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Modification of the inorganic particle surface is one approach toward enhancing the

mechanical and swelling properties of a bone-inspired composite. In this study we

sought to manipulate the surface of non-stoichiometric nHA particles by utilizing a gentler

methacrylation approach with two different methacrylates—methacrylic anhydride (MAh)

and glycidyl methacrylate (GMA). While silanization of nHA (Si-nHA) is a recognized

functionalization approach, one notable disadvantage is the need for relatively harsh

reaction conditions. Here, ATR-FTIR and liquid state 13C-NMR provided evidence for

a stronger affinity of the nHA surface for methacrylic anhydride compared to glycidyl

methacrylate under the same reaction conditions; fewer GMA molecules reacted with

the nHA surface. However, the affinity of MAh is more electrostatic in nature, whereas

GMA attachment involves some covalent bond formation. In addition, while in water,

there was no detectable dependence of particle settling on methacrylate choice, in

ethanol, native nHA and nHA methacrylated with GMA each had detectably greater

stability in suspension than the other sample groups. Lastly, the addition of GMA-nHA

detectably increased the dynamic stiffness and did not impact the swelling in 37◦C water

of a GelMA-based composite compared to that observed upon adding native nHA.

Overall, the GMA-based methacrylation approach was found to be a viable alternative to

silanization and offers possibilities for future fabrication of bone-inspired composites.

Keywords: nano-hydroxyapatite, methacrylation, methacrylic anhydride, glycidyl methacrylate, surface

functionalization, nanocomposite, dynamic stiffness, swelling

INTRODUCTION

As an osteoconductive ceramic which resembles the inorganic component of bone, hydroxyapatite
(HA; Ca10(PO4)6(OH)2) is interesting to biologists and biomaterial scientists alike. To date, HA
has found use in applications such as a bone filler (Frame et al., 1981), orthopedic implant coating
(Liu et al., 2009), composite filler (Liu et al., 2013), and cell culture substrate (Cheng et al., 2013).
In many of these cases, the ability to control or manipulate the surface properties of HA is very
important and informs how successful the application will be. For example, the incorporation
of HA in bone cement formulations has previously been found to reduce the strength of these
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materials (Leite Ferreira et al., 2014); this is likely due to a poor
interfacial bonding between the polymeric matrix and HA, as
well as agglomeration of the HA leading to stress concentrations
(Leite Ferreira et al., 2014). It is well-recognized that interfacial
adhesion between organic matrix and inorganic fillers is one
attribute which contributes to the successful development of
a composite with good mechanical properties (Ji et al., 2003;
Xie et al., 2004). To address this challenge, coupling agents
may be used to modify the HA surface and tune conditions
at the composite interface (Vaz et al., 2002; Roether and Deb,
2004), including the ability to disperse the HA within the
chosen organic matrix. Fortunately, several groups have found
that HA may strongly interact with both polar and polarizable
molecules, including various proteins and cells (Redey et al.,
1999; El-Ghannam, 2005; Pieters et al., 2010; Gamelas and
Martins, 2015). As one class of coupling agents, methacrylates
covalently attached to a particle surface provide an opportunity
for selective radical reactions within a composite. Methacrylated
groups can aid in the covalent cross-linking between inorganic
and organic phases within a composite; this can be very beneficial
in the processing and application of nanocomposites in various
industries, including for the biomedical materials and devices
industries. Grafting of HAmicro-particles withmethacrylates has
been previously achieved using a redox initiating system with
some success (Murugan and Panduranga Rao, 2003; Murugan
and Ramakrishna, 2004). However, the gentler approach offered
in this study should generate fewer potentially cytotoxic by-
products (or unreacted residual chemicals) (Temenoff et al.,
2003). In addition, our proposed approach is expected to be
more controlled than a redox initiation system owing to the
lack of radicals (or growing macroradicals) which may terminate
reactive sites (Murugan and Panduranga Rao, 2003). In this
paper, we first present the results of direct functionalization
of non-stoichiometric HA nanoparticle (nHA) surfaces using
two different methacrylates under mild conditions—methacrylic
anhydride (MAh), and glycidyl methacrylate (GMA)—and
subsequently report changes to nHA particle dispersion in
different media, before adding the nHA to methacrylated gelatin
(GelMA) and assessing the composite stiffness and swelling
in a proof-of-concept investigation. A surface functionalization
control for this study is the well-studied silanated-nHA (Si-nHA),
achieved using methacryloxypropyltrimethoxysilane (MPTS)
(Cisneros-Pineda et al., 2014; Lung et al., 2016). Unfortunately,
typical silanization reactions involve harsh reaction conditions
(e.g., acidic pH), and a high risk of forming unstable multilayers
(Liu et al., 2001; Halvorson et al., 2003; Amdjadi et al., 2017),
neither of which is ideal toward the development of an nHA-
based bone-mimetic composite.

