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Considerable clinical success has been achieved ever since calcium phosphate cements (CPCs) were
introduced in bone regenerative therapies. The development of novel CPC/hydrogel composites with
increased mechanical and biological properties is critical for the next generation of bone substitutes.
Focused ion beam/scanning electron microscopy (3D FIB/SEM) tomography combined with energy
dispersive spectrometry (EDS) provide the ability to elucidate the spatial distribution of the different
phases (organic/inorganic) with tens of nanometer resolution, which is crucial information for the
development of biomaterials with optimized biodegradation. Characterization under cryogenic
conditions by using cryo-FIB/SEM in combination with cryo-EDS allows us to resolve the sub-
micrometer structural features of such composites. In this study, we present a multidimensional, low
dose structural and chemical analysis of calcium deficient hydroxyapatite (CDHA) mixed with two
different hydrogels: gelatin and silanized hyaluronic acid (Si-HA). We show that, depending on the
chemical nature of the hydrogel, CDHA/hydrogel compounds can exhibit different properties,
particularly microporosity and phase distribution at the (sub) microscale. The incorporation of Si-HA
and gelatin both resulted in an increase of the amount of microporosity within the composites. While
Si-HA formed a homogeneous mixture with CDHA, a separate phase of gelatin was observed inside the
CDHA/gelatin compound. Our results also indicate that structural modification occurs when applying
sample preparation protocols or analytical methods that are subject to altering the hydration level within
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these biomaterials and thus, cryogenic temperatures are necessary for their characterization using

rsc.li/materials-advances electron microscopy.

phases (e.g., calcium phosphates), seem particularly promising.*”
Indeed, such complex systems allow for the direct or indirect

Introduction

The field of bone regeneration is currently evolving quickly and
tends toward the development of ephemeral bioactive scaffolds
supporting and promoting the formation of new vascularized
bone tissues." Scaffolds for bone regeneration underwent a
drastic evolution throughout the time, from massive bio-inert
structures to hierarchically designed biomimetic scaffolds,
which are today extensively investigated.® As such, hybrid and
composite biomaterials, coupling highly hydrated organic
phases (mimicking the extracellular matrix) to bioactive inorganic
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modulation of the material-induced biological response through a
wide panel of architectural, physical, chemical and mechanical
cues.* ™ Among them, injectable bone substitutes (IBSs) are of
prime interest as the only solution for minimally invasive inter-
ventions, in addition to their relevant bioactivity and osteoconduc-
tive properties.’> Commercial IBSs are most of the time composed
of either bioceramics, bioglass particles or calcium phosphate-
based cements (CPCs) associated with polymeric macromolecules
which enhance their intrinsic properties (e.g., mechanical resis-
tance), their capacity to be handled (e.g., injectability, setting time,
and in situ cohesivity), and material/host (e.g., cell adhesion,
proliferation and differentiation) interactions.'® Particularly, the
addition of gelatin or hyaluronic acid to CPCs has been extensively
studied."*®

Today’s IBS research is particularly focused on not only
the development of innovative formulations based on tailored

© 2023 The Author(s). Published by the Royal Society of Chemistry
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functionalized hydrogels and substituted CPCs to optimize
bone regeneration but also the biodegradation of the material,
which is one of the main current roadblocks in clinical applications.
This implies that the interactions between the organic and
inorganic phases should be understood to ultimately control
them, which is far from being obvious due to the very complex
reaction mechanisms between the two phases."”

Due to the highly hydrated soft nature of these biomimetic
hybrids, little is known about their structure and evolution
throughout time: their fine characterization remains quite
challenging. Procedures enabling the investigation of the ori-
ginal structure of high water content biomaterials with the use
of suitable chemical and structural characterization tools are
yet to be developed. Scanning electron microscopy (SEM)
combined with electron dispersive spectrometry (EDS) allow
for both the structural and chemical characterization studies of
biomaterials in a wide scale range, from the sub-micron to
hundreds of um length scale.’®>! Nevertheless, only surface (or
near surface) analysis can be performed using SEM and EDS.
Information about the real morphology, chemical distribution
in depth and other structural features (e.g. 3D distribution and
pore structure) is lacking in 2D characterization. With the
introduction of focused ion beam (FIB) in the biological
domain, the 3D structural analysis of biological samples can
be achieved by combining FIB and SEM (an approach also
known as FIB tomography, serial FIB/SEM or 3D FIB/SEM). This
approach consists of performing serial sectioning on a region
of interest (ROI) with FIB combined with SEM imaging of each
newly exposed area. The process is repeated until constituting
a sufficient number of sections to reconstruct a 3D volume
corresponding to the multiple imaged areas. In addition to
obtain information about the internal microstructure, FIB
milling in combination with EDS should provide a description
of the chemical composition and interactions between the
different phases in depth and at buried interfaces within the
sample.

