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ABSTRACT

Polyester-based composites with silica nanoparticles fillers are promising candidates as biomaterials due to
improved mechanical and biological properties. However, nanofillers use generally leads to an inhomogeneous
distribution inside the polymer matrix because of agglomeration, decreasing composites overall performances. In
view of improving nanofillers dispersion, we developed a synthesis and characterization method to design poly(b,
L-lactide)-grafted silica nanoparticles using “grafting to” method and to quantify the amount of grafted poly(p,L-
lactide). Firstly, well-defined N-hydroxysuccinimide ester poly(p,i-lactide)s were synthesized through a new
pathway. Then, amino-functionalized silica nanoparticles were grafted with those customized polyesters yielding
an amide covalent bond between both reagents. Such PDLLA-grafted nanoparticles were precisely characterized
and the grafting amount was quantified using a dual approach based on TGA and FTIR analysis. The synthesis
and the characterization methods developed constitute a robust and reproducible way to design well-defined
polymer-grafted silica nanoparticles that could be used as nanofillers in polymer matrix nanocomposites for

biomedical applications.

1. Introduction

Bone defects and related diseases remain a challenge for surgeons,
and represent half of chronic diseases for people over 50. Defects
resulting in fractures and/or trauma are mainly caused by traffic acci-
dent, falls, aged fragility and tumor resections [1-3]. For small size
defects, bones are able to regenerate, but, for critical size defects, bone
regenerative properties are not sufficient to allow a global reparation.
Autologous bone grafting is the method currently used to treat critical
size bone defects. This procedure presents disadvantages including
secondary damages to the donor site, such as infections or morbidity,
and difficulties in shaping the bone graft to perfectly fill with initial
defect [3].

Composites biomaterials for tissue engineering such as scaffolds
[4-8] are an interesting solution for bone defects treatment by
mimicking bone structure, providing a 3D environment to promote cell
adhesion, proliferation and differentiation, improving their global
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mechanical behavior and presenting tailored biodegradability. These
inorganic-organic composites combine toughness of polymeric matrices
including natural or synthetic polymers [9-11] and compressive
strength of inorganic fillers like apatite [12], Bioglass® [13] or silica
[14,15].

In the biomedical field, synthetic polymers commonly used as com-
posite matrix are aliphatic polyesters such as poly(lactide) (PLA), poly
(glycolide) (PGA) and a copolymer combining the two previous ones,
poly(lactide-co-glycolide) (PLGA) [4,10]. The physical and mechanical
properties of these polymers can be changed by varying the molecular
weight or comonomer composition, which in turn, control the polymers
biocompatibility, degradation rate, cell attachment and cell growth [4,
10,16-18]. More particularly, poly(p,L-lactide) (PDLLA) is a versatile
polymer for biomedical applications such as composite matrix because
of its high and tunable degradation rate, between 2 and 12 months
[16-18].

Inorganic filler addition inside polymer matrix also improve
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bioactivity, mechanical and structural properties of composite scaffolds.
Silica nanoparticles are interesting biomedical composite fillers for
several reasons. Firstly, silicates are essential for metabolic processes,
formation and calcification of bone tissue as they stimulate collagen I
formation and osteoblastic differentiation [19,20]. In addition, when
used as fillers, silica nanoparticles are known to improve mechanical
and structural properties of the final material [21-24]. However, the
introduction of nanoparticle fillers in polymer matrix raises a challenge
in term of homogeneity. In fact, nanoparticles form agglomerates in
solubilized polymer matrix, which limit their homogeneous dispersion
inside the final composite and thus decrease the overall performances of
the material [21,25]. This heterogeneous distribution may result in
preferential zones degradation and mechanical weakening of the scaf-
fold. Thus, a method that provides homogeneous dispersion of nano-
fillers is necessary to obtain uniform properties of biomaterials [26].

To improve nanoparticles distribution in the polymer matrix during
mixing or material processing, different studies propose a chemical
modification of silica nanoparticle surface, previously treated with
silane coupling agent such as 3-aminopropyltriethoxysilane [21,27-30],
with polymer leading to polymer-grafted particles. For the covalent
grafting of polymer on the surface of nanofillers, two approaches are
available: “grafting from” (GF) and “grafting to” (GT) methods. The GF
method has been more widely studied in recent researches than GT
method. In fact, recent studies show that GF method (in situ melt
polycondensation [31-33], direct ring opening polymerization using
particles as macroinitiator [34,35]) presents higher grafting density
than the GT method that is limited by steric hindrance of polymer chains
during the grafting process. GT, however, allows a more precise control
of the molecular weight and the architecture of grafted polymer chains
[36]. This is a key feature as one of the most relevant parameter for
homogeneous nanoparticles dispersion is the grafted/free chains mass
ratio [37]. Indeed, the latter enables to manage the arrangement of the
grafted nanoparticles inside the matrix to be either large aggregates or as
individual nanoparticles dispersion. The composite nanoscale micro-
structure strongly affects the mechanical and/or degradation properties.

Studies focused on GT method of PLA polymers on silica nano-
particles have found that PLLA grafted nanoparticles are interesting
nanofillers for PLLA composites. Yan et al. [38] performed PLLA oligo-
mers GT functionalization of silica nanoparticles by condensation re-
action without any catalyst and Wu et al. [39] used the GT method to
successfully graft PLLA to the silica surface using an amidation reaction.
Other authors propose further PLLA or silica modification to improve
PLLA grafting to silica nanoparticles using 2,4-diisocyanatotoluene
(TDI) [35,40]. However, from this review of literature, we note that
no study has reported on silica nanoparticles grafted with PDLLA and its
characterization. The aim of this study is to develop such nanosystems
using “grafting to” method, and to quantify precisely the grafting.