Crystalline HA consists of Ca2+, PO3−
4 , and OH− groups

packed closely together in a hexagonal structure (Valle et al.,
2014; Poralan et al., 2015). While OH− serves as the backbone,
the 6 phosphate ions helically arranged around the c-axis are
responsible for stabilizing the skeletal frame of HA (Poralan
et al., 2015). With a Ca/P ratio lower than the stoichiometric
value for HA (i.e., 1.67), there are calcium vacancies on the
surface of non-stoichiometric HA. As a result, the surface calcium
atoms are likely covered by excess phosphate ions (El Shafei and

Moussa, 2001; Sarig, 2004; Jahromi et al., 2013) which, when
protonated in the aqueous solutions, will produce predominantly
P-OH groups at the surface. We hypothesized that these surface
hydroxyl groups would play a key role in the methacrylation
of non-stoichiometric HA nanoparticles (nHA) and aid in the
formation of covalent bonds between the nHA surface and the
methacrylate agents. Furthermore, the amount of nHA surface
methacrylation would also be highly dependent on the type of
methacrylate reagent, with glycidyl methacrylate less successful at
neutral pH conditions than methacrylic anhydride. Methacrylic
anhydride surface functionalization will bemore enhanced owing
to a notable side reaction which forms methacrylic acid, reduces
the pH, and displaces calcium from the nHA surface; this
increases the availability of surface hydroxyl groups available
for methacrylation. Meanwhile, the GMA reaction at neutral
pH involves both transesterification (which divides GMA in to
methacrylate and glycidyl groups) and epoxide ring opening;
together these processes encourage both covalent bonding and
electrostatic interactions at the nHA surface.

The formation of agglomerates and particle settling
are detrimental to the formation and performance of
nanocomposites. Finding a surface functionalization approach
which addresses nanoparticle agglomeration and dispersion
is key to the development of uniformly mixed and dispersed
nanocomposites and their bulk properties for subsequent
successful application (Lee et al., 2006). Particles suspended
in liquids inherently form aggregates and eventually settle as
a result of gravity (Liyanage et al., 2016). A single particle in
a static fluid will show a settling rate that is dependent on the
density and viscosity of the fluid, as well as the nature of the
particle (density, size, shape, surface texture) (Witharana et al.,
2012). At higher particle concentrations, some inter-particle
interaction must also be considered. In the case of nanoparticles,
when dispersed in liquids, the intermolecular forces along
with the thermal vibrations and diffusivity play a greater role
than Newtonian forces (and gravity). As a result, nanoparticles
have a more random (and less vertically downward) motion
during settling than particles that are 1µm or larger in size. We
hypothesized that the dispersion of the methacrylated particles
in different media will be largely dependent on methacrylate
reagent type, with each reagent resulting in a different surface
charge owing to differences in the nature of surface coverage
with the methacrylate agent.

Lastly, a proof-of-concept investigation was pursued to study
the impact of nHA surface methacrylation on the dynamic
stiffness and swelling of a nHA-added GelMA composite. We
hypothesized that successful surface methacrylation of nHA
would result in greater composite dynamic stiffness and reduced
swelling in water.

MATERIALS AND METHODS

Non-stoichiometric nHAwas purchased fromMKNano (division
of M K Impex Corp, Canada). All other reagents were purchased
from Sigma-Aldrich Canada. We have previously reported on
the characteristics of this nHA (Comeau and Willett, 2018). The
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nHA powder has been found to have a crystallinity of 66%, a
Ca/P of 1.52 and is rod shaped with a ∼120 nm length and 20–
30 nmwidth on average (Comeau andWillett, 2018). In addition,
ATR-FTIR spectroscopy of the raw native nHA has confirmed its
carbonated nature (Comeau and Willett, 2018).

Methacrylation of the Non-stoichiometric
nHA Surface
0.425 M solutions of methacrylic anhydride and glycidyl
methacrylate were first prepared using MilliQ distilled water
(MQ dH2O), and brought to a pH of 7.4 using 4.0M sodium
hydroxide (NaOH), before 300mL of this mixture was added to
12 g of nHA within a 1 L capped flask. The pH of the nHA-based
mixture was then maintained at a pH of 7.4 using 4.0M NaOH,
while placed on a horizontal shaking plate at 200 rpm for 2 h.
After 2 h, the mixture was centrifuged at 2,000 rpm for 10min,
before the liquid was decanted, the powder re-suspended in MQ
dH2O, and the mixture centrifuged for a second time. Once the
liquid was decanted for a second time, the nHA powder pellet was
manually crushed and placed in a 60◦C oven for 5 days in order
to dry. Figure 1 provides a schematic of the proposed surface
reaction between nHA and either MAh or GMA.