Great progress has been made over the past decade with
regard to the application of FIB-SEM in life sciences and a
number of biological and soft-tissue materials have been
studied using FIB tomography, among which are studies
aiming to investigate biomaterial-tissue interfaces® and char-
acterize the osteocyte network in bones.”* Multiple sample
preparation methods and structure preservation techniques,
such as the chemical fixation, dehydration and embedding of
samples in a resin, have been suggested.> These conventional
methods are however subject to altering the initial biological
structure and introducing artifacts.>® Cryogenic approaches
play a prominent role in addressing these problems and allow
for the analysis of biological samples in their native unaltered
structure. The accuracy of cryo FIB-SEM in analysing biological
samples has already been proven, e.g. in the 3D visualization of
cells® and the localization of proteins within a given volume.>®
Despite the widespread work on the analysis of biomaterials
using FIB/SEM,**** few studies reported the use of FIB tomo-
graphy under cryogenic conditions to observe the structure of
biomaterials.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Biomaterials, such as CPC-hydrogel composites, are highly
porous and contain a significant amount of water. It is therefore
not unlikely that their structure and porosity vary depending on
their water content. Preparation methods that include a dehy-
dration process or any step causing a variation of the hydration
level in these samples can lead to an altered structure that is
not representative of the biomaterial’s native state. Moreover,
most of the CPC based composites are insulators (resulting in
charging effects during SEM imaging), and are easily damaged
under ion or electron irradiation. Optimized conditions for the
FIB-SEM analysis are thus required to avoid structural damage
under irradiation, while structural characterization at cryogenic
temperatures would also help coping with these difficulties by
increasing the tolerable dose for ionization damage. Overall,
finding sample preparation and acquisition protocols that are
adapted to hydrate non-conductive materials is crucial for cryo-
FIB/SEM experiments of composite biomaterials.

In this work, we present multidimensional characterization
of CPC composite scaffolds using FIB tomography and EDS.
Structural and chemical analyses were performed on calcium
deficient hydroxyapatite (CDHA) as the control group and
on CDHA mixed with two different hydrogels: gelatin that is
a physical crosslink hydrogel and silanized hyaluronic acid
(Si-HA) that is a covalent one.”” Apart from the fact that CPC/
gelatin and CPC/hyaluronic acid composites are among the
most widely studied biomaterials in bone regeneration,*®™*
they exhibit a highly hydrated fragile nature, which makes them
typical samples of interest that could benefit from optimized
protocols in cryo-FIB/SEM.

Three dimensional visualization and chemical characteriza-
tion of CDHA, CDHA/gelatin and CDHA/Si-HA, at both hydrated
and dehydrated states, were achieved in this study using FIB
tomography and EDS, which enabled us to investigate micro-
scale features in 3D and identify the impact of dehydration on
the biomaterial’s microstructure. Hydrated samples were cryo-
fixed by plunge freezing in slush nitrogen and mounted on a
cryostage inside the SEM chamber for analysis. The results
obtained in the present paper provide an understanding of the
organization of each phase inside the composite biomaterials
and show that both the nature of the organic phase and the
state of the biomaterials (hydrated/dehydrated) have a signifi-
cant influence on the microstructure and distribution of
CDHA-hydrogel composites.

Experimental
Materials and methods

Procedures for the synthesis of CDHA/hydrogel compounds.
a-Tricalcium phosphate (Ca;(PO,),, o-TCP) was obtained by
heat treatment of apatitic tricalcium phosphate (Cag(HPO,)-
(PO4)5(OH)) rods for 15 h at 1360 °C followed by quenching with
compressed air. Rods were crushed using a pestle and mortar
and the o-TCP powder was sieved between 20 and 40 pm. The
a-TCP powder was stored in a desiccator to prevent its hydro-
lysis under air humidity. The X-ray analysis of the a-TCP powder
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was carried out (XRD, X'pert pro, PANalytical, Netherlands) to
assess its purity and the absence of other inorganic phases.