In this work, we provide a detailed report of the synthesis of inor-
ganic particles functionalized with degradable polymers using a
“grafting to” approach. First, the synthesis and characterization of poly
(p,1-lactide)s and their customization leading to N-hydroxysuccinimide
ester poly(p,i-lactide)s are discussed. Then, silica nanoparticles synthe-
sis using a modified Stober process [41] and their surface functionali-
zation with silane coupling agent are presented. In the last step, poly(p,
-lactide)-grafted silica nanoparticles elaboration by covalent coupling
reaction of both precursors is demonstrated. The full characterization of
those systems before and after covalent coupling mainly using NMR
spectroscopy, SEC, TEM, DLS, TGA allows to verify that PDLLA chains
are grafted on silica nanoparticles surface and a dual approach permits
the grafting quantification using FTIR and TGA analysis. The results of
this study could have greater implication in the development of
PDLLA/silica nanoparticles biomedical composite scaffolds, using
PDLLA-grafted silica nanoparticles as nanofillers, for bone defects
treatment.

2. Materials and methods
2.1. Materials

p,i-lactide was purchased from Corbion Purac (PURASORB® DL
Goerinchem). 4-(dimethylamine)pyridine (DMAP), stannous 2-ethyl
hexanoate (Sn(Oct)2), N,N'-dicyclohexyl carbodiimide (DCC), succinic
anhydride (SA), tetraethyl orthosilicate (TEOS), ammonium hydroxide
solution (28-30% NHgs basis), 3-aminopropyl triethoxysilane 99%
(APTES), methanol, ethanol, 1,4-dioxane, acetone, acetonitrile, n-hep-
tane and hydrochloric acid were obtained from Sigma-Aldrich and were
used without any further purification. N-hydroxysuccinimide (NHS) was
purchased from ACROS. Dichloromethane, toluene and N,N-dime-
thylformamide (DMF, Sigma-Aldrich) were dried over calcium hydride
for 24 h and distilled. Benzyl alcohol and triethylamine (TEA) (Sigma-
Aldrich) were dried over potassium hydroxide for 24 h and distilled.
Ultrapure water with resistivity of 18 MQ.cm was produced thank to a
Millipore Milli-Q water system. Pre-wetted RC tubing dialysis mem-
branes (1 kD) were purchased from Spectrumlabs.

2.2. Synthesis and grafting

2.2.1. Synthesis of poly(p,1-lactide) (PDLLA-OH)

PDLLA-OH was synthesized by ring-opening polymerization of b,L-
lactide using standard Schlenk technique under argon atmosphere with
benzyl alcohol (BnOH) as initiator and Sn(Oct); as catalyst. Typically, to
obtain PDLLA-OH with a molecular weight of M, 2200 g.mol %, 5 g of p,
t-lactide (34.7 mmol), 94 mg of Sn(Oct); (0.23 mmol), 250 mg of benzyl
alcohol (2.31 mmol), and 10 mL of anhydrous toluene were placed in an
oven dried Schlenk tube closed with a rubber septum. The solution was
further degassed by three freeze pump-thaw cycles, and polymerization
was performed overnight in an oil bath at 80 °C, with stirring and under
an argon atmosphere. The polymerization was quenched with 3 drops of
1 N hydrochloric acid in methanol. After cooling down at room tem-
perature, the mixture was poured in cold n-heptane. The precipitated
polymer was collected by filtration and dried under vacuum (yield
98%).

'H NMR (300 MHz, CDCls, 6 (ppm)): 7.3 (m, C¢Hs); 5.11 (m,
CH-CH3); 4.33 (q, (CH3)CH-OH); 1.52 (m, CH-CH3). My nmr = 2400 g.
mol !, M, sgc = 3000 g.mol ™!, B = 1.16.

2.2.2. Synthesis of N-hydroxysuccinimide ester poly(p,i-lactide)
(PDLLA-COO-NHS)

The synthesis of PDLLA-COO-NHS was performed in two steps. First,
carboxy-terminated PDLLA were synthesized according to a known
procedure described by Lee et al. [42]. In a dried round bottom flask
equipped with a condenser, 2 g of PDLLA-OH (0.91 mmol, M, 2200 g.
mol ™), dimethylaminopyridine (22 mg, 0.18 mmol), and succinic an-
hydride (909 mg, 9.1 mmol) were dissolved in 25 mL of 1,4-dioxane at
100 °C. Then, triethylamine (918 mg, 9.1 mmol) was added. The solu-
tion was stirred at 100 °C for 48 h, cooled, and the solvent removed
under reduced pressure. Dichloromethane (50 mL) was added to the
residue, and the mixture was extracted with three 50 mL portions of
saturated sodium chloride solution. The organic phase was then dried
over MgSO4 and the solvent removed under reduce pressure.

In a second step, carboxy-terminated PDLLA were activated with
NHS. To a solution of the resulting polymer in 10 mL of anhydrous
dichloromethane cooled to 0 °C, NHS (145 mg, 1.26 mmol) was added
slowly. Then, a solution of N,N'-dicyclohexyl carbodiimide (DCC) (260
mg, 1.26 mmol) in 5 mL of anhydrous dichloromethane was added
dropwise. The reaction was performed during 72 h at room temperature.
Then the flask was immersed in an ice bath to stop the reaction.
Dichloromethane was removed under reduced pressure. Acetonitrile
(50 mL) was added to the residue and the flask was placed in a freezer for
6 h to precipitate the formed dicyclohexylurea (DCU). The solution was
then centrifuged three times 10 min at —5 °C and 5500 rpm to evacuate



the precipitated DCU. The resulting solution was dialyzed in tubing
dialysis membrane (1 kD) and placed under stirring in a mix of methanol
and acetone (50:50) during 2 days. The solvent was renewed twice a
day. Finally the solvent of dialyzed solution was removed under reduced
pressure and the resulting polymer was dried under vacuum.

'H NMR (300 MHz, CDCl3, § (ppm)): 7.3 (m, CeHs); 5.11 (m,
CH-CH3); 2.98 (d, COO-CH,-CH2-COO0); 2.83 (m,
COO-CH2-CH»-COO + CO-CH»-CH>-CO); 1.52 (d, CH-CH3).