Silanization of the Non-stoichiometric nHA
Surface
First, following a modification of a published
protocol (Lung et al., 2016), 30 % by-volume of
methacryloxypropyltrimethoxysilane (MPTS) was added to
a 90% ethanol solution, the pH was adjusted to 4 with 3.4M
acetic acid, and the mixture was placed under aluminum foil
on a magnetic stir plate at 200 rpm for 1 h. Next, the mixture
was added to 12 g of nHA powder in a 1 L glass capped flask,
and the suspension sonicated for 15min at 50◦C in a water
bath. The ratio of reactant moles per gram of nHA powder is
the same under silanization conditions as under methacrylation
conditions (e.g., 0.1275mol reactant /12 g nHA). After 15min,
the suspension was returned to the magnetic stir plate at 200
rpm for 24 h. Finally, the Si-nHA suspension was dialyzed for
2 h against MQ dH2O, before being collected and dried at room
temperature for several days. Owing to the high concentration of
MPTS, this powder also required additional rinsing with 100%
ethanol and drying in a furnace for 1 week at 60◦C.

Functionalized nHA Powder
Characterization
The nHA powder was analyzed by Attenuated Total Reflectance
- Fourier Transform Infrared (ATR-FTIR) spectroscopy (Tensor
27, Bruker) to confirm the presence of methacrylate groups (n
= 3). From the ATR-FTIR spectra, vibrations corresponding
to PO3−

4 were identified at 1,028, 605, and 565 cm−1, while
bands indicating C=O and C=C (from the methacrylates) could
be found at 1,680–1,740 and 1,600–1,680 cm−1, respectively
(Arcís et al., 2002; Gonzalez-McQuire et al., 2004). The peak
area for the C=C functional group was calculated using DMFit
2010 Software, following normalization to that of the phosphate
vibration at 605 cm−1 and subtraction of the similarly normalized

native nHA peaks. The C=C functionalization is of greatest
interest for our research group with regards to future use of a
methacrylated nHA in UV-curable nanocomposites. However,
the identification of C=O in the ATR-FTIR spectra is very
relevant for the recognition of how the different reactant species
interact with the nHA surface. Additional analysis of the chemical
structure of the methacrylated nHA was obtained using liquid-
state nuclear magnetic resonance imaging (NMR; Bruker 500
MHz UltrashieldTM) with a 13C probe. Prior to NMR, the nHA
powder was first dissolved in 400mM ethylenediaminetetraacetic
acid (EDTA) and the solution filtered with cheese cloth (to ensure
complete dissolution) before adding deutrium oxide (D2O) and
placing the sample in liquid NMR tubes. Samples were run at
a frequency of 125.77 MHz using a 90-degree pulse of 15 µs.
Spectra were reported in ppm using the reference of methanol
in D2O. Peaks in the 13C NMR spectra were identified using
Topspin (Bruker) software. It is important to recognize an
important source of error resulting from the hydrolysis of nHA
during liquid NMR sample preparation. However, native (i.e.,
unmodified) nHA was used as a control in both ATR-FTIR and
NMR characterization; this helps to mitigate this concern.

Following drying, the surface charge and relative suspension
stability of the methacrylated nHAwas assessed by characterizing
the zeta potential of nHA-dH2O solutions with a zeta potential
analyzer (WallisTM, Cordouan Technologies) and ZetaQ V1.7.0
software (n = 5). Sample suspensions of 0.5 mg/mL nHA were
prepared in unbuffered solutions of MQ dH2O or 100% ethanol
(EtOH). MQ dH2O and EtOH were the two media chosen owing
to their suitability in future biomimetic composite fabrication.
Zeta potential is a common method to measure the electrostatic
interaction between suspended particles and the overall colloidal
stability of the solution (Salopek et al., 1992; White et al., 2007).
Typically, a zeta potential magnitude of >15mV indicates that
the particles will have some beginning stability from electrostatic
considerations; however, a magnitude >30mV is associated with
more apparent (and “medium”) suspension stability (Salopek
et al., 1992; White et al., 2007).

nHA Particle Gravity Settling Experiments
in Polar Liquid
To further assess the ease of dispersion and likelihood of particle
settling in different liquids, 0.1 g of each nHA powder was added
to a 20mL glass scintillation vial and 20mL of liquid (either
MQ dH2O or 100% ethanol) was added to match zeta potential
measurement conditions. This concentration is chosen as it is
close to the upper limit for inter-particle interference in light
scattering and imagining techniques (Witharana et al., 2012).
Next, an ultrasonicator with a micro-horn (SymphonyTM, VWR)
was used to initially disperse the powder for 30 s (30% power
setting). Immediately following the completion of sonication
(i.e., time of 0 s), a digital image of the powder suspension was
recorded using a Canon (Powershot Digital ELPH) camera. The
suspension was then left undisturbed overnight with images
taken at 1, 2, 5, 10, 20, and 30min, as well as at 24 h.

