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One-Pot Synthesis of Bioinspired Peptide-Decorated Apatite

Nanoparticles for Nanomedicine

Mathilde Guérin, Aurélien Lebrun, Liisa Kuhn, Thierry Azais, Guillaume Laurent,

Olivier Marsan, Christophe Drouet,* and Gilles Subra*

Hybrid organic—inorganic bio-inspired apatite nanoparticles (NPs) are
attractive for biomedical applications and especially in nanomedicine.
Unfortunately, their applications in nanomedicine are limited by their broad
particle size distributions and uncontrolled drug loading due to their
multistep synthesis process. Besides, very few attempts at exposing bioactive
peptides on apatite NPs are made. In this work, an original one-pot synthesis
of well-defined bioactive hybrid NPs composed of a mineral core of
bioinspired apatite surrounded by an organic corona of bioactive peptides is
reported. Dual stabilizing-bioactive agents, phosphonated polyethylene
glycol-peptide conjugates, are prepared and directly used during apatite
precipitation i) to form the organic corona during apatite precipitation, driving
the size and shape of resulting hybrid NPs with colloidal stabilization and ii)
to expose peptide moieties (RGD or YIGSR sequences) at the NPs periphery
in view of conferring additional surface properties to enhance their interaction

from stoichiometric hydroxyapatite HA,
Ca,,(PO,)s(OH),. While the composition of
dental enamel is close to that of HA, ap-
atites found in dentin and bone are moder-
ately crystallized due to their nonstoichiom-
etry and nanocrystalline character, and their
chemical formula can often be approx-
imated to Ca,,_,(PO,)._.(HPO,),(OH),_,
(0 <x<2)2

Synthetic “biomimetic” apatite powders
can be prepared by co-precipitation or
hydrothermal methods,®] and have been
studied for various applications as bone
substitutes or implant coating.**l More-
over, such nonstoichiometric nanocrys-
talline apatites exhibit an exceptional
surface reactivity allowing for adsorption

with cells. Here, the success of this approach is demonstrated, the
functionalized NPs are fully characterized by Fourier-transform infrared,
Raman, X-ray diffraction, solid and liquid state NMR, transmission electron
microscopy, and dynamic light scattering, and their interaction with fibroblast

cells is followed, unveiling a synergistic proliferative effect.

1. Introduction

Calcium phosphate apatites represent a large family of min-
eral compounds!!! relevant to many domains, due to their nat-
ural presence in bones and teeth but also in phosphate-bearing
minerals of geological relevance. These compounds derive

of a large variety of (bio)molecules/drugs,
thus widening their range of applica-
tions in (nano)medicine. Combination of
drugs/(bio)molecules to apatite particles
can provide several advantages over free
molecules, e.g., for improving the solu-
bility of hydrophobic therapeutic agents,
reducing their toxicity, avoiding the early
metabolization of active agents, and/or
improving their distribution to a specific target. In previous
studies, several molecular species such as enzymes,l’ growth
factors,!8 drugs,I®1®] antibodies!'®1”] have been associated with
apatite compounds with the view to infer additional functionali-
ties in link with clinical needs. However, these approaches have
systematically been developed via multistep processes, requiring
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preliminary apatite synthesis and subsequent adsorption step(s).

One difficulty comes from the natural tendency for apatite
crystals to agglomerate, thus leading to uncontrolled particle
sizes/shapes limiting nanomedical applications. Previous works
showed that adding a stabilizing agent during apatite precipita-
tion could limit the agglomeration process. Such molecules ex-
posed typically an anionic end group (e.g., phosphate or phos-
phonate) capable of interacting with Ca?* ions from the surface
of apatite nanocrystals.['®1°] AEP (2-amino ethyl phosph(on)ate)
was used, e.g., as stabilizing agent, exploiting the positive charge
of the amino group to provide electrostatic repulsion.[!¥! Also,
phosphonated polyethylene glycol (P(PEG)) can prevent particle
agglomeration, by steric hindrance.?%! In this view, the length of
the PEGylated chain allowed obtaining submicron to nanoscale
colloidal particles relevant to dermatology,!?’! hematology,?!l or
oncology.1%2223] However, these stabilizing agents being not
bioactive by themselves, it was necessary to co-adsorb other
molecular moieties thus leading to competitive adsorption phe-
nomena. Also, no control of the grafting density was reported on
apatite nanoparticles (NPs), to the best of our knowledge.