Preparation of inorganic cement. o-TCP was mixed with
2.5% w/w Na,HPO, solution at a powder:liquid (P:L) ratio of
2.2 g:1 mL. Hydraulic setting of the cement occurred according
to the following equation:*®

30-Cas(P0,), + H,O — Cao(HPO,)(PO,)s(OH)

Cement was injected into 20 x 6 x 6 mm Teflon® moulds, left
under ambient atmosphere for primary setting, and then
immersed in 0.9% w/w NaCl solution at 37 °C for a minimum
of 72 hours.

Preparation of organo-mineral cement. Medical grade hya-
luronic acid (HA, M, = 420 kDa, dispersity M,/M, = 1.75, HTL
Biotechnology) was functionalized with a silanol moiety (26%
substitution of carboxyl moiety) according to the protocol
described by Flegeau et al.>” This “silanized” hyaluronic acid
(Si-HA) was dissolved at 2.9% w/v in 0.1 M NaOH and then
mixed with 30% w/w NaH,PO, to trigger the formation of a
hydrogel by self-condensation of silanol moieties (the final
concentration of Si-HA was 2.5% w/v).”” Partial crosslinking
of the viscous solution was allowed for 10 min before mixing
with o-TCP at a powder : gel ratio (P:G) of 2.2 g:1 mL.

Medical grade gelatin (Rousselot X-pure 10B) was dissolved
in 1x phosphate buffer saline at 60 °C with a concentration of
10.6% w/w. The gelatin solution was cooled a few minutes at
23 °C to reach an adapted viscosity for handling and injection
and then mixed with o-TCP at a powder:gel ratio (P:G) of
2.2 g:1 mL.

Mixing gelatin and Si-HA with o-TCP was expected to provide
areas where a separate organic phase could be observed. This
allowed us to verify whether the cement and the hydrogel can
be identified separately in the cryo-FIB/SEM data.

Both organo-mineral formulations were injected into 20 x
6 x 6 mm Teflon™ moulds and were allowed to set under
ambient atmosphere for 3 hours. Then, they were immersed in
0.9% w/w NaCl solution at 37 °C for a minimum of 72 hours to
finalize the setting.**

Cryo-system, cryo-fixation and cryo-preparation of samples.
Cryo-experiments were performed using a Quorum PP3010 gas-
cooled cryo preparation system. The system covers a cryo
preparation chamber attached to a SEM and a workstation that
includes a nitrogen freezing station and a vacuum transfer
device both of which are connected to a vacuum pump. The
preparation chamber was equipped with a cryo-stage, an anti-
contaminator (i.e. cold trap), a knife for sample fracturing and a
sputter coating system. Prior to experiments, a cryo-stage was
mounted on top of the SEM stage. The functioning of cryo-
experiments relied on a nitrogen gas (N,) cooling workflow. N,
gas was first generated by a pressurized liquid nitrogen (LN)
60L Dewar and flows through a tube circuit that is connected to
a heat exchanger. The heat exchanger was submerged in a LN
30L Dewar and acted as a cooling system for N, gas capable
of reaching temperatures down to —190 °C. The cooled N, gas
from the heat exchanger ran, through a secondary circuit,
directly to cryo-stages and anti-contaminators inside the
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preparation and SEM chambers. Before starting a cryo-session,
the lines containing the gas circuit tubes were pumped for almost
10 hours to remove any residual water vapor and reduce the heat
transfer between the tubes and the lines in order to avoid ice
formation inside the tubes. The temperatures of cryo-stages and
anti-contaminators (i.e. cold traps inside the pre-chamber and
microscope) were monitored using a Quorum operating system
which enables users to control and chose the desired work
temperatures. In this work, temperatures were set at —140 °C
for the cryo-stages and —175 °C for the anti-contaminators.

Small fractions of 200 to 300 um of the thickness of hydrated
biomaterials were cryofixed by plunge freezing into liquid
nitrogen slush (SN). The nitrogen freezing station and lines
were pumped a priori so as to remove as much water vapor as
possible before filling it with LN. In order to obtain a rapid
cooling and reduce the formation of a vapor layer around the
plunged specimen (Leidenfrost effect), LN was pumped inside
the freezing station to form SN.***® Samples were further
frozen by plunge-freezing into the SN few seconds after venting
the freezing station. Cryo-fixed samples were further transferred
to the preparation chamber, using a vacuum transfer device, and
mounted on the cryo-stage. In order to provide a clean surface for
FIB-SEM investigation with no ice contamination, all samples
were cryo-fractured. Sputter coating by a Pt target was further
carried out inside the preparation chamber (see sputtering con-
ditions below) to ensure the sample’s electrical conductivity and
avoid charging effects during SEM imaging.