After 30min of gravity settling, 5 µL of particle-suspended
solution (0.1 g in 20mL MQ dH2O or EtOH) was removed
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FIGURE 1 | Proposed reaction schematic for surface methacrylation of nHA with (top) methacrylic anhydride (MAh), and (bottom) glycidyl methacrylate (GMA).

from the vials at the middle of the volume, and added
to SEM stubs using carbon tape. The stubs were then left
in a desiccator with Drierite R© for 24 h in order to dry
prior to SEM imaging (Zeiss Merlin FESEM 1530). Operating
conditions for SEM consisted of a working distance of
10.5mm, an accelerating voltage of 10.00 kV, and a vacuum of
1.21 e−006 mbar.

Fabrication of nHA-Added GelMA
Composite
Type B, 225 bloom gelatin was methacrylated according to an
existing protocol. Gelatin (25 g) was slowly added to 40◦CMilliQ
distilled water (MQ dH2O; 100mL) and the pH then adjusted
to 7.40 using sodium hydroxide (NaOH; 4 M) solution. Next,
methacrylic anhydride was added while maintaining the pH
at 7–7.4 with NaOH (4 M). Sufficient methacrylic anhydride
was added to obtain a methacrylic anhydride–to–amine group
ratio of 10:1 during reaction. Over the next 2 h the reaction
was continued while maintaining the pH at 7–7.4 with NaOH
(4 M). After 2 h, the pH of the gelatin solution was adjusted
to 8 with NaOH (4 M), before dialyzing the methacrylated
gelatin (GelMA) solution with 13 kDA cut-off tubing against
MQ dH2O for seven days. The GelMA solution was then frozen
overnight and subsequently freeze dried (Labconco Freezone
1L Benchtop) for 2–3 days to obtain dried GelMA. Finally,
GelMA-based inks containing 8% /vol nHA were prepared by
adding nHA (MKNano, MK Impex Corp.) to an aqueous 62%
w/v GelMA solution using a mechanical mixer (Caframo R©)
at 60 rpm.

Dynamic Mechanical Analysis of
nHA-Added GelMA Composite
To obtain viscoelastic properties of the 30 s UV-cured nHA-
GelMA samples (of ∼4.8mm diameter and ∼∼4.5mm height),
the fresh samples were preloaded in compression to 0.1N before
subjecting them to cyclic sinusoidal loading between 0 and 10%
compressive strain at a frequency of 0.1Hz using a 50N loading
cell (UniVert, CellScale, Waterloo, Ontario, Canada). Data was
acquired at 100Hz and analyzed using Matlab code. From this
analysis, the dynamic modulus (E∗), storage modulus (E’), and
loss modulus (E”) were determined (n= 6).

Swelling of nHA-Added GelMA Composite
in Water
To assess the swelling of freshly prepared nHA-GelMA composite
samples, the mass of each sample (again, cured for 30 s) was first
recorded (“m1”) and then added directly to 37◦C MQ dH2O.
After 3 days, the mass of the samples was recorded (“m2”).
The swelling percentage of the UV-cured samples in water was
calculated according to Equation (1) (n= 6).

(m2 − m1)

m1
× 100% (1)

Statistical Analysis
Differences in the means of study outcomes were analyzed using
IBM R© SPSS R© Statistics software and a one-way or two-way
general linear model with a significance value of p = 0.05 (and a
post-hoc Tukey analysis). Specific p-values for given data sets are
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FIGURE 2 | ATR-FTIR spectroscopy of native and methacrylated nHA particles. In this study, nHA was methacrylated using methacrylic anhydride (MAh) or glycidyl

methacrylate (GMA). Phosphate peaks in the fingerprint region of the spectra (500–1,200 cm−1) are evident, with spectra of methacrylated nHA also presenting

additional peaks. Peaks owing to C=C stretch are identified by dashed vertical lines and C=O broad stretch peak by a gray region for the functionalized nHA samples.

The peaks identifying carbonate groups that have replaced tetrahedral phosphate sites are indicated by +, while a free residual water (H-O-H) peak is indicated by * in

the native nHA spectra.

provided (noting that p-values< 0.05 are significant). All data are
presented in this paper as mean± one standard deviation.

RESULTS AND DISCUSSION

Characterization of Functionalized nHA
Powders
nHA particles were functionalized using the two methacrylates—
methacrylic anhydride (MAh) and glycidyl methacrylate (GMA).
A 0.425M concentration of methacrylate reagents was chosen
to encourage full saturation of the nHA surface with excess
remaining in solution following reaction. This methacrylate
reagent concentration also closely matches the previously
reported study of GMA-functionalization of HA micrometer-
sized particles using a redox-initiating system (Murugan and
Panduranga Rao, 2003; Murugan and Ramakrishna, 2004).
Meanwhile, these two methacrylates were chosen for their
different chemical structure and potential differences in bonding
to the nHA surface upon reaction (e.g., electrostatic or covalent
in nature). ATR-FTIR spectroscopy (Figure 2) of the two
methacrylated powders shows evidence of additional peaks
(compared to native nHA) that correspond to the presence of
methacrylate groups.