In this context, being able to obtain colloidal apatite NPs while
adjoining biological properties via the stabilizing agent itself ap-
pears as an extremely appealing innovative strategy. In this re-
gard, peptides are another family of bioinspired compounds,
which may exhibit a wealth of bioactive properties and could
be envisaged for this goal. Yet, to this day, peptide-decorated ap-
atite particles have not been reported, except for one recent study
for the treatment of cystic fibrosis.**! In this study, the authors
functionalized apatite NPs with a cyclic antibacterial peptide, Col-
istin, with a two-step process; i) stabilization of apatite NPs by us-
ing citrate ions as stabilizing agents allowing a negative charge
screen around the NPs and ii) the adsorption of Colistin thanks
to an electrostatic interaction between its primary amine and the
apatite surface. This two-step process led to increasing of par-
ticles size (95 to 213 nm) and a destabilization of the colloidal
suspension.!’]

2. Results and Discussion

Therefore, the present work aimed at establishing a synthetic
pathway to a family of well-defined hybrid apatite-peptide NPs
via a versatile one-pot synthesis approach that could be of in-
terest for health applications ranging from nanomedicine to tis-
sue engineering. To this aim, we first designed and synthesized
phosphonate-containing peptide PEG conjugates that could play
a dual role of stabilizing agent and bioactive moiety.

We chose to use P(PEG) rather than AEP as apatite bonding
moiety due to better stabilizing properties reported.?”! The ad-
dition of the peptide on the free amine of AEP would disrupt
the electrostatic repulsion and thus the stabilization of the ap-
atite NPs because ammonium ions would not be present on the
apatite surface. The use of P(PEG) would not only allow the ad-
dition of the peptide without disrupting its stabilizing effect to
obtai NPs of controlled size, but also would move the peptide
away from the apatite surface thus limiting apatite/peptide in-
teractions.

Noteworthy, PEGylation is extensively used to improve ther-
apeutic peptides, biomolecules, and NPs biodisponibility.!®’! In
the latter case, when the NPs have to interact specifically on cell
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membrane receptors, ligands can be conjugated at the end of
PEG chains in extended conformation all around the particle.[?°!

We took inspiration from these studies hypothesizing that
adding a peptide of less than 1 kDa at the end of an ~68-mer PEG
chain would have little or no impact on the stabilizing behavior of
PEG whatever the amino acid sequence. To demonstrate the ver-
satility of the method, we selected two biologically relevant pep-
tide sequences, namely, Ac-LRGDNK-NH, (referred to as RGD
in this work, pH = 8.2) and H-GDPGYIGSR-NH, (referred to
as YIGSR, pH = 7.0), where the RGD and YIGSR moieties, re-
spectively, derive from fibronectin!?’! and laminin,!?*3% two im-
portant extracellular matrix proteins. These sequences have been
described promoting cell adhesion and proliferation.[?”:28:31:32]

The synthesis of the apatite/peptide hybrid NPs is summa-
rized in Figure 1, including the preliminary preparation of the
phosphonated PEG peptide conjugates. C-terminal amidated
peptides AccLRGDNK-NH,, 1 and H-GDPGYIGSR-NH, 2 were
synthesized on Rink Amide ChemMatrix resin (0.47 mmol g?)
by Fmoc/tBu strategy. The peptides were, respectively, obtained
with 98% and 95% purity and used without purification. In par-
allel, the PO,Et,CH,CH,CO-(PEG3K)-COOH 8 was prepared
by reacting selectively the free primary amine of NH,-PEG3K-
COOH 7 with activated 1-(2-diethoxyphosphorylethyl) benzotri-
azole 5 obtained in two steps from triethylphosphonopropianate
3.3 To avoid the troublesome separation of PEG-containing
compounds 7 and 8, compound 5 was used in excess to quan-
titatively obtain the desired compound 8. The excess of 5 was
removed with several ethylacetate washings after recovering
it by a diethylether precipitation. Diethyl phosphonated PEG-
peptide conjugates, PO,Et,CH,CH,CO-PEG3K-Peptide 9 and
10 and PO,Et,CH,CH,CO-PEG3K-NEt, 11 were prepared in
solution. Indeed, the direct introduction of 8 on the peptide
anchored on solid support proved to be inefficient due to steric
hindrance of the polymer matrix. Conjugates 9, 10, and 11 were
obtained by coupling the carboxylic acid of 8 activated by Hex-
afluorophosphate Azabenzotriazole Tetramethyl Uronium/N,N-
Diisopropylethylamine (HATU/DIEA) with the free N-terminal
group of 2, the e-amino group of lysine side chain of compound
1 or/and diethylamine, respectively. It may be noted that pep-
tides and diethylamine were used in slight excess to facilitate
workup of the reaction. The desired products and the excess of
corresponding reactants were also recovered after a diethylether
precipitation. The reactants were removed with several acetone
washings. Finally, the deprotection of diethylphosphonate was
achieved through McKenna et al.**l reaction under inert condi-
tion with bromotrimethylsilanel>-%! overnight to quantitatively
yield the desired products PO,H,CH,CH,CO-PEG3K-Peptide
(named P(PEG3K)-Peptide) 12, 13 and PO,H,CH,CH,CO-
PEG3K-NEt, (named P(PEG3K)-NEt,) 14. This reaction
was monitored at each stage by 3!'P and 'H liquid-state
NMR.