FIB tomography protocols. Samples were milled and imaged
using a Zeiss Crossbeam 550L consisting of a Capella FIB
column (FIB with a Ga+ source) and a Gemini II field emission-
SEM (FE-SEM) column. This instrument was equipped with two
gas injection systems: C and Pt. FIB sectioning and SEM imaging
were performed at a working distance of 5.1 mm with samples
tilted at an angle of 54° from normal. The FIB energy was set to
30 keV.

Two different FIB tomography protocols were adopted: one
suitable for room temperature analysis and a second one
adapted to cryo-experiments:

1. At room temperature, the workflow implemented using
the ZEISS ATLAS software was used for the acquisition of the 3D
data. The ROI for FIB milling was protected by the deposition of
a Pt layer with a thickness of 1 pm along the Z direction
(the direction of the ion beam) and a 15 pm x 15 pm XY area.
The FIB-induced deposition was performed using an ion beam
current of 0.7 nA and lasted for about 30 min. In order to obtain
a clean deposition, the protective Pt layer was deposited on
regions that exhibited low surface roughness. Following the
typical tracking protocol provided by the manufacturer, track-
ing marks for the calibration of FIB serial sectioning were
created on top of the Pt protective layer by milling five lines
(three on the middle parallel to the X direction and two inclined
lines at each side) using a low FIB current of 50 pA. The lines
were further highlighted with a C deposition and a second C
layer was deposited on top of the Pt layer. The comparison
between Pt and C provided a better visualization of the tracking
marks. A cross-section in the form of a trapezoid trench was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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made using a FIB current of 30 nA. In order to smoothen the
face of the trapezoid trench (i.e. part exposed to the electron
beam), the cross-sectioning was followed by softer milling
using a FIB current of 7 nA. FIB serial sectioning was further
performed using a milling current of 0.7 nA and a pixel size
of 10 nm.

2. Under cryo-conditions, the FIB milling region was pro-
tected by Pt deposition. At low temperatures, the precursor gas
at the exit of the Pt needle condensed immediately at the
sample’s cold surface, which leads to the adsorption of a
massive quantity of precursor molecules (equivalent to a thick-
ness of hundreds of um in size) onto the surface. In order to
avoid the rapid growth of the precursor layer and control its
deposition, the Pt reservoir was cooled down to 28 °C, the WD
for Pt deposition was increased by ~3 mm and the needle’s
valve was opened manually for 10 to 20 s. Precursor molecules
deposited on the sample’s surface were further dissociated by
irradiating the ROI by FIB continuous scanning using a current
of 3 nA and 0.6 us dwell time per pixel. The same pixel size in
the X, Y plane and FIB current values for the experiments
at room temperature (see above) were adopted for FIB serial
sectioning and SEM imaging. Along the milling direction
(Z direction), the milling distance (and thus, the nominal size
in Z) was 15 nm, thus leading to a nominal voxel size of 10 nm
x 10 nm x 15 nm. Another important aspect that requires
attention during cryo-experiments is the duration capacity of
the 30L LN Dewar that limits the milling and image acquisition
time. This duration was estimated in our case to be about
8 hours before the total emptying of the Dewar. The Dewar was
therefore filled with LN every 4 hours in order to ensure the
continuous flow of cooled N, gas while performing 3D
acquisitions.

Electron beam conditions for 3D FIB-SEM data acquisition.
SEM images of newly exposed areas after FIB sectioning were
acquired using electron energies ranging from 1.5 to 2 keV.
These values were favorable for achieving charge neutrality at
the sample’s surface.®” An electron current ranging from 0.1 nA
to 0.2 nA (depending on the chemical nature of the analyzed
sample) and an electron beam dwell time of 1.6 us per pixel
were applied. These conditions were not only suitable for
avoiding sample degradation under electron beam and low-
ering charging effects during SEM imaging, but also for achiev-
ing an electron penetration depth that was practical for
reducing shine-through artifacts.*® For backscattered electron
(BSE) imaging, a EsB detector was used with a potential grid set
to 1.5 kv.

Data treatment, image segmentation, 3D reconstruction and
quantification. The 3D volume reconstruction of FIB-SEM data,
segmentation of structural features and quantification of
microporosity (defined in biomaterial science as a pore size
of <10 pum) were performed using