,
we performed AR S staining after 1, 7, 14 and 24 days of osteogenic induction. Compared to the control MgHA
scaffold at day 1 (D1) only HyRB/PluSNPs_MgHA scaffolds show a significant increase of mineralization,
whereas from D7 to D24 also Hy_MgHA and HyRB_MgHA significantly increased calcium deposit formation.
On the contrary, PluSNPs_MgHA scaffold displays the same levels of calcium deposit than the control MgHA
scaffold (Fig. 6 panel A-C), therefore proving—in agreement with osteoconductive assays—that NPs alone do
not feature remarkable osteoregeneration properties. The synergy between NPs and HyRB appears evident in
these osteoinductivity studies: while HyRB displayed its efficient osteoinductive properties with or without the
contribution of NPs, here we observe that the osteoinductivity of HyRB/PluSNPs_MgHA—already evident
compared to the blanks—is enormously improved by the synergistic role of NPs, that are able to increase the
local density and packing of HyRB polymer chains.

More in detail, after 1 days (D1) of hADSCs osteogenic differentiation on scaffolds the AR S values increase
of about 0% for PluSNPs_MgHA, 6.8% for Hy_MgHA, 7.4% for HyRB_MgHA and 19.5% for HyRB/PluSNPs_
MgHA respect to the MgHA control; at day 7 (D7) these values correspond to about 0% for PluSNPs_MgHA,
9.7% for Hy_MgHA, 11.2% for HyRB_MgHA and 22.4% for HyRB/PluSNPs_MgHA; at day 14 (D14) values
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Fig. 6. Matrix mineralization on HyRB/PluSNPs-doped MgHA bioscaffolds after 24 days of hADSCs
osteogenic differentiation. (A) Representative images of AR S staining on MgHA functionalised scaffolds after
24 days of osteogenic differentiation: MgHA (control), PluSNPs_MgHA, Hy_MgHA, HyRB_MgHA, HyRB/
PluSNPs_MgHA scaffolds. Scale bars: 100 um. (B, C) Integrated density (IntDen) and optical densities (OD)
quantification of AR S staining images. **p < 0.05; ¥+ <0.01.
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increase of about 2.6% for PluSNPs_MgHA, 20.3% for Hy_ MgHA, 22.6% for HyRB_MgHA and 59.8% for HyRB/
PluSNPs_MgHA; whereas at day 24 these values becomes about 3.9% for PluSNPs_MgHA, 6.3% for Hy_MgHA,
8.6% for HyRB_MgHA and 28.2% for HyRB/PluSNPs_MgHA compared to the control MgHA (Fig. 6 panel C).

To further evaluate the osteogenic differentiation ability of functionalized MgHA scaffolds compared to the
control, we also measured ALP activity. Data are reported in Fig. 7 and show an increase similar to the AR S
staining in ALP activity over time, with a marked enhancement for Hy and HyRB coated scaffolds, and a further
enhancement in the case of HyRB/PIuSNPs coated scaffolds due to their synergistic contribution. ALP activity
value at the 1st day (D1) of osteogenic differentiation, compared with the control group, increase of about 1.5%
for PluSNPs_MgHA, 3.4% for Hy_MgHA, 7.3% for HyRB_MgHA and 11.9% for HyRB/PluSNPs_MgHA; at
day7 (D7) these increase correspond to about 4.1% for PluSNPs_MgHA, 9.1% for Hy_MgHA, 9.6% for HyRB_
MgHA and 12.4% for HyRB/PluSNPs_MgHA; at day 14 (D14) values correspond to about—0.6% for PluSNPs_
MgHA, 28.3% for Hy_MgHA, 29.8% for HyRB_MgHA and 32.5% for HyRB/PluSNPs_MgHA; whereas at day
24 these values increase of about 1.3% for PluSNPs_MgHA, 8.0% for Hy_MgHA, 10.6% for HyRB_MgHA and
15.5% for HyRB/PluSNPs_MgHA.