The next stage of the synthesis consisted in the direct precipi-
tation of the apatite phase in the presence of the new stabilizing
conjugates 12, 13, and 14. The precipitation conditions were in-
spired from previous works on AEP.1%*] Briefly, the suspension
was obtained by first mixing, in deionized water, a calcium ni-
trate solution (1.217 mmol, 1.625 mL) with a stabilizing agents
solution containing phosphonated conjugates (0.020 mmol total
concentration, 3.125 mL). The pH was adjusted to 9-10 with few
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Figure 1. Synthesis of hybrid peptide apatite nanoparticles.

drops of ammonia to obtain the deprotonated form R-PO;%~ of
the organic phosphonate moiety, thus improving the interactions
with calcium ions. Then, an ammonium hydrogen phosphate so-
lution (0.405 mmol, 1.625 mL) was added to the mixture and pH
was readjusted as previously to 9-10. At this step, a white calcium
phosphate precipitate formed, which was matured at 100 °C for
16 h. In view of biological use, the NPs were purified by dial-
ysis to remove the unreacted ions or organic molecules using a
previously described methodology.**l The preparation of a “refer-
ence” noncolloidal apatite sample, following exactly the same pro-
cedure as above but in the absence of any stabilizing agent, was
already reported in previous works, along with its main physico-
chemical features (close-to-stoichiometry apatite).[!83]

The first hybrid material was prepared with P(PEG3K)-NEt,
compound 14 (i.e., without peptide sequence). Different amounts
of 14 were tested to modulate the R-PO;H, /Ca molar ratio, from
0.001 to 0.128 (Table 1) to identify the optimal conditions for ob-
taining stable colloids, but also to examine the impact of this ra-
tio on the shape, size, and chemical nature of the apatite phase
of NPs. Whatever the P(PEG3K)-NEt,/Ca starting proportions
tested, colloidal suspensions were successfully obtained (NPs 1—
6), thus confirming the stabilizing role of this P(PEG3K)-based
methodology. The amount of organic linker X-ray diffraction
(XRD) analyses clearly showed a crystallographic signature of an
apatitic phase close to the bone mineral for each sample but a de-
crease of crystallinity could be observed as the R-PO,H, /Ca ratio
increased until reaching a compound close to amorphous for the
highest ratio at 0.128 (Figure S1 in the Supporting Information).
The presence of a contribution on the XRD pattern at 20 = 23°
can also be noted, which can be attributed to some degree of or-
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dering of the long PEG chains in the dried state, in a similar way
as previously reported.[?!

Moreover, dynamic light scattering (DLS) was carried out to
evaluate the hydrodynamic diameter D, of these NPs 1 to 6 which
could be considered homogenous (polydispersity index (PdI) be-
tween 0.2 and 0.3) with a D, value ranging from 391 nm for the
ratio equal to 0.005 down to 126 nm for the highest ratio (Table 1).
DLS is more suited to analyze spherical objects, thus transmis-
sion electron microscopy (TEM) analyses were performed to in
depth examine the particles size and shape (Figure 2a). TEM
imaging pointed out the polycrystalline character of the NPs, as
is customary for apatitic compounds and confirmed the DLS re-
sults. Indeed, the particle size was observed to vary from 153 nm
in length/35 nm in width for an R-PO,H, /Ca ratio of 0.001 down
to 70 nm in length/59 nm in width for a ratio of 0.128 (Table 1).
Considering that TEM is performed on dried samples while DLS
gives the hydrodynamic diameter in solution, the value of 117 nm
in length (e.g., NPs 4) agrees rather well with the 167 nm found
by DLS (which is more informative on the largest dimension of
anisotropic particles due to a greater impact on the laser obscu-
ration).

The lower the amount of P(PEG3K)-NEt, stabilizing agent is
involved in the synthesis, the lower the number of stabilizing
agents is present around the NPs (confirmed by ERETIC 3P lig-
uid NMR—Table 1), thus inducing an increase in the size of the
NPs because the steric hindrance was minimized.

These analyses confirmed that monomodal colloidal NPs
could be obtained by this strategy, with a size that can be
controlled through the amount of stabilizing agent intro-
duced, which allow to match specific biological application

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. TEM images of a) NPs 1-6 stabilized with P(PEG3K)-NH, and P(PEG3K)-RGD; b) and P(PEG3K)-NH2; c) NPs 7-14 stabilized with P(PEF3K)-
NH2 and P(PEG3K)-YIGSR.
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requirements. Noteworthy, colloidal suspensions remained sta-
ble over 6 months (Table S1, Supporting Information), demon-
strating the relevance of the P(PEG3K)-based stabilization.

Based on these results, the ratio R-PO;H, /Ca equal to 0.016
was chosen for the following experiments with the P(PEG3K)-
Peptide because it seemed to be a good compromise to ob-
tain nanosized particles, a biomimetic apatite close to the bone
mineral, and a controlled grafting density sufficiently important
in view of further analyses and biological experiments. More-
over, the brush regime obtained with this ratio could provide
well-exposed peptidic moieties for facilitated interactions with
cells/tissues/outer environments.

The second family of hybrid NPs (NPs 7-14, Table 1) was pre-
pared as previously but with various molar ratios between new
stabilizing agents P(PEG3K)-Peptide 12, 13 and a simple stabiliz-
ing agent P(PEG3K)-NEt, 14 (100/0, 75/25, 50/50, 25/75, 0/100)
to observe the influence of the P(PEG3K)-Peptide and to test the
co-administration of two molecules. Whatever the nature of the
peptides and the ratios tested, colloidal suspensions were suc-
cessfully obtained confirming the hypothesis that the peptide
moieties had no influence. The raw peptide loading yield in this
work was found to be in the range 30-60% depending on the
PEG/PEG-peptide ratio used (Table S3, Supporting Information).
Note, however, that the usual loading yield concept cannot apply
here since the degree of peptide fixation (through the phospho-
nated PEG linker) directly relates to the concentration of the or-
ganic conjugate in the apatite precipitating medium.

DLS analyses of these NPs 7-14 were found to exhibit a nar-
row monomodal distribution (PdI between 0.11 and 0.26) with a
D, value comprised between 102 and 204 nm (with a tendency to
increase smoothly upon peptide functionalization) with an aver-
age of ~#125 nm (Table 1). For the same reasons as before, TEM
analyses were performed and homogenous overall rod shape was
evidenced, with a mean length of #97 nm and a mean width of
~35 nm (Figure 2b).

Further compositional and structural investigations were car-
ried out to characterize deeper such peptide-decorated NPs. A
liquid-state NMR methodology was developed to determine the
composition of the NPs. For that purpose, 1 mL of colloidal sus-
pension was freeze dried and the NPs obtained were dissolved
in acidic condition (pH ~1) by adding 100 pL of HCI solution
(1 m). Indeed, at acidic pH < 4-5, the apatite phase gets totally
dissolved, thus releasing HPO,~ ions and the grafted P(PEG3K)-
Peptide 12 or 13 and/or P(PEG3K)-NEt, 14. ERETIC *'P NMR
analyses were then carried out to determine the organic phospho-
nate content in NPs 7-14. Indeed, the inorganic phosphate ions
(0 ppm) and the organic phosphonate (25 ppm) can be separately
integrated to calculate their concentration. Also, quantitative 'H
NMR was performed to distinguish the P(PEG3K)-Peptide 12 and
13 from P(PEG3K)-NEt, 14, for the NPs 7-10 and 11-14 dec-
orated, respectively, with the peptides RGD or YIGSR. By inte-
grating the '"H NMR signals from the —-CHj;’ of the diethylamine
(1.23 ppm), the —CH; from the isopropyl of the Leucine (0.93—
0.88 ppm), and the aromatic protons of the Tyrosine (6.84 ppm),
we obtained the molar content of each organic moiety and there-
fore the amounts of molecules grafted on the NPs.

By combining these 'H and 3'P liquid-state NMR data, we fi-
nally obtained the peptide content in 1 mL of colloidal suspen-
sions (Table 1). This information is of importance for further bi-
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ological assays. As expected, as the proportion of P(PEG3K)-NEt,
30 increased, the size of the particles decreased whatever the pep-
tide studied from about 200 nm for the highest ratio (NPs 7 and
11) to 100 nm for the lowest ratio (NPs 10 and 14) (Table 1). These
findings suggest that the steric hindrance caused by P(PEG3K)-
Peptide is more important than for P(PEG3K)-NEt, alone, hence
the somewhat reduced amount of P(PEG3K)-Peptide actually
grafted on the NPs surface. Moreover, the presence of the pep-
tides at the end of the PEG chain did not prevent the forma-
tion of a colloidal suspension with a monomodal dispersion of
NPs, because the PdI was comprised between 0.11 and 0.26. This
could be explained because the maximum length of an amino
acid residue is estimated to be 3.01 A. The RGD and YIGSR pep-
tides possessing, respectively, six and nine amino acids have thus
an estimated length of ~18 and ~27 A, respectively. These values
represent about 10% of the length of the PEG chain (206 A).
This proportion is small enough not to disturb the colloidal sta-
bility of the NPs, but it still represents a slight volume increase at
the external end of the P(PEG3K)-Peptide conjugates that could
explain our above-mentioned observations.

To confirm these hypotheses, the grafting density ¢ around
the NPs was calculated from the previous liquid-state NMR data.
Considering that the NPs have a rod-like morphology as indicated
by TEM (Figure 2b), and assuming a cylindrical shape, the vol-
ume of an average NPs as well as its corresponding surface could
be estimated (~10% nm?). Whatever the NP, the grafting density
(P(PEG3K)-NEt, + P(PEG3K)-Peptide) was the same with a value
of 6 = 0.5 molecules nm~2 (Table 1). It may be noted that this den-
sity can be modulated by modifying the amount of organic moi-
eties containing the P(PEG3K) end group, as depicted in Figure
S2 in the Supporting Information.

The conformation of the organic molecules around the apatite
core of the NPs is another key parameter to accurately describe
how the corona is organized. Conformation could be deduced
by application of Flory’s equation, by determining the Rf/D ra-
tio that depends on the grafting density evaluated above and on
the length of the PEG.[*!] PEG chains may indeed either “align”
in a rather parallel setting—thus exhibiting a comb-like or brush
conformation—or, on the contrary, crumble on the surface to
form mushroom-like structures. Flory’s equation aims at calcu-
lating the ratio Rf/D, where D is the average distance between
two anchoring points and Rfis Flory’s radius, which roughly cor-
responds to the space occupied by the PEG chain on the surface.
These two parameters can be determined as follows

D =2(zo): (1)

where o is the surface grafting density (molecules nm~2), deter-
mined above by quantitative ERETIC *'P NMR analyses, and

Rf = aN3 2)

where a is the effective monomer length = 0.358 nm for
PEG and N is the degree of polymerization, which is deduced
from the PEG length. According to the theory behind Flory’s
equation,?>*! while an Rf] D ratio lower than 1 indicates a mush-
room conformation, a value greater than 1 is characteristic of a
brush regime. Interestingly, for all the NPs obtained, Rf/D val-
ues were significantly greater than 1, thus evidencing a brush
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conformation (Table 1) indicating that the organic corona around
the NPs allows a good presentation of the ligands on the external
surface of the particles which could interact with cell surface re-
ceptors, e.g.

To further explore the NPs physicochemical properties, a por-
tion of each colloidal suspension was freeze-dried to perform
solid-state characterizations. XRD analyses (Figure S3, Support-
ing Information) confirmed the apatitic nature of the particles by
the presence of characteristic peaks, e.g., (002), (211), (300), and
(310), as compared to stoichiometric hydroxyapatite. The broad
peaks observed for these hybrid NPs can be linked to the nano-
metric and probable sub-stoichiometric characters of the apatite
phase. Although the P(PEG3K)-NEt,-decorated NPs (NPs 4) were
already weakly crystallized, it seems that the presence of peptides
(NPs 7-14) further slowed down apatite crystallization as we ob-
tained an even more weakly crystallized structure (Figure 3a re-
ports the illustrative case of the NPs surrounded by P(PEG3K)-
RGD (NPs 7) after background correction). It may be noted that
modification of the nature of the peptide somewhat influenced
the crystallinity of the apatite phase, as illustrated in Figure S3
in the Supporting Information. This may be due to slight dif-
ferences in the charged end-groups exposed by each peptide, al-
though this did not affect the colloidal stability. Application of
Scherrer’s equation[*?! to lines (002) and (310) for the example of
sample NPs 7 (100% P(PEG3K)-RGD stabilizing agent) allowed
us to estimate, respectively, the mean crystallite length ~26 nm
and width/depth ~11 nm, thus confirming again the nanocrys-
talline character of the apatite phase in presence. Considering
the TEM images unveiling the polycrystalline character of each
individual NP, it is reasonable to state that the NPs were formed
by the strong aggregation of apatite crystallites, the number of
which can be controlled through the amount of stabilizing agent
use. Apatite crystal agglomeration is indeed a well-known phe-
nomenon, probably due to the high surface energy of “nude” ap-
atite surfaces; and TEM images (e.g., zoom NPs 3, Figure 2a)
point out the rather irregular periphery of each individual NP
suggesting the existence of smaller primary entities—as schema-
tized in Figure 1—with a size globally of the order of magnitude
of the crystallite dimensions.

To estimate the Ca/P molar ratio of the apatite phase com-
posing the NPs, a calcination experiment was also undergone at
1000 °C for 15 h for the NPs 7 stabilized by 100% of P(PEG3K)-
RGD. Upon such a thermal treatment, slightly nonstoichiomet-
ric apatites should indeed decompose into a mixture of stoichio-
metric hydroxyapatite (HA, Ca/P = 1.67) and f-tricalcium phos-
phate (f-TCP, Ca/P = 1.50). Confrontation to a standard curve
obtained with known HA/B-TCP mixtures then allowed us to de-
termine the Ca/P molar ratio of the apatite phase present in the
NPs, leading to Ca/P = 1.65. This value, slightly lower than the
theoretical value of HA, confirmed the nonstoichiometric char-
acter of the apatite.

Both the nanocrystalline and nonstoichiometric features
found here are key parameters of natural bone apatite. To further
examine the apatite phase constituting the mineral core of the
NPs, Fourier-transform infrared (FTIR) spectra were recorded.
Figure S4 in the Supporting Information shows the typical spec-
trum of NPs 7 (100% P(PEG3K)-RGD stabilizing agent). Com-
parison with the NPs 4 stabilized with P(PEG3K)-NEt, (i.e., with-
out peptide termination) showed very similar spectral features,

Small 2023, 2306358

2306358 (7 of 11)

www.small-journal.com

a) 10000 - Apatite-P(PEG3K)-RGD (NPs 7)
m ean crystalite dimensions
f calP L (002)  1(310)
8000 4 \,\ 165 260m  11nm
& 6000 " A
2 Y & V\.. M Y RN
B Jj\d\/ g | Mgl el You
S 4000 g
Stoichiometric Hydroxyapatite
2000 3
0 4

20 degrees (relative toA,,)

b)
== P{PEG3K)-RGD molecule alone
= Apatite-P(PEG3K)-NEt, (NPs 4)
——  Apatite-P(PEG3K)-RGD (NPs 7) A
|
i WWLVJMM.M_FD\_._._/\__.,L"._,%J O
)
z
@
c
3
£ Lo s
V(PO
el vCH
o ‘Iv.“‘
4PO, v{PO) I
V4RO B A VOH
| e A W
T T T T ——T— 1
500 1000 1500 2000 2500 3000 3500 4000
RAMAN shift (em)
c) .... Dashed lines correspond to Fourier
16 self deconvolution precessing
14 VHPO,
— 4 ssoem?
5 12 T g LA VPO
s o W 38 et
e 10 :
o
] .
2 08 L= i e Biomimetic Hydroxyapatite
2
2 06
04 ]
0.2 Y g
Bl NPs 7

0.0 T T T
700 650 600 550 500

Wavenumbers (cm)

Figure 3. Structural features of colloidal hybrid apatite NPs stabilized by
the novel P(PEG3K)-peptide conjugate (case of the RGD peptide) and of
related reference compounds: a) XRD pattern, b) Raman shift, and c) FTIR
spectrum.

indicating that the peptide moiety did not noticeably affect the
apatite phase. This conclusion was also confirmed by Raman
microspectroscopy (Figure 3b), pointing to very similar Raman
shifts with or without peptide functionalization of the P(PEG)
chain. By FTIR, it may additionally be stated that the intensity
of the band at 632 cm™ assignable to apatitic OH™ ions ap-
pears more pronounced for NPs 7 than for the biomimetic ap-
atite reference, while the HPO,?~ signature appears less visible.
These conclusions were confirmed by zooming in the v,(PO,)
domain and upon spectral enhancement treatment via Fourier
self-deconvolution (dashed lines in Figure 3c). Therefore, while
the apatitic phase appears nonstoichiometric by the presence of
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HPO,?" ions (indicating the protonation of some PO,*~ ions and
thus the coexistence of Ca?* vacancies to keep the electroneutral-
ity of the crystals), the HPO,?~ amount remains rather limited.
These findings thus indicate that this apatite phase approaches
more the characteristics of a rather mature bone mineral,!! in
keeping with its bioinspired character.

Another important question is the mode of anchoring of the
organic component onto the apatitic surface. To verify our hy-
pothesis of anchoring through the phosphonate end group of the
PEG chain, 'H-*'P solid-state NMR (ssNMR) analyses were car-
ried out. By '"H MAS (magic-angle spinning) NMR (direct acqui-
sition), the characteristic resonance of apatitic protons from OH~
ions at §(*H) = 0 ppm and that of CH, groups from P(PEG3K)-
RGD at §('H) = 3.6 ppm was clearly detected as shown in
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Figure 4a. By 3!P cross-polarization (CP) MAS analysis (tp =
1 ms), the typical signature of apatitic PO,3~ ions was observed at
5(*'P) = 2.7 ppm. The CP mode allowed transferring polarization
from 'H to ' P in order to increase the sensitivity, which was nec-
essary here as the organic phosphonate groups were only located
at the surface sites of apatite particles.

As a result, two additional peaks were noticed at 33 and
25 ppm (Figure 4b) suggesting two modes of surface coordi-
nation of the phosphonate group. Since a decrease in chem-
ical shift points to a more condensed phosphate group, the
first signal at 33 ppm could correspond to monodentate inter-
action (=50% of P(PEG3K)-Peptide according to the integration
of the peaks) while the second peak could be related to a more
constrained configuration, e.g., bidentate interaction or more
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embedded within the apatitic surface lattice. This very strong
anchoring of P(PEG3K)-Peptide to the apatite surface was ex-
perimentally demonstrated here for the first time and con-
firmed through 3'P NMR liquid quantification experiments
which showed that the amount of P(PEG3K)-Peptide anchored
around the NPs remained unchanged despite heavy dilution by
dialysis.

2D 'H-'P hetero-correlation (HetCor) analysis was then car-
ried out to detect protons close to the P of the apatite phase and
close to the organic moiety (Figure 4c). The proton signature
from apatitic OH™ at 0 ppm could be visualized as well as some
protons characteristic of P-OH groups (typically in HPO,%~ ions
from nonstoichiometric apatites) and/or of H,O, in accordance
with the nonstoichiometric character of the apatite phase as ev-
idenced by FTIR. For the organic moiety, the protons from the
CH, groups linked to P lead to a cross-peak centered around 4—
5 ppm. Their large width of this 'H signal could be explained
by an increased rigidity of the nearest CH, to the surface due
to the grafting process. A 2D CP BACK NOESY (nuclear over-
hauser effect spectroscopy) ' H-'H analysis was subsequently un-
dergone (Figure 4d): in the first dimension (horizontal axis), dou-
ble CP 'H—3'P—'H allowed polarizing the protons located close
to P; in the second dimension, 'H spin diffusion allowed prob-
ing the proximity of the protons from the first dimension.[*}]
In these conditions, the presence of peaks out of the diago-
nal is indicative of spatial proximity, which is shown here be-
tween apatitic OH™ and some CH, groups from PEG. This re-
sult agrees well with the grafting of the P(PEG3K)-RGD molecule
at the surface of apatite. Finally, a 2D SQ-DQ 3!P-3'P analysis
was run (SQ and DQ standing, respectively, for single quantum
and double quantum) to probe only very short distances between
31P (< 5-6 A) by re-introducing the 3'P-3'P dipolar interaction
(Figure 4e). Peaks positioned out of the diagonal are then infor-
mative on 3'P-3!P proximity. Here, we could identify clear cor-
relation domains between P from P(PEG3K)-RGD and P from
apatite, thus confirming the success of the anchoring procedure
via the phosphonate end group. This was valid for both modes of
anchoring, namely, mono- (only graft at the apatite surface) and
bidentate/constrained (is a part of apatite lattice).

Taken together, these characterizations showed that the core of
hybrid particle is composed of bone-inspired nanocrystalline ap-
atite; whereas the organic corona bears a phosphonate end-group
that efficiently interacts with the apatitic surface to provide col-
loidal stabilization with controlled particle size/shape. The pep-
tide moiety is exposed at the other end of the conjugate forming
a corona accessible for biological interactions.

The biocompatibility and the bioactivity of the hybrid
P(PEG3K)-RGD or P(PEG3K)-YIGSR apatite NPs (respectively,
NPs 7 and 11) were assessed in vitro using NIH/3T3 mouse fi-
broblasts. To observe the influence of each part of the hybrid
NPs such as peptides, P(PEG3K)-Peptide and NPs stabilized with
P(PEG3K)-NEt, (NPs 4) were tested. Wells were also devoted to
control without any NPs. For these experiments, the highest pep-
tide concentration studied corresponded to the initial concentra-
tion found in NPs 7 and 11 suspensions from the above liquid-
state NMR analyses (2.25 X 1073 and 1.91 X 10~® m, respec-
tively). These concentrations were in agreement with the liter-
ature which reports the efficiency of RGD-peptide and YIGSR-
peptide sequences for fibroblasts migration and proliferation
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with a concentration ranging from 1 x 1073 to 3 x 1073 m.[2829]

The results were read after 72 h of incubation and six replicates
were performed.

As seen from the relative metabolic activity of the treatment
groups versus controls reported in Figure 5a, the NPs 7 and
11 with, respectively, an P(PEG3K)-RGD or P(PEG3K)-YIGSR
corona were found to be fully biocompatible (cell viability > 70%
according to the ISO 10993-5 standard) and had no negative ef-
fect on cell viability, assessed by the metabolic assay. This may
probably be related to the high bioinspired character of these NPs
arising from both their inorganic (bone-like apatite) and organic
(peptides) components. Also, interestingly, the two types of NPs
(NPs 7 and 11) appeared to induce a proliferative effect over the
72 h tested, as evidenced by a net increase in cell number relative
to the control performed without NPs or corona components. Ad-
ditionally, a synergistic effect of each part of the multicomponent
NPs—, i.e., the apatite phase on the one hand and the peptide
on the other hand—was observed (Figure 5a), and together they
considerably increased the proliferation of the cells.

The proliferation effect of the NPs was further examined in
a second assay that measured the metabolic activity of NIH/3T3
cells over time on days 1, 3, and 5, using mid-range peptide doses
tested in the biocompatibility assays, namely, 1.13 x 10~ m for
RGD and 0.96 x 103 M for YIGSR. The NPs were adherent to the
cells with visible accumulation by the 24 h time point (Figure 5b).
These enhanced proliferative properties can clearly be attributed
to the presence of the peptide terminations on the stabilizing
agents around the NPs, as the P(PEG3K)-NEt, stabilizer itself did
not show this proliferation (NPs 4) tendency as indicated by the
rather stable number of fibroblast cells in this case. These results
remind other results from the literature (on different types of bio-
materials) pointing out the potentially pro-proliferative character
of such peptide sequences!**! for fibroblast cells.

These findings agree well with our physicochemical analyses
showing that the P(PEG3K)-Peptide molecules were grafted in
brush regime to the apatite particles through their phosphonate
end-group and exposed on the other end the peptide moieties to-
ward the surrounding medium. These results thus evidence that
the peptide functionalization process developed in this work did
not inhibit peptide activity, and instead provided a way to expose
them efficiently to cells present in the medium.

3. Concluding remarks

In this work, colloidal stabilization of biomimetic apatite
nanoparticles and biofunctionalization was achieved through
one-pot co-precipitation strategy using phosphonated PEG pep-
tide conjugates. We demonstrated that i) the hybrid apatite-
peptide nanoparticles had a monomodal size distribution con-
trolled by the organic moiety used as stabilizing agent, ii) the inor-
ganic core of the NPs was composed of bioinspired calcium phos-
phate apatite, iii) the anchoring of the organic stabilizing conju-
gates proceeded through the phosphonate end group as mono-
and bidentate/constrained surface complexes, iv) the conjugates
were exposed in a brush conformation allowing for efficient ex-
position of the peptides to the outer periphery of the NPs, and
v) the NPs were biocompatible and exerted pro-proliferative bio-
logical effect on fibroblasts thanks to their functionalization with
relevant bioactive peptides.
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Figure 5. NIH/3T3 fibroblast cell viability/metabolic activity for NPs stabilized with a) P(PEG3K)-RGD (NPs 7) and b) P(PEG3K)-YIGSR (NPs 11) after

72 h and c) proliferation experiments at 0.1 mM of peptide.

Beyond this proof of concept, this synthetic strategy allows
to access to a family of structurally and functionally well-
defined hybrid peptide apatite NPs as tailorable, multifunc-
tional bioactive nanosystems. From an applicative biomedical
viewpoint,[*! peptide-functionalized compounds can offer tun-
able properties in nanomedicine, whether for diagnostics (us-
ing fluorescent peptides) and therapeutic (e.g., antibacterial pep-
tides) applications,[*’] for use in bio-sensing and regenerative
medicine. Peptide-decorated apatite NPs could, e.g., be envi-
sioned in the field of dermatology (e.g., for wound healing) or
for bone repair, in combination with a support matrix.
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