ATR-FTIR spectroscopy confirmed the carbonate-
substitution of the native, non-stoichiometric nHA with peaks
at 1,423 and 1,457 cm−1 attributed to asymmetric stretching

modes of carbonate groups which replaced the tetrahedral
phosphate sites (Figueiredo et al., 2012; Tkalčec et al., 2014).
The broad peak at 1,642 cm−1 for native nHA is attributed to
free residual water (H-O-H) (Zou et al., 2012), which following
methacrylation is less evident in the MAh-nHA and GMA-nHA
samples. Several additional peaks also appear in the spectra
following methacrylation of the nHA. For example, the band at
1,566 cm−1 for MAh-nHA is representative of the carboxylate
group formed during the ionic side reaction between methacrylic
acid and calcium ions at the nHA surface (Cisneros-Pineda et al.,
2014); this suggests a large amount of electrostatic interactions at
the nHA surface. In addition, C=O and C=C bond stretches are
apparent for each methacrylate reagent; these are indicative of
at least the presence of these reagents at the nHA surface (Arcís
et al., 2002; Cisneros-Pineda et al., 2014). For MAh-nHA, the
C=O peak occurs at 1,696 cm−1, while the C=C peak occurs at
1,634 cm−1. For GMA-nHA, these same peaks occur at 1,715
and 1,640 cm−1, respectively. In addition, for MAh-nHA and
GMA-nHA, the C=C and C=O peak areas are similar (data for
C=O peak fitting not shown)—this is likely indicative that the
COO− functional group is not the sole form of attachment for
the respective reagents at the nHA surface. Finally, GMA-nHA
spectra show a band at ∼1,300 cm−1 which is attributable to
the C-O-C bond present in the respective reagent; notably
MAh-nHA spectra does not show such a peak (Cisneros-Pineda
et al., 2014). Meanwhile, the reduced peak area under C=C
peaks for GMA-nHA compared to MAh-nHA suggests that
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FIGURE 3 | ATR-FTIR analysis of the methacrylated nHA C=C peak area

normalized to PO3−
4 peak area. Horizontal bars indicate statistically detectable

difference (p-values indicated) (n = 3).

fewer methacrylate groups are present at the nHA surface for the
GMA-nHA group (Figure 3).

The difference in means between sample groups was
statistically detectable for normalized C=C peak area (p <

0.001). For example, GMA-nHA was found to have detectably
less C=C signal than MAh-nHA (p = 0.006). Meanwhile, upon
normalization of the C=C peak area to that of the 605 cm−1

phosphate peak, it is evident that the silanization protocol (Lung
et al., 2016) resulted in detectably more C=C bonds at the surface
of Si-nHA than nHA functionalized with either methacrylate
reagent (p < 0.001). Such C=C bonds are integral to the radical
photopolymerization reaction; introducing these groups on the
nHA surface should encourage radical photopolymerization with
similar groups within the GelMA matrix (once nHA and GelMA
are blended together in a bone-inspired composite).

Liquid-state 13C-NMR spectra further support this difference
between the different functionalization approaches and gives
insight in to the nature of bonding and/or surface interaction
with the different reagents (Figure 4).

The 13C-NMR spectra confirm silanization or methacrylation
of the nHA following the respective protocols. The highlighted
peaks [at (i)–(iv)] are detected in the spectra of MAh-nHA
and GMA-nHA, but not in that of native nHA. For example,
at 120–145 ppm (peak “ii”), there are two strong peaks for
MAh-nHA and GMA-nHA that indicate the presence of vinyl
carbon atoms (i.e., =CR2 and =CH2) (Reis et al., 2009; Mertz
et al., 2014). For MAh-nHA the =CR2 peak has been shifted
downfield (i.e., more positive ppm) to 142 ppm, while for
GMA-nHA this same peak is at 127 ppm. This difference in
peak position is likely due to greater van der Waals attractive
interactions between MAh and nHA (Li and Chesnut, 1986;
Chesnut et al., 1988). The =CH2 peak is at the same position
(i.e., 120 ppm) for MAh-nHA and GMA-nHA. Meanwhile, peaks
between 160 and 180 ppm (peak “i") in all spectra are associated
with carbonyl carbon atoms (Mertz et al., 2014), and the presence

of a peak at 70 ppm (peak “iii”) in GMA-nHA supports the
presence of a C-O-P covalent bond (Avci and Mathias, 2005).
Interestingly, there is no apparent C-O-P peak in 13C NMR
spectra for MAh-nHA; this suggests that while functionalization
results in a covalent bond between GMA and nHA, this is
not the case for MAh. Therefore, MAh interaction with the
surface of nHA may be more electrostatic in nature. Lastly,
methylene carbon atoms are likely represented by the peak at
20 ppm (peak “iv”). Based on a larger vinyl carbon signal,
as well as the additional peaks in 13C-NMR spectra of MAh-
nHA compared to that of GMA-nHA, the methacrylation with
methacrylic anhydride results in more methacrylate groups being
present at the nHA surface following functionalization; however,
these are not covalently bonded to nHA. This is corroborated
with a stronger C=C peak in ATR-FTIR spectra for MAh-
nHA compared to GMA-nHA (Figures 1, 2). Altogether, the
ATR-FTIR and 13C NMR results support the initial hypothesis
that methacrylic anhydride surface functionalization will be
more successful with a greater abundance of vinyl groups,
owing to the formation of methacrylic acid and the increased
presence of hydroxyl groups at the nHA surface. Meanwhile,
GMA functionalization involves notable covalent bonding (as a
result of epoxide ring opening) and non-covalent interactions
(resulting from hydrogen bonding and interactions with Ca2+

at the nHA surface). A notable limitation of liquid 13C-NMR
analysis is the use of ethylenediaminetetraacetic acid (EDTA) to
dissolve the nHA, as this creates additional carbon peaks in the
spectra. However, identification of peaks due to EDTA and native
non-stoichiometric nHA aided in distinguishing those peaks due
to the surface functionalization process alone. This was found to
be an acceptable approach for processing the liquid NMR spectra
and assessing surface functionalization success; particularly when
compared with ATR-FTIR spectroscopy results.

Prior to performing settling experiments, the powder was
assessed with a Zeta Potential Analyzer in unbuffered MQ dH2O
and EtOH. There was a noticeable dependence of the zeta
potential of the particles on the choice of methacrylating agent
in either of the two unbuffered media (Figure 5).

The impact of sample type and solution type on zeta potential
was statistically detectable (p= 0.015 and p< 0.001, respectively).
In fact, the interaction between sample type and solution type
was also found to be significant (p < 0.001). Both MAh-nHA
and Si-nHA were found to have a detectably less negative zeta
potential inMQdH2O thanGMA-nHA (p= 0.035 and p< 0.001,
respectively). Meanwhile, in EtOH, MAh-nHA and Si-nHA were
found to have a detectably less positive zeta potential than either
native nHA or GMA-nHA (p < 0.001 for each respective pair).

To explain the zeta potential dependence on methacrylating
reagent, the reactions which are uniquely specific to each reagent
at the nHA surface must be considered. For example, upon
methacrylating nHA with methacrylic anhydride, a side reaction
between methacrylic anhydride and water produces methacrylic
acid. These methacrylic acid molecules are able to stick to
the nHA surface and, subsequently, release additional protons
into the solution. Meanwhile, methacrylating nHA with glycidyl
methacrylate itself involves additional interactions between the
glycidyl groups (formed during the transesterification of glycidyl
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FIGURE 4 | Liquid state 13C NMR spectra of native, silanated and methacrylated nHA. In this study, nHA is methacrylated using methacrylic anhydride (MAh) or

glycidyl methacrylate (GMA). There are several peaks labeled (i)–(iv) in the Si-nHA, MAh-nHA and GMA-nHA spectra which do not appear in the native nHA spectrum.

FIGURE 5 | Zeta potential analysis of methacrylated and silanated nHA particles in unbuffered MQ dH2O and EtOH. In this study nHA was methacrylated using

methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA. Horizontal bars indicate statistically detectable difference

(p-values indicated) (n = 5).
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FIGURE 6 | Gravity settling of native, methacrylated, and silanated nHA in MQ dH2O at room temperature. In this study, nHA is methacrylated using methacrylic

anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA.

methacrylate) and the hydroxyl groups and/or positive charge
(e.g., Ca2+) at the nHA surface. Altogether, the zeta potential
of the two methacrylated nHA supports a theory of less glycidyl
methacrylate bonding to the hydroxyl groups at the nHA surface
(and less coverage of the negative surface charge reported for
unmodified nHA). In fact, there is no statistically detectable
difference in zeta potential between native nHA and GMA-nHA
in either media measured. From the zeta potential measurements
alone, it would then be anticipated that none of the sample
groups will exhibit appreciable particle stability (i.e., suspension)
in MQ dH2O. Meanwhile, in EtOH native nHA and GMA-
nHA particles show more particle stability than either Si-nHA or
MAh-nHA particles.