The morphology of several HyRB/PluSNPs doped MgHA bioscaffolds after hADSCs seeding was analysed by
SEM. Figure 8 panel A show the representative SEM images of functionalised bioscaffolds and the control with
cells after D1 and D24 of osteogenic differentiation. It can be noticed that all functionalised bioscaffolds exhibit
a similar morphological profile compared to the MgHA control, and that the cells adhere and penetrate between
the fibers of all scaffolds. This confirms that the coating treatment and rinsing steps do not affect the 3D structure
and integrity of the scaffold, and that the coating layers of PluSNPs, Hy, HyRB or HyRB/PIuSNPs are thin and do
not change the overall microscopic morphology of the MgHA scaffolds. To further investigate the distribution
of the coating at much higher depth, bioscaffold sections were imaged by fluorescence microscopy (Fig. 8B). It
can be noticed that rhodamine signal present in HyRB_ MgHA, PluSNPs_ MgHA and HyRB/PluSNPs_ MgHA
is homogeneously distributed for the whole size of the scaffolds. On the contrary, Hy_ MgHA and the MgHA
control show only the DAPI staining signal that indicates a good cells penetration and distribution into the
scaffold.

Discussion

The effect of hyaluronic acid on in vitro osteoconduction is described in many studies reported in the literature
in terms of cell viability and proliferation®!2. Actually, it has a ubiquitous distribution in vertebrate tissues
and it is involved in many regenerative processes, such as morphogenesis, osteo-conduction/-induction and
wound healing®***. In addition, also some silica NPs have been demonstrated to improve the osteo-regeneration
process®>*®, while Pluronic-silica NPs were proven to intimately interact with HyRB, also displaying synergistic
cell internalization'®, and the same NPs were also known to possess good drug delivery abilities'®. In the light
of that, our strategy is based on the combination of HyRB and Pluronic-silica NPs systems functionalized
with RB to develop new MgHA-based bioscaffolds with enhanced properties in bone-repair processes. The
idea was to create a synergistic effect of the two biomaterials to obtain improved cell adhesion, viability,
proliferation, osteogenic differentiation and osteointegration, compatible also for future use in drug delivery
and phototherapeutic treatment systems'*3738,
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Fig. 7. Alkaline phosphatase expression of hADSCs on HyRB/NPs doped MgHA bioscaffolds after 24 days
of osteogenic differentiation. (A) ALPL activity on MgHA functionalised scaffolds after 24 days of osteogenic
differentiation: MgHA (control), PluSNPs_MgHA, Hy_MgHA, HyRB_MgHA, HyRB/PluSNPs_MgHA
scaffolds. Data are shown as mean * standard deviation. *p <0.05; **p <0.01; ns =not significant.
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Fig. 8. Representative images of hADSCs on HyRB/PluSNPs doped MgHA bioscaffolds after 24 days of
osteogenic differentiation. (A) SEM images of (a,f,k) MgHA (control), (b,g,]) PluSNPs_MgHA, (c,h,m)
Hy_MgHA, (d,i,n) HyYRB_MgHA, (e,j,0) HyRB/PluSNPs_MgHA scaffolds with hADSCs after 1 and 24 days of
osteogenic differentiation. Scalebar 100 pm. Magnification 500 X (a-1); magnification 3.00 KX (m-q)). Scalebar
10 um. (B) Fluorescent images of sections of scaffolds previously incubated with hADSCs and stained with
DAPI. Scalebar 100 um.

In terms of microstructure, our results showed that all functionalizations (HyRB, PluSNPs and HyRB/
PluSNPs) give a uniform coating and penetration into the bioscaffold without any morphological and
microstructural modification of the native MgHA scaffold (Fig. 8).