2.2.3. Synthesis of silica nanoparticles (Np)

Silica nanoparticles were synthesized using a modified Stober pro-
cess through a sol gel route [41]. Firstly, 100 mL of absolute ethanol
were mixed with 10.8 mL of MilliQ water and 3.9 mL of ammonium
hydroxide under vigorous stirring during 15 min. Then, 6.3 mL of TEOS
was added to the solution. After 17 h, the obtained suspension was
centrifuged at 5500 rpm during 10 min and the solid pellet of particles
was then frozen with liquid nitrogen and freeze-dried for 3 days.
Approximately 1.7 g of silica nanoparticles were obtained at the end of
this process.

2.2.4. Nanoparticle surface functionalization (Np-NH2)

Amino functionalized Np were prepared according to a modified
procedure described by El Fiqi et al. [27,43]. 700 mg of Np were added
to 50 mL of distilled toluene in an oven dried Schlenk tube closed with a
rubber septum. After dispersion of the nanoparticles with an ultrasonic
probe (Bioblock Scientific Vibracell 75,115, 5 min, amplitude 60%), the
Schlenk tube was put under argon atmosphere and under vigorous
stirring in an oil bath at 80 °C. Then, APTES (7 mL, 29.9 mmol) was
added under an inert atmosphere with a syringe through the rubber
septum. The suspension was heated at 80 °C overnight. Then, the sus-
pension was centrifuged in fluorinated ethylene propylene tubes (FEP)
during 10 min at 5000 rpm. The nanoparticle pellets were washed three
times with distilled toluene (dispersion with an ultrasonic probe and
centrifugation) and dried at 80 °C under vacuum during 24 h. This
protocol led to about 553 mg of amino functionalized silica
nanoparticles.

2.2.5. Synthesis of PDLLA-grafted silica nanoparticles (Np-PDLLA)

100 mg of amino-functionalized nanoparticles (Np-NHy) were
dispersed with an ultrasonic probe (10 min, amplitude 60%) in 5 mL of
distilled DMF in an oven dried Schlenk tube. Then, triethylamine was
added (100 pL). The Schlenk tube was placed in an oil bath at 65 °C
under argon atmosphere and stirring. Then, a solution of
PDLLA-COO-NHS (233 mg, M;, = 5200 g.mol™ 1 in 5 mL of DMF was
transferred dropwise into the Schlenk tube and the reaction was left for
24 h at 65 °C. The solvent was then removed by centrifugation. The
residue waswashed twice with 10 mL of toluene and twice with 10 mL of
ethyl acetate (dispersion and centrifugation) to evacuate the remaining
free PDLLA chains. The remaining nanoparticles were then dried under
vacuum during 2 days, leading to approximately 84 mg of PDLLA-
grafted silica nanoparticles.

CHy

0 Sn(Oct)z
HeC Toluene, 80°C
D,L-LA

R e

Dioxane, 100 °C

PDLLA-COOH

Dichloromethane, RT

2.3. Characterization of structure and properties

2.3.1. Polymer characterization

'H NMR spectra were recorded on a Bruker spectrometer (AMX300)
operating at 300 MHz in CDCl3 as solvent. The chemical shifts were
referenced to the peak of residual non-deuterated solvents.

Average molecular weights (M) and dispersities (P) were deter-
mined using size exclusion chromatography (SEC) on a Shimadzu
Prominence system (Shimadzu Corp, Kyoto, Japan). This system is
equipped with a PLgel MIXED-C guard column (Agilent, 5 pm, 50 x 7.5
mm), two mixed medium columns PLgel MIXED-C (5 pm, 300 x 7.8 mm)
and a Shimadzu RI detector 20-A. The mobile phase was THF with a flow
of 1 mL.min " at 35 °C. Polystyrene standards were used for calibration
and polymers characteristics obtained expressed according to those
standards.

MALDI-TOF mass spectrometry was performed on a Bruker RapifleX
equipped with a Ny laser (337 nm) in the reflector mode and at 20 kV
acceleration voltage. The analysis were run using t-2-[3-(4-t-butyl-
phenyl)-2-(methyl-2-propenylidene)] malononitrile (DCTB) as matrix
with sodium iodide (Nal) for ion formation.

2.3.2. Particle characterization

Transmission electron microscopy (TEM) was used to image initial
nanoparticles and PDLLA-grafted nanoparticles. Samples were dispersed
in ethanol (0.5 mg mL™') and deposited on 300 mesh copper TEM grids.
Imaging was performed on JEOL 1200 EXII TEM using an operating
voltage of 120 kV. Multiple areas of each grid were analyzed and, for
nanoparticle size determination, at least 100 particles were measured to
calculate mean particle diameter (D,y) and standard deviation by image
processing (ImageJ, with “Analyze particles” tool).

Nanoparticle mean hydrodynamic diameter (Z,,) of initial nano-
particles and PDLLA-grafted nanoparticles was determined using dy-
namic light scattering (DLS, Malvern Instrument Zetasizer Nano-ZS)
after dilution of the samples in ethanol (0.5 mg.mL_l) and sonication
during 10 min. The mean hydrodynamic radius and polydispersity index
(PdI) were evaluated after 3 runs for each sample.

Nanoparticle specific surface area (SSA) was estimated according
single point Brunauer-Emmett-Teller (BET) method using N5 adsorption,
on a Monosorb Quantachrome device. Measurements were performed
five times on initial silica nanoparticles after degassing at 100 °C
overnight.

The electrical surface charge properties of the initial, amino-
functionalized and PDLLA-grafted nanoparticles were investigated by
Zeta (¢) potential measurements using a Malvern instrument Zetasizer
Nano-ZS. The measurements were performed at 25 °C in distilled water,
after dispersion of the sample with an ultrasonic probe (0.1 mg.mL™}),
with an applied field strength of 20 V.cm 1. Mean zeta potential value
and standard deviation were evaluated on 3 measurements of 12 runs for
each sample.

Cross polarization magic angle spinning 2°Si solid state nuclear
magnetic resonance spectroscopy analysis (CP-MAS 295 NMR

V{YL} PDLLA-OH
Ay

PDLLA-COO-NHS

DCC

Scheme 1. Synthetic pathway for the preparation of N-hydroxysuccinimide ester poly(p,L-lactide).



Table 1
Characteristics of poly(p,L-lactide) synthesized by ring-opening polymerization.

[p,1-Lalo/ My (8. Mn,NMRI’ Msec’ (g P
[BnOH]o/ mol 1) (gmol™)  mol™)
[Sn]o”
PDLLA;ox-OH  15/1/0.1 2200 2400 3000 1.16
PDLLAsox-OH  35/1/0.1 5200 4900 7500 1.10

2 Conditions of ROP: [p,.-La]g = 3.47 mol.L™}, T = 80 °C, solvent: toluene.
b Determined by 'H NMR spectroscopy in CDCls.
¢ Determined by SEC in THF using PS standards.

spectroscopy) was performed to characterize the surface functionaliza-
tion of nanoparticles with amine groups using a VNMRS 400 MHz
VARIAN spectrometer, with a “Wide Bore” magnet (9.4 T), a T3 VARIAN
probe and 7.5 mm zirconia rotors. Samples were analyzed at a contact
time of 5 ms and recycle time of 5 s, with a rotation speed of 5 kHz.
Calibration of the analysis was based on Q8MS8H (octakis(dimethylsi-
loxy)octasilsesquioxane) as secondary reference. The acquisition win-
dow was of 50 kHz and the line broadening was 50 Hz.

Fourier transformed infrared (FTIR) spectroscopy analyses were run
on sample in KBr pellet in transmission mode using a Nicolet 5700
spectrometer (400-4000 cm’l, 64 scans, resolution 4 cm’l). We pre-
pared 12 mm pellets by mixing 1 mg of nanoparticles or polymer with
300 mg of KBr pressed at 8 tons pressure.

Thermogravimetric analyses (TGA) of the different constituents were
recorded using a Setaram instrument (Setsys Evolution System) from
25 °C to 700 °C with a heating rate of 5 °C per minute under argon flow,
with a dwell of 30 min at 25 °C.

3. Results and discussion
3.1. Synthesis of poly(p,i-lactide) (PDLLA-OH)

Well-defined poly(p,.-lactide) with carboxylic end-groups activated

by NHS, named PDLLA-COO-NHS, were synthesized in 3 steps by
combining ring-opening polymerization (ROP) and conjugation chem-
istry (Scheme 1).

Firstly, PDLLA-OHs were prepared by ROP of p,i-lactide using tin
octanoate (Sn(Oct)) as catalyst and benzylic alcohol as initiator. Table 1
shows the characteristics of two PDLLA-OH (PDLLA;-x—-OH and
PDLLA5 ox-OH) using two different p,r-lactide/initiator feed ratios (15
and 35). The conversion was quantitative in both cases.

(Fig. 1, A) shows the 'H NMR spectrum of PDLLA-OH. The peaks at &
5.11 and 1.52 ppm were associated to the polymer backbone. The peak
at 6 7.3 ppm was correlated to the aromatic protons of the initiator. The
hydroxyl methine end-group appeared at § 4.33 ppm as a weak reso-
nance. The molecular weights determined by 'H NMR spectroscopy (M,
~MR) were calculated from the relative intensity of NMR signals of the
lactic acid units (5 5.11 ppm and § 4.33 ppm) and the phenyl group (5
7.3 ppm), following Eq. (1).

72 x (Ih -+ Id)

Mo = 108 + === 2

@

where 108 and 72 are the molar masses (g.mol_l) of benzyl alcohol and
lactic acid units respectively. I,, I, and I4 are the integration values of H
NMR signal of the phenyl end group (a) at § 7.3 ppm, the polymer
backbone (b) at § 5.11 ppm, and the one of hydroxyl methine end group
(d) at § 4.33 ppm.

As reported in Table 1, molecular weights My nmr (PDLLA ox—OH,
My nmr = 2400 g.mol™!; PDLLAs 2x-OH, My xvr = 4900 g.mol ') are
close to the targeted value (PDLLAjx—OH, My = 2200 g.molfl;
PDLLAs 2xk-OH, Mpnmr = 5200 g.mol’l). The molecular weights esti-
mated by SEC using PS standards (PDLLAj 2x—OH, My sgc = 3000 g.
mol~}; PDLLAs ox-OH, M, sgc = 7500 g.mol’l) are higher than those
determined by 'H NMR spectroscopy. Indeed, it is well-known that PLA
molecular weight determined by SEC with PS standards are over-
estimated [44,45]. To conclude, the two different polymers were ach-
ieved with a good control of M, and low dispersities (PDLLAy ox—OH, D

A) PDLLA, ,,-OH

CHs

B) PDLLA, ,,-COO-NHS

/

’ ’
1A ‘ B\
A - |
wJ -
5.00 31.31 1.07

C o] c
a CHs 0 ) . 0 f
Ph\%oﬁo)‘\(o\’(\’)l\o/ru
o ol CHs o € o

b, d
> ’
a A E:Le’ +f 1
5.00 3210 1.96 5.87
T T T T T T T T T T T T T T
8 7 6 5 3 2 1 0

3 (ppm)

Fig. 1. 'H NMR spectrum of A) PDLLA; 5x—OH and B) PDLLA; »x-COO-NHS in CDCl;.



Table 2
Characteristics of N-hydroxysuccinimide ester poly(D,L-lactide).

Starting polymer Functionalization ratio t° My nmr” (g-mol ™) M, sec” (g:mol ™) P
PDLLA, 5x-COO-NHS PDLLA; »x-OH 98% 2600 3600 1.12
PDLLA5 ,x-COO-NHS PDLLAs ,x-OH 93% 5100 8000 1.13

2 Determined by 'H NMR spectroscopy in CDCls.
b Determined by SEC in THF using PS standards.

SEC

—— PDLLA, ,,-COO-NHS
— PDLLAZ.ZK'OH

I
15 16 17 18

T T T

19 20 21

Elution time (min)

Fig. 2. SEC traces of PDLLA; 5x—OH and PDLLA; ox—COO-NHS in THF.

= 1.16 and PDLLAs ox-OH, P = 1.10), which prove the well-controlled
polymerization process.

3.2. Synthesis of N-hydroxysuccinimide ester poly(p,i-lactide)
(PDLLA-COO-NHS)

In a second step, PDLLA-COOH were prepared by the reaction of
PDLLA-OH with succinic anhydride in the presence of DMAP and TEA
used as catalysts (Scheme 1). Then, the carboxyl moiety of PDLLA-
COOH was activated by reaction with NHS in presence of DCC,
yielding PDLLA-COO-NHS polymers (PDLLAjx—COO-NHS and
PDLLA5 2xk—COO-NHS) that would be able to react with functionalized
silica nanoparticles. NHS ester is probably the most common activation
chemical for producing reactive acylating agents. Fig. 1 shows the 'H
NMR spectra of PDLLAj oxk-OH and PDLLA; 5x-COO-NHS. 'H NMR
spectroscopy data confirm the functionalization of the PDLLA-OH in
PDLLA-COO-NHS. The terminal methine proton (Fig. 1 A, peak d) dis-
appeared after the reaction with succinic anhydride and NHS. A triplet
appears at § 2.98 ppm corresponding to two hydrogen atoms from
succinic anhydride (peak e) and a multiplet appears at § 2.83 ppm
corresponding to an overlap of two hydrogen atoms from succinic an-
hydride (peak e’) and the four hydrogen atoms from terminal NHS (peak
f). The functionalization ratio t of the hydroxyl end-groups, determined
by TH NMR spectroscopy, is almost quantitative for PDLLA; ox—OH (T =
98%, Fig. 1) and functionalization rate is good for PDLLAg ox—OH (1t =
93%, Figure S1). Functionalization ratios were evaluated by comparing

the peak area of succinic anhydride and NHS hydrogen overlap (f + e’)
with the peak area of the characteristic PDLLA multiplet at 5.11 ppm (b).
The molecular weights (M, nmr) were determined using relative in-
tensity of 'H NMR signals of phenyl group (a), lactic acid units (b,d) and
functionalization end groups (e, €’ + f) and following Eq. (2).

72 % (I, + 1)

MH.NMR = 108 + 1/51

+197 x7 (2

where 108, 72 and 197 are the molar masses (g.mol_l) of benzyl
alcohol, lactic acid units and functional end-group respectively. I, and
(I, + Ig) are the integration values of 'H NMR signal of the phenyl end-
group (a) at § 7.3 ppm, and the polymer backbone (b,d), at 5§5.11 ppm. t
is the functionalization ratio.

The molecular characteristics of the two customized polymers
PDLLA> oxk—OH and PDLLAj5 5x—OH are reported in Table 2. For the end-
functional polyesters, 'H NMR spectroscopy and SEC analysis results
(Fig. 2 and Figure S2) both showed a slight increase of polymers mo-
lecular weight (PDLLA; 5xk—COO-NHS: My nmr = 2600 g.mol’1 and My,
sec = 3600 g.mol’l; PDLLA5 2x-COO-NHS: M; nvr = 5100 g.mol’1 and
Mysec = 8000 g.mol™!). The SEC dispersities remained similar
(PDLAj ok~-COO-NHS, P = 1.12 and PDLLAs oxk~-COO-NHS, P = 1.13) in
comparison with starting polymers. Those results indicate that no chain
cleavage occurred during the chemical modification of PDLLA-OH.

The initial polymer PDLLAj.x-OH and customized one
PDLLA ok—COO-NHS were also characterized by MALDI-TOF mass
spectrometry (Figure S3). Using MALDI-TOF, complete structural
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Scheme 2. Illustration of silica nanoparticle modifications: Nanoparticle surface functionalization with amine groups using APTES and PDLLA-COO-NHS “grafting

onto” functionalized nanoparticle surface.

analysis with the verification of the functionalization could be per-
formed. This analysis gave the distribution of polymer chains based on
their m/z ratio that can be linked to the chain molecular weight. The
distributions obtained for PDLLAsxk—OH and PDLLAs 5x—COO-NHS
present Gaussian curves proving a good control of the reaction. In the
case of PDLLA; 5x—OH, the maximal peak at m/z = 2291.7 is close to the
molecular weight found with 'H NMR spectroscopy (MpnmR = 2400 g.
mol 1) and corresponds to the expected degree of polymerization of 15.
In the case of PDLLAj ox-COO-NHS, the maximal peak is at m/z =
2488.7, the difference between this value and the one of the maximal
PDLLA; ox—OH peak corresponds exactly to the molecular weight of the
grafted group on the PDLLA; 5x—OH hydroxyl terminal end-group. On
Figure S3 A and B, we can see that the difference between two high
intensity peaks is of 144.04 which corresponds to the weight of a p,L-
lactide monomer unit. The presence of less intense peaks separated from
high intensity peaks by 72.02, highlights trans-esterification reactions
during the polymer synthesis. MALDI-TOF spectrometry was only per-
formed on PDLLA 5x—OH, as this analysis is less relevant for higher
molecular weights.

It’s interesting to notice that Lee et al. already described the func-
tionalization of poly(i-lactide) polymers with carboxylic acid end-
groups on high molecular weight polymers [42]. Lim et al. described
modification of poly(vinyl alcohol) with a two-steps process using SA
and NHS/DCC to graft tyramine [46]. However, to the best of our
knowledge, the synthesis of well-defined PDLLA-COO-NHS using a
two-steps process involving succinic anhydride and NHS/DCC and its
fine characterization has never been described so far. Those customized
polymers presenting an activated carboxylic acid end-group present
high reactivity with amine groups, thus permitting covalent grafting on
amino-functionalized nanoparticles.
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3.3. Synthesis of silica nanoparticles (Np)

Silica nanoparticles were synthesized by sol-gel route, adding TEOS
in a mixed solution containing pure ethanol, ammonium hydroxide and
water. The basic pH due to ammonium hydroxide, allowed the forma-
tion of spherical silica particles by hydrolysis and condensation of TEOS
silanol groups [47]. As previously stated, it is well-known that particle
size can be tuned in Stober-derived processes by varying several pa-
rameters such as TEOS concentration or pH [41]. In the present study,
parameters have been fixed to obtain monodisperse Np of several hun-
dred nanometers; the latter will be used to demonstrate the proof of
concept of covalent grafting with PDLLA. Moreover, in view of bone
substitution applications, such Np diameters could prevent the particle
uptake through biological membrane. After the reaction, the suspension
was centrifuged and the collected packed nanoparticles was then
freeze-dried during 3 days. The centrifugation and drying processes are
key steps to limit condensation reaction between particles and conse-
quently agglomeration phenomena that occur in presence of water [21].
In order to obtain reactive silica nanoparticles and allow polymer
grafting onto its surface, APTES was used to functionalize silica surface
with amine groups by hydrolysis (Scheme 2).

The size of initial silica Np was analyzed both by TEM followed by
image processing and DLS measurements. TEM observations (Fig. 3)
clearly show spherical and homogeneous size of silica Np. Image pro-
cessing, with ImageJ, on at least 100 Np gave an average diameter of
357 + 19 nm with a low polydispersity index (PdI = 0.003) proving that
the reaction is well controlled. DLS measurements performed on a sus-
pension of silica Np in pure ethanol gave information on the hydrody-
namic diameter (Z,,). For silica Np, we obtained a Z,, of 383 + 1 nm
with a low polydispersity index (0.096) (Table 3), confirming a narrow
polydispersity of the Np and a good size control during Stober process.
As DLS measures hydrodynamic diameter and not particles diameter, it
is obvious that DLS measurements over evaluate the Np diameter.

D,, =357 19 nm
Pdl = 0.003

20

15

54

0

== =
240 260 280 300 320 340 360 380 400 420 440 460
Diameter (nm)

Fig. 3. A) TEM image and B) size distribution of initial silica nanoparticles (Np).



Table 3
Size characteristics of initial nanoparticles (Np) and PDLLA-grafted nano-
particles (Np-PDLLA).

TEM DLS BET
Day+ 0 (nm)  PdI Zow+ o0 (nm)  PdI SSA + o (m%g™h)
Np 357 + 19 0.003 3831 0.096 14.2+0.1
Np- 359 + 24 0.004 890 + 38 0.312
PDLLA
Table 4

Zeta-potential measurements of initial nanoparticles (Np),
amine-functionalized nanoparticles (Np-NH,), and PDLLA-
grafted nanoparticles (Np-PDLLA).

{-potential + ¢ (mV)

Np 3242
Np-NH, 1441
Np-PDLLA ~18+1

Specific surface area (SSA) of initial Np, 14.2 £+ 0.1 mz.g’l, was deter-
mined by single point BET method using N3 adsorption and is in the
same range than results found in the literature [48].

3.4. Nanoparticle surface functionalization (Np-NHz)

Silica Np surface was then treated with APTES performing a coupling
chemical reaction between Np surface hydroxyl groups and APTES
ethoxy groups. Z-potential of silica Np (Table 4) was measured before
and after treatment with APTES to check the surface functionalization.
Initial silica Np presented a negative {-potential (—32 + 2 mV) which
can be explained by the presence of hydroxyl group at their surface.
After APTES treatment, the amino-functionalized Np presented a posi-
tive {-potential (14 £+ 1 mV), due to the modification of hydroxyl groups
by APTES, leading to NHy surface groups. This modification of the
C-potential value sign attests the surface modification of the Np with

amino groups and was already described in the literature [28,43].

Functionalization of Np surface with APTES was also investigated by
295i CP-MAS solid-state NMR spectroscopy. This non quantitative anal-
ysis allowed the identification of the various species of Si units forming
the Np network. Fig. 4 shows the 2°Si CP-MAS NMR spectrum of Np-NH,
with a main contribution between —125 ppm and —80 ppm, which is
related to the overlapping contributions of the different siloxane groups,
Q" units representing the number of Si—O-Si bonds per silicon atom. The
resonance at —107.9 ppm is ascribed to Q* units; the one at —99.1 ppm
corresponds to Q2 units and the last one at —91.6 ppm to Q2 units. The
second resonance between —75 ppm and —50 ppm is composed of two
T contributions: —64.9 ppm (T%) and —57.7 ppm (T2) which correspond
to grafted species and represent the number of Si-O-Si bonds for a sil-
icon atom linked with a carbon atom [29,49-51]. The presence of the T"
contribution in the 2°Si CP-MAS NMR spectrum confirms that APTES
was grafted on silica nanoparticles surface.

3.5. Synthesis of PDLLA-grafted silica nanoparticles (Np-PDLLA)

As mentioned previously, the amino-functionalized silica Np were
covalently functionalized by the PDLLAs ox~COO-NHS polymer. Indeed,
PDLLA chains were attached to the Np by conjugating the NHS-activated
carboxyl end-group of PDLLA52xk-COO-NHS to the amino-
functionalized silica Np (Scheme 2). The washing of resulting nano-
particles with toluene and ethyl acetate permitted the removal of non-
grafted PDLLA5 ox—~COO-NHS chains, ensuring that there were no free
PDLLA chains remaining. Only PDLLAs5 ok-grafted nanoparticles were
investigated here, PDLLA; 5x-—COO-NHS chains have too low molecular
weight to be identified by characterization after grafting.

The size of PDLLA-grafted Np was analyzed by both TEM studies and
DLS measurements. Image processing performed on Np-PDLLA led to the
same size of Np (359 + 24 nm) with a narrow polydispersity (PdI =
0.004), whereas DLS measurements showed an increase of Np-PDLLA
hydrodynamic diameter (890 + 38 nm) and higher polydispersity
index (PdI = 0.312) compared to initial silica Np (383 + 1 nm, PdI =
0.096) (Table 3). These diameter and polydispersity index increases are
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Fig. 4. 2°Si CP-MAS SS NMR spectrum of amino-functionalized nanoparticles (Np-NH,).
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Fig. 5. TEM observation of A) initial silica nanoparticles (Np) and B) PDLLA-grafted nanoparticles (Np-PDLLA).
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Fig. 6. A) FTIR spectrum of initial nanoparticles (Np), PDLLA-grafted nanoparticles (Np-PDLLA) and PDLLA-COO-NHS, B) zoom of Np-PDLLA spectrum in the 3500-
1300 cm™? range.

related to the PDLLA grafting onto nanoparticles surface. In fact, when chains entanglement. {-potential of Np-PDLLA was measured (Table 4)
in suspension, the PDLLA corona on silica nanoparticles is swelled by the and showed a decrease with a sign modification compared to Np-NHy. In
solvent (EtOH during DLS measurements) [52]. This phenomenon fact, Np-PDLLA presents a {-potential of —18 + 1 mV whereas Np-NH; {
significantly enhances the hydrodynamic diameter. Moreover, the potential is 14 + 1 mV. The sign modification of PDLLA-grafted nano-

PDLLA layer tends to favor aggregation phenomena due to polymer particles {-potential is an additional proof of surface modification. TEM
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Fig. 7. TGA curves of initial nanoparticles (Np), amino-functionalized nano-
particles (Np-NH,) and PDLLA-grafted nanoparticles (Np-PDLLA).

observation of initial and Np-PDLLA at high magnification (x10 000)
showed the presence of the polymer corona around silica nanoparticles
and the Np aggregation phenomenon (Fig. 5).

FTIR spectroscopic analysis of Np, PDLLA-COO-NHS and Np-PDLLA
also confirmed the presence of PDLLA grafted on nanoparticles surface.
As shown on Fig. 6, the spectrum of the initial silica nanoparticles pre-
sents the characteristic absorption bands of silica [29,53,54]. Band at
3420 cm ™! is assigned to stretching, the vibration at 1100 cm ™" to the
asymmetric stretching, and the band at 933 cm™! to the asymmetric
bending of silanol groups (Si—-OH). The vibrations at 476 cm™!, 800
cm ! and the shoulder at 1200 cm™! correspond respectively to asym-
metric bending, symmetric vibration and asymmetric stretching of
siloxane groups (Si-O-Si). Absorption bands at 1637 cm™! is linked to
residual intermolecular water and the one at 1384 cm ™! is due to Si-CH,
stretching (pollution). As expected for an organic compound, the num-
ber of bands is significantly higher for the PDLLA-COO-NHS spectrum.
Then, we focused on most intense and characteristic bands. Absorption
bands at 2800-3050 cm™! and 1490 cm™! are ascribed to stretching
vibration of -CH and —-CH3 groups and to bending vibration of -CH
groups. The most typical vibration of PDLLA is the stretching vibration
of carbonyl groups (-C=0) at 1760 cm ™' [35]. Np-PDLLA spectrum
presents all characteristic absorption bands of silica nanoparticles.
Moreover, a thorough observation (Fig. 6B) highlights the presence of
typical vibration of PDLLA-COO-NHS at 1760 em™! from carbonyl
groups, as well as a low contribution at 3050-2800 cm ! and 1490 cm ™!
from ~CH and —CHgs groups. Those vibrations allow confirming the co-
valent grafting of PDLLA-COO-NHS at the silica nanoparticle surface.

The silica surface functionalization with amine and PDLLA was also

highlighted by TGA analyses. TGA curves (Fig. 7) of initial Np, amino-
functionalized Np (Np-NHz) and PDLLA-grafted Np (Np-PDLLA)
exhibit three domains. The first domain (I) ending around 150 °C is
characteristic of adsorbed water release; the second domain (II) going
approximately up to 350 °C is ascribed to external OH groups dehy-
droxylation overlapped with PDLLA degradation and the third domain
(I11) ending at around 700 °C is linked to the degradation of alkoxysilane
from APTES and internal OH groups [27,35,39,55]. The different weight
losses, measured depending on the type of sample, demonstrate the
presence of alkoxysilane (—7.1 wt%, domain III) on Np-NH; and
alkoxysilane (—7.3 wt%, domain III) and PDLLA-COO-NHS (—4.2 wt%,
domain II) on PDLLA-Np surface.

3.6. Dual approach for grafting quantification

In this study, we developed quantitative methods to evaluate the
amount of alkoxysilane presents on nanoparticles surface and the
quantity of customized PDLLAj.x-COO-NHS grafted on amino-
functionalized nanoparticles. Those methods were based on calibra-
tion with mechanical mixtures of known composition of Np and APTES
on the one hand, and Np and PDLLA on the other hand. Five calibration
compositions of [Np]:[APTES] and [Np]:[PDLLA] were prepared for
APTES quantification and PDLLA quantification respectively. The cho-
sen ratio were 100:0; 70:30; 50:50; 30:70 and 0:100 for both types of
calibration samples. Firstly, condensate APTES or PDLLA amounts were
mixed with initial silica Np in an agate mortar. Then, mixed samples
were placed overnight in oven at 60 °C. The samples were finally
crushed before analysis.

For APTES quantification, we used TGA weight loss measurements.
Calibration samples were characterized by TGA, following the same
program and parameters than for Np, Np-NH; and Np-PDLLA analysis.
Due to the limited amount of calibration samples, only two of them
(70:30 and 30:70) were analyzed twice in order to check for reproduc-
ibility (Figure S4). This analysis allowed us to determine a calibration
curve (Figure S4) based on weight loss between 350 °C and 700 °C and
to evaluate more precisely the quantity of grafted carbon chains (CNH)
from alkoxysilane present at nanoparticles surface. For Np-NH,, the
CNH quantity represents 27 + 1 mmol; it corresponds to a density of 12
+ 1 grafted CNH/nm? combining Eq. (3) and Eq. (4), which is equivalent
to the grafted quantity of alkoxysilane. For Np-PDLLA the amount of
grafted CNH determined was 31 + 2 mmol, corresponding to 14 + 1
grafted carbon chains (CNH)/nm? (Eq. (3) and Eq. (4)).

m(Np) = 100 — [n(CNH) - M(SiO;CNH)] 3)

Grafting density = [”(CNH)'NA]/[m( @

Np)-SSA]
With m(Np) the percentage of mass of NpSi (wt %) present in the
sample, n(CNH) the quantity of grafted CNH chains (mol), M(SiO3CNH)
the molar mass of grafted alkoxysilane (134 g.mol™!), N, the Avogadro
constant and SSA the Np specific surface area (m2/g).
The same method was followed to evaluate the amount of PDLLA

TGA calibration curve equation
y =-4861.96+73.92 x -2.02+0.80

FTIR calibration curve equation
y =-1888.79+43.10 x + 27.64+0.53

Fig. 8. Calibration curves from the dual approach
quantification methods allowing the determination of

R*=0.999 R?=0.999 PDLLA quantity (mol) grafted on silica nanoparticles.
_ = M - In green, the calibration points and fitting curve
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grafted on Np-PDLLA by TGA. In this case, the calibration curve (Fig. 8)
was built using the weight loss between 150 °C and 350 °C. Two com-
positions were analyzed in duplicate: 70:30 and 50:50. The duplicate of
50:50 composition was found to be not significant (grey triangle on
Fig. 8); it was excluded from the calibration curve. The determined
quantity of PDLLA grafted is 0.44 + 0.05 mmol corresponding to a
grafting density of 0.20 + 0.02 chain of PDLLA/nm? (Eq. (4) and Eq.
(5.

m(Np) = 100 — [n(CNH) - M(SiO3CNH)| — n(PDLLA)-M, (PDLLA) (5)

With n(PDLLA) and M,(PDLLA) respectively the determined quan-
tity (mol) of grafted PDLLA and PDLLA molecular weight (g.mol™1).

A second method was used to confirm the quantification of PDLLA
grafting on Np-PDLLA via the peak area ratio calculated from FTIR
spectroscopic data. The previously prepared calibration samples were
analyzed by FTIR spectroscopy (KBr pellets, transmission mode), three
pellets were characterized for each sample. After applying the same
baseline processing for all sample spectra, we performed a spectral
decomposition. Peak areas were measured for band at 476 em™?
(characteristic of silica Np) which remains unmodified after grafting
contrary to Si—-OH related bands and 3050-2800 cm ™! (characteristic of
PDLLA). We focused our study on those bands (presented in blue and
green area on Fig. 6) because they did not present overlapping with
other bands and were easier to isolate. The ratio between the 476 cm™*
and the 3050-2800 cm ™! band area were calculated and permitted to
plot the calibration curve (Fig. 8). The quantity of grafted PDLLA eval-
uated by this method is 0.37 & 0.05 mmol, corresponding to 0.16 + 0.02
chain of grafted PDLLA/nm?. However, the grafting density evaluation
using FTIR spectroscopy approach is less precise than by TGA. In fact,
only the mass of grafted PDLLA is used to evaluate the amount of Np
initially present (Eq. (5)) as it is not possible to quantify grafted alkox-
ysilane by this method.

These two quantitative methods (TGA and FTIR spectroscopy) led to
the determination of equivalent quantities of grafted PDLLA on Np-
PDLLA. The obtained grafting density are similar, but FTIR spectros-
copy approach uncertainty must be considered. Each method presents
some limitations, which is why this dual approach is interesting to
validate the quantification of grafted PDLLA. In fact quantification based
on TGA weight loss seems to be more precise but only two samples were
analyzed in duplicate. Additional calibration samples should be used to
further develop this promising quantitative method. Although it is faster
than TGA method, the method based on FTIR peak area ratio does not
allow the evaluation of the exact grafting density as the grafted alkox-
ysilane quantity cannot be determined. Moreover, with this calibration
curve it is not possible to quantify PDLLA grafted quantities higher than
70 wt% without extrapolation.

The grafting density may appear low comparing to grafted alkox-
ysilane density but considering the steric hindrance effect, results are
consistent with the molecular weight of the polymer chains. To the best
of our knowledge, it is the first time that such a multi-tool approach is
used to quantify grafted PDLLA. Moreover, if we use the quantification
method of Wu et al. the grafting density for Np-PDLLA is 0.13 PDLLA
chains/nm? [35]. Comparing to this study and for the same molecular
weight, this value is close to the one evaluated for the “grafting from”
method (0.38 chains/nmz) and significantly higher than the one ob-
tained for the “grafting to” method (0.022 chains/nm?).

Therefore, we developed an innovative technique to obtain PDLLA-
grafted silica nanoparticles using customized PDLLA polymer chains
grafted onto silica surface, leading to well-defined and precisely char-
acterized grafted nanoparticles that can be used as composite
nanofillers.

4. Conclusion

This study aimed to develop PDLLA grafted silica nanoparticles using
a “grafting to” method, and to characterize and quantify precisely the

grafting. The most compelling result was the demonstration for the first
time that well-defined PDLLA chains can be grafted onto controlled size
silica nanoparticles surface. Different techniques were used to confirm
the good grafting of PDLLA-COO-NHS chains onto nanoparticles sur-
face and gave a precise characterization of the PDLLA-grafted silica
nanoparticles. The results presented in this work showed a proof of
controlled “grafting onto” concept and an increase of interactions be-
tween PDLLA-grafted nanoparticles compared to initial silica nano-
particles. Moreover, precise quantification of PDLLA grafted amount
was performed thank to the development of a dual approach based on
two different techniques converging to a similar result. However, this
multi-tool quantification method could be improved by multiplying
calibration samples analysis and ratios to have a greater quantification
range. This preliminary work demonstrated how to produce PDLLA-
grafted silica nanoparticles in order to be used as composite nano-
fillers and worth further development. The results of this study could
also have greater implications in the development of composite bio-
materials, permitting the elaboration of performant PDLLA/silica Np
biomedical composite scaffolds. The use of as-prepared PDLLA-grafted
silica Np as fillers in composite materials is expected to improve fillers
dispersion state and interaction with the polymer matrix, and thus in-
crease processability, homogeneity and mechanical properties, of final
scaffolds, these three properties being crucial for their bio-integration.
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