There are a number of mechanisms responsible for developing
charge—the three of notable relevance here are (1) ionization of
surface groups, (2) differential ion adsorption from electrolyte
solution, and (3) differential ion dissolution from a crystal lattice.
For example, water is dissociated to a larger extent than alcohols
(e.g., ethanol) (Logtenberg and Stein, 1986). As a result, a greater
concentration of H+ andOH− are available to be adsorbed by the
nHA surface when in water; this coincides with some dissolution
of the positive divalent calcium ion from the nHA lattice and
an altogether more negative zeta potential in water. In ethanol
(EtOH), there are fewer ions available to adsorb on to nHA, and
the calcium ions are less mobile in leaving nHA; this results in
a more positive zeta potential. Owing to the silane groups on
the Si-nHA, the surface is more hydrophobic (Roether and Deb,
2004), with much lower adsorption of H+ and OH−, and the

zeta potential is the most positive of the four nHA sample groups
upon dispersion in water. This also explains why the difference of
Si-nHA zeta potential in water compared to that in ethanol is the
smallest (of the four groups studied).

nHA Particle Settling Experiments
Results from gravity settling experiments of the sample groups in
MQ dH2O and EtOH are shown in Figures 6, 7, respectively.

Consistent with the zeta-potential results, the unstable
suspension of the sample groups in MQ dH2O demonstrates
quick settling, particularly during the first 2–5min of the
experiment. The liquid above the particle bed becomes
more transparent after 2min for the native nHA and nHA
methacrylated with either agent; this suggests more of the
particles have settled out. For each sample group, the liquid
phase is not completely clear within the first 30min in dH2O—
this is indicative that some small particles remain suspended
at each time point. However, 24 h later, most of the particles
have settled to the bottom of the vial. Zeta potential results
in MQ dH2O correlate well with the observed particle settling
in dH2O; the magnitude of zeta potential is <15mV for each
sample (which itself suggests poor nanoparticle suspension in
the given media). Meanwhile, the suspensions of all but the
Si-nHA sample group particles in ethanol may be considered
stable for at least the first 30min recorded, as few particles
appear to settle. Following 24 h of settling in ethanol, the
MAh-nHA particles have largely settled to the bottom of the
vial, while Si-nHA have a few particles still suspended, and
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FIGURE 7 | Gravity settling of native, methacrylated, and silanated nHA in 100% ethanol (EtOH) at room temperature. In this study nHA is methacrylated using

methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is represented by Si-nHA.

the other sample groups have a significant amount of powder
suspended. This is again correlated with the zeta potential results
as only native nHA and GMA nHA were found to have a
charge >30mV in magnitude (and some expected suspension
stability) (Salopek et al., 1992; White et al., 2007). The lower
the magnitude of zeta potential, the greater the ease of particle
approach with other particles (i.e., less inter-particle repulsion).
In considering the concentration of nHA in the suspension
media, there is considerable room for the particles to move
around in either media. The difference based on suspension
media then is largely owing to how the particles interact with
the media, the nature of the solvent layer, and how the various
forces (e.g., attractive, repulsive) balance. A common law for
understanding particle settling is Stoke’s law. In accordance with
this law, as ethanol has a lower density and greater dynamic
viscosity than water, it is to be expected that particle settling
will occur at a slightly slower rate. However, as Stoke’s law
minimizes the interactions between particles, these are not the
only factors to consider. For example, ethanol (C2H5OH) has
only one polar end which, upon interaction with the surface
of nHA, manages to neutralize some of the attractive forces,
minimize agglomeration, and improve the overall dispersion of
nHA (compared to that observed in water). Of significance is that
while native nHA and GMA-modified nHA have similar settling
behavior in either media, the GMA-modified nHA also offer

C=C groups which should benefit the mechanical and swelling
performance of future nHA-added bone-inspired composites.
Future study may consider additional quantification of the
particle settling behavior qualified here (including additional
settling time points), as well as that within the future composite
of interest.

Under dry conditions, and using SEM to image the powder
following 30min of dispersion, the differences observed in
zeta potential measurement were less strongly evident owing
to a relatively small magnitude of surface charge in most
conditions (Figure 8). Typically powder dispersion is qualified
by a zeta potential magnitude >15mV, and while native nHA
and GMA-nHA do report such a high magnitude in EtOH,
this is not strongly evident in the SEM images. Each sample
groups shows some agglomeration, with both methacrylation
and silanization protocols appearing to have slightly reduced this
agglomeration tendency (compared to native nHA). In addition,
while agglomeration is evident in all SEM images the proportion
of small, fine particles appears to be greater in samples collected
after 30min in ethanol than in samples after 30min in water. The
minimal impact of sample group on short-term dispersion (i.e.,
up to 30min) is likely indicative of the strong role dispersion
media has on nanoparticle settling and the random motion
of the nanoparticles themselves (i.e., gravity is not the biggest
contributor to settling here).
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FIGURE 8 | SEM images of native, methacrylated, and silanated nHA particles with left-side showing particles collected from dH2O suspension, and right-side

images showing particles collected from EtOH suspension. In this study nHA is methacrylated using methacrylic anhydride (MAh) or glycidyl methacrylate (GMA);

silanated nHA is represented by Si-nHA. White scale bar represents 1µm.

nHA-Added GelMA Composite
Following characterization of the modified nHA particles alone,
the next objective of this study was to investigate the impact
of nHA surface methacrylation on the dynamic stiffness and
swelling of nHA-added GelMA composite; both of which are
integral to the potential application of this material. In this
proof-of-concept investigation 8 % /vol nHA was dispersed into
an aqueous GelMA solution (62 % w/v). Following initial ink
processing, it was observed that both MAh-nHA and Si-nHA
particles settled out of the GelMA phase relatively quickly, while
native nHA remained well-dispersed for at least 30min and
GMA-nHA experienced only a small amount of settling in this
same time period. While all inks were re-mixed immediately
prior to preparing the UV-cured samples, this settling behavior
is of great significance and correlates well with prior zeta
potential observations in an aqueous environment. Meanwhile,
a univariate general linear model revealed that the type of
surface functionalizing agent impacted dynamic stiffness (E∗),
storage modulus (Estorage), loss modulus (Eloss), and change in
mass during swelling (p = 0.005, 0.004, 0.014, and p < 0.001,
respectively; Figure 9).

In fact, of the three nHA-modified GelMA composites, only
the GMA nHA-GelMA composite had a detectably greater
dynamic stiffness than the native nHA-GelMA composite (p =

0.043). In addition, GMA nHA-GelMA composite swelling after
3 d in water was comparable to that of native nHA-GelMA
composite. Furthermore, the MAh nHA-GelMA composite had
the only detectably increased change in mass during swelling
compared to either native nHA-GelMA or Si nHA-GelMA

composites (p = 0.001 and p < 0.001, respectively). Future
studies will need to investigate the dispersion of the surface
methacrylated nHA within the GelMA matrix and assess how
such dispersion may have impacted the composite properties.
In addition, the role that the introduced vinyl groups on
the nHA surface have on composite properties, as a result
of UV curing (and radical photopolymerization), requires
further investigation.

Overall, the processing of nanocomposites suitable for various
industries, such as biomedical materials, may be improved
with the use of ethanol to improve dispersion of non-
stoichiometric nHA, and the inclusion of directly methacrylated
non-stoichiometric nHA particles within the composite. In turn,
the resulting composite will be better suited to meet requisite
properties (e.g., mechanical and swelling) for the given tissue
engineering application.

CONCLUSIONS

In this study, we investigated a new approach to the
methacrylation of non-stoichiometric hydroxyapatite
nanoparticles (nHA) using two different methacrylates.
Methacrylation using methacrylic anhydride (MAh) was found
to add more vinyl (i.e., C=C) groups than glycidyl methacrylate
(GMA) upon characterization with ATR-FTIR and liquid-
state 13C-NMR. However, the MAh interaction at the nHA
surface was more electrostatic in nature, while for GMA-nHA
there was additional evidence of epoxide ring opening and
covalent bonding (in the form of P-O-C linkages). Meanwhile,
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FIGURE 9 | (A) Dynamic stiffness (E*), storage modulus (Estorage), and loss

modulus (Eloss ), and (B) change in mass after 3d in 37◦C water for the

nHA-GelMA composites. In this study nHA was methacrylated using

methacrylic anhydride (MAh) or glycidyl methacrylate (GMA); silanated nHA is

represented by Si-nHA. Horizontal bars indicate statistically detectable

difference (p-values indicated) (n = 6).

gravity settling experiments revealed a small dependence
on methacrylate type after 24 h in ethanol; both native and
GMA-modified nHA particles dispersed better in ethanol than
the MAh- or Si-modified nHA particles. This latter result
corroborated well with the detectably greater magnitude of
zeta potential reported for native and GMA-nHA in ethanol
(compared to the other sample groups). Finally, a proof-
of-concept investigation revealed that a GMA-nHA-GelMA
composite had a greater dynamic stiffness than the native
nHA-GelMA composite, and comparable swelling after 3 d
in water.

By analyzing the dependence of nHA surface methacrylation
on the type of methacrylate agent, this study has improved

current understanding of non-stoichiometric nHA surface
affinity for methacrylates. This study also presents a gentler
approach to methacrylation of the HA surface and introduction
of vinyl groups. Lastly, this work highlights the significance of
methacrylate reagent on non-stoichiometric nHA dispersion,
with GMA-modified nHA particles showing a notable
improvement in ethanol dispersion compared to MAh-
modified nHA. As a result, the GMA-modified nHA particles are
a viable alternative to silanated nHA in the fabrication of future
biomimetic composites, owing to improved dispersion in ethanol
and similar covalent nature of the nHA surface modification.
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