Concerning the osteoregenerative properties, both HyRB or HyRB/PluSNPs functionalization give a relevant
improvement in the cell viability and proliferation (48.4% for HyRB and 44.8% for HyRB/PIuSNPs compared to
the control - Fig. 3). Further, when mineralization was monitored, HyRB/PluSNPs functionalization provided
by far the best result (59.8% compared to the control - Fig. 4), outperforming not only the control, native Hy and
PIuSNPs alone, but also the HyRB in absence of PluSNPs, revealing the synergistic effect of PluSNPs and HyRB
in cell differentiation onto MgHA scaffolds. This remarkable synergy was confirmed by ALP analysis that show
an increase of 32.5% compared to the control (Fig. 5). These results can be explained with the enhanced local
density and packing of HyRB due to the presence of NPs, that aid the deposition in multiple layers of HyRB onto
the MgHA scaffolds, as witnessed by the photophysical analysis of FLIM images.

Additionally, in analogy with what observed in previous study'® the core-shell silica nanoparticles (NPs)
can enhance the effect of HyRB by promoting its cell internalization; furthermore, NPs may interact with the
micropores of the native scaffold and act as nucleation sites for mineralization.

The key novelty of these nanogels lies in their unique single-component design, which eliminates the need for
co-polymers or surfactants, thereby simplifying the regulatory translation process. These nanogels are formed
through the self-assembly of hyaluronic acid (Hy), resulting in biomimetic structures with intrinsic cell-targeting
properties mediated by CD44 receptors, which are overexpressed on various cell types, including cancer and
stem cells. One of the most remarkable features is the long intracellular retention of fluorescence, which has
been confirmed by microscopy for up to 72 h post-incubation. In addition to their imaging capabilities, HyRB
nanogels exhibit a superior biosafety profile, showing no cytotoxic effects or alterations in cell morphology and
proliferation, as demonstrated in vitro on human cell lines. They also show outstanding stability in a variety of
biological media, maintaining their dispersion without aggregation even in the presence of serum or high ionic
strength solutions _ an advantage over many polymeric or lipid-based formulations. These features are enabled
by a one-step, reproducible synthesis in DMSO, which yields highly water-dispersible nanogels. Furthermore,
the HyRB nanogels demonstrate excellent colloidal stability, efficient cellular uptake, and strong, persistent
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intracellular fluorescence, making them a highly promising platform for bioimaging and targeted delivery
applications.

Therefore, we can reasonably attribute the excellent improvement of osteoconductivity and osteo-inductivity
of HyRB_MgHA and HyRB/PluSNPs_MgHA bioscaffolds to the synergic effect Hy-RB and PluSNPs that
promote enhancement of the bone repair processes. Additionally, the presence of RB can be used as tracking
molecules for future in vitro and in vivo studies to gain insight on regenerative processes, while the presence of
multifunctional NPs can make this novel biomaterial ready for drug delivery and phototherapeutic perspectives.

Methods
Preparation of fluorogenic HyRB nanogels
HyRB nanogels are obtained viareaction ofhyaluronicacid (10 mg, 193 + 2 KDa) with Rhodamine Bisothiocyanate
(RITC, 1 mg) in 10 mL DMSO, which proceeds through nucleophilic attack by the methyl-hydroxyl group of
the polysaccharide to the reactive isothiocyanate groups, as previously reported!®. The initially insoluble Hy is
progressively dispersed during the reaction in the DMSO solvent, and a homogeneous transparent dispersion
is obtained after few hours. The reaction proceeds for 24 h at room temperature, and the resulting dispersion
is dialyzed against water, to obtain a non-turbid, concentrated, aqueous dispersion of HyRB nanogels. After
work-up, the dye doping degree was evaluated by UV-vis analysis measuring the absorbance of Rhodamine B
in ethanol, while the weight of the lyophilized product matched with the starting amount of Hy, indicating that
no significant loss of materials occurred during synthesis and work-up, except for the unreacted RB. Effective
derivatization degree amounted to 1 fluorophore each 25 Hy repeat units, i.e., about 19 dyes per polymer chain.
In agreement with what previously observed!s, HyRB nanogels at 100 nM concentration in PBS feature
hydrodynamic diameter dH=150+35 nm with PdI=0.255 (from DLS measurements) and a negative zeta-
potential of —17+2 mV. Absorption spectrum of HyRB in water reveals a low value of the peak over shoulder
ratio indicating that RB dyes are heavily aggregated at the ground state. The aggregation is also confirmed by the
very low emission quantum yield (0.019) compared to the one of RB in water (0.30).

Preparation of fluorescent PluS NPs

Pluronic-Silica (PluS) NPs are very small nanoparticles with a core-shell morphology, featuring a silica core and
a polyethylene glycol (PEG) shell providing a total hydrodynamic diameter of 25 nm due to the Pluronic F127
surfactant used during the template synthesis, and a zeta-potential of — 10 +4 mV'8. The silica core is doped with
a silanized Rhodamine B derivative in concentration 0.5% mol/mol of tetraethyl orthosilicate (TEOS). The dye
was chosen to avoid overlapping with other cell stains such as DAPI. This type of NPs is already well known
to interact with high affinity with HyRB, due to the amphiphilic polymeric PEG shell, yielding a NPs@HyRB
adduct!®30,

Transmission electron microscopy (TEM) and energy dispersive x-ray (EDX) spectroscopy
TEM/EDX measurements were performed by depositing HyRB- and HyRB/PluSNPs-based suspensions (2pL)
onto a copper grid with a lacey carbon support film. The samples were vacuum dried overnight before the
analysis.

A JEOL ARM200F equipped with a Cold Field Emission Electron Gun (CFEG) and a spherical aberration
corrector providing a spatial resolution of 0.6 A was used for the acquisition of the HR-TEM images. Chemical
analysis was performed by using a 100 mm? Energy Dispersive X-ray (EDX) detector.

Photoluminescence and Raman spectroscopy characterization

The PL and Raman measurements were performed on solid state by drop casting 10 pL of the HyRB-, PluSNPs-,
and HyRB/PluSNPs-based suspensions onto a calcium fluoride (CaF,) slide and vacuum dried for 1 h. As for
spectra acquisition, an iHR550 Spectrometer (HORIBA) coupled to an Olympus microscope, equipped with
Super-Head for selection of the 473 nm laser line (solid state COBOLT) was used. The measurements were
performed by focusing the 1 uW of the laser light with a 100X objective. The instrument is equipped with a CCD
Syncerity model (HORIBA).

MgHA scaffolds coating and characterization
To prepare HyRB/PluSNPs doped MgHA bioscaffolds we have immersed the porous MgHA scaffolds in PBS
solutions of HyRB, PluSNPs, HyRB/PluSNPs, native hyaluronan and pure PBS (as controls). The concentration
of HyRB, native hyaluronan, and PluSNPs were 2 micromolar (concentration of polymer chains or NPs,
respectively). The scaffolds were soaked for 36 h, after which they were transferred to deionized water, gently
stirred for 15 min, and rinsed with water. These cleaning and desorption steps were repeated three times, in
order to desorb the weakly adsorbed material from the scaffold surface (some weak pink colouring was only
observed at the first rinsing step). After work-up, scaffolds were dried under vacuum and stored for following
characterization and experiments. The final prepared bioscaffolds were: (a) PluSNPs_MgHA, (b), Hy_MgHA (c)
HyRB_MgHA and (d) HyRB/PluSNPs_MgHA.

The presence of HyRB, PluSNPs and HyRB/PluSNPs on the scaffold surface was evident to the naked eye due
to the strong pink coloration of these scaffolds (Fig. 3A) and was further characterized via confocal fluorescence
microscopy and fluorescence lifetime imaging microscopy (FLIM).

Cell culture and proliferation analysis through MTS assay.

The cell line used in this work, hADSCs was acquired from Thermo Fisher Scientific (NYSE: TMO), cultured
in MesenPRO RS™ Medium (Thermo Fisher Scientific, NYSE: TMO) supplemented with 2.5 mM L-glutamine
(Merck Life Science S.r.l., Milan, Italy), 10% foetal bovine serum (FBS, Merck Life Science S.r.l., Milan, Italy),
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1% penicillin/streptomycin/amphotericin (PSA, Merck Life Science S.rl, Milan, Italy) and incubated in a
humidified environment at 37 °C, 5% CO2 and 95% air atmosphere, as previously reported®®. The medium was
replaced twice a week, and cells were split at about 80% of confluence.

For MTS assay, 1x10° cell were plated on different functionalised MgHA scaffolds (Hy_MgHA, HyRB_
MgHA, PluSNPs_MgHA, HyRB/PluSNPs_MgHA) in culture medium and incubated in a humidified atmosphere
containing 5% CO2 at 37 °C for 1, 7, 14 and 24 days (D1, D7, D14 and D24). After MTS reagent was added to
cell culture media, incubated for 1 h in standard culture conditions, the plate was shacked briefly and absorbance
measured at 490 nm.

The proliferation rates differences were assessed using One-way ANOVA test with Holm test as post-hoc for
multiple comparisons and for each timepoints three parallel samples were analysed.

Histological analysis and Alizarin Red S staining of hADSCs on functionalized MgHA scaffolds
after osteogenic differentiation

For osteogenic differentiation, 1x106 hADSCs suspended in 50 ml of MesenPRO RSTM medium were
gradually drop seeded onto the functionalised MgHA scaffolds and incubated for 4 h at 37 °C. Successively,
MesenPRO RSTM medium was added and the day after (day 0) replaced with osteogenic differentiation
medium (StemPROTM osteogenesis differentiation kit, Thermo Fisher Scientific, NYSE:TMO). The osteogenic
differentiation medium was totally replaced twice a week. Scaffolds have been analysed at different timepoints of
osteogenic induction by histological analysis and alizarin red S (AR S) staining.

For both histological analysis and AR S staining functionalized MgHA scaffolds with hADSCs were fixed
in 4% PFA (Paraformaldehyde), dehydrated, embedded in paraffin, cut into 5-mm-thick sections and mounted
on slides. After, alternate sections were deparaffinized, rehydrated and stained with either haematoxylin and
eosin (H&E) or AR S (Panreac, Castellar del Valles, Barcellona, Spain) as described previously’”. H&E stained
sections were analysed by using a Leica DMI 4000B microscope (Leica Microsystems Srl, Milano, Italy) and the
stained nuclei of at least five sections/scaffold were counted by using Fiji Image J recognition software (Image]2
version:2.9.0/1.53t; Open source image processing software, http://imagej.net/Contributors, accessed on 19
February 2023).

For AR S staining, the solution was prepared according to the manufacturer protocol, added to the sections
and incubated for 5 min. After the incubation, sections were washed several times to get rid of the excess of the
staining solution and lastly, mounted. Stained sections were analysed by using a Leica DMI 4000B microscope.
At least five sections/scaffold were analysed, and optical density was quantified using Fiji image J software.

ALP activity evaluation

ALP (Alkaline phosphatase) activity was evaluated by colorimetric assay performed on cell culture supernatants.
Specifically, 1 x 106 hADSCs were cultured on each functionalised MgHA scaffold for 1, 7, 14 and 24 days and
culture media collected and used to measure ALP activity. This was enzymatically determined using an alkaline
phosphatase assay kit (ab83369, Abcam, Cambridge, UK) according to the manufacturer’s instructions. The ALP
level was measured by reading the absorbance at 405 nm by a Microplate Reader (Bio-tek, USA). All experiments
were performed in triplicate.

DLS and Z-potential

The determination of the NP hydrodynamic diameter distributions was carried out through DLS measurements
employing a Malvern Nano ZS instrument with a 633 nm laser diode. Samples were housed in disposable
polystyrene cuvettes of 1 cm optical path length using water as solvent. The width of DLS hydrodynamic diameter
distribution is indicated by PdI (polydispersion index). In the case of a monomodal distribution (Gaussian)
calculated by means of cumulant analysis, PdI= (O/Zav )2, where o is the width of the distribution and Zan is
average diameter of the particles population, respectivef .

Morphological characterization of functionalized HyRB/PIuSNPs doped MgHA bioscaffolds
after osteogenic differentiation

The morphological and microstructural analysis of functionalized MgHA scaffolds with hADSCs was assessed
by SEM by both a Philips XL 30 FEI SEM (Philips, Amsterdam) and a Zeiss EVO MA10 (Zeiss international,
Headquartered in Oberkochen, Germany) equipped with an LaB6 electron gun, at the operating voltage of
20 kV. Three SEM micrographs were analyzed by image J software.

Confocal images were acquired on a Nikon A1R microscope with 20 x objective, an excitation laser at 561 nm
and a GaAsP PMT with emission filter at 595/50 nm. The acquisition parameters were set to 1 A.U., 8 x Signal
Average, Galvano Scanning Mode, Laser Power =0.46%, PMT GaAsP HV =44. This setting was kept the same
for all the samples analysed.

FLIM images were acquired with a time-correlated single photon counting (TCSPC) system of Picoquant
GmbH Berlin, using a 405 nm pulsed excitation laser at 10 MHz repetition rate, a 560 nm long-pass emission
filter, a Hybrid PMA detector and a Picoquant PicoHarp 300 correlation board. FLIM images were then analysed
with SymPhoTime 64, PicoQuant GmbH.

Statistical analysis

Data were analysed either as raw data or as mean +standard error (SE), as appropriate. Differences between
several timepoints of functionalised MgHA scaffolds with hADSCs were evaluated by using multi-way ANOVA
with a post hoc Holm test, where appropriate. p <0.05 was considered to be significant.
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Conclusions
In this paper, we have developed new magnesium hydroxyapatite (MgHA) and type I collagen (Coll) scaffolds
with the integration of fluorogenic hyaluronan nanogel (HyRB) and a class of core-shell silica nanoparticles
(NPs). The silica NPs structure has been assessed by TEM showing a dimension of about 6 nm in diameter.
Raman spectroscopy investigation of HyRB well highlights the RB chemical fingerprint confirming the effective
functionalization of Hy. The morphological and structural features, evaluated by SEM and fluorescence
microscopy shown uniform integration of the fluorescent nanomaterials with lifetime quite homogenous
throughout the scaffold. In vitro studies using hADSC cells highlights new bioscaffolds are biocompatible and
able to enhance the adhesion, propagation and proliferation of seeded cells. Among all, both HyRB or HyRB/
PluSNPs functionalization give a relevant improvement in the cell viability and proliferation (48.4% and 44.8%
higher for HyRB and HyRB/PluSNPs compared to the control). The evaluation of matrix mineralization and
Alkaline phosphatase activity show an improved osteogenic differentiation ability of functionalized MgHA
scaffolds compared to the control. In this case, the HyRB/PIuSNPs functionalization outperforms single
component functionalization (HyRB or PluSNPs) and give the best result (59.8% compared to the control),
revealing a substantial synergy between the two nanomaterials here investigated. In addition, the morphological
evaluation of HyRB/PIuSNPs doped MgHA bioscaffolds confirm that the coating treatment and rinsing steps
do not affect the 3D structure and integrity of the scaffold, and that the coating layers do not change the overall
microscopic morphology of the MgHA scaffolds.

These HyRB/PIluSNPs doped MgHA bioscaffold pave the way for the development of new multifunctional
biomaterials combining the advantages of improved osteo-conductivity/-inductivity with drug delivery
functionality and photothermic properties, given by the versatile and easy coating with nanomaterials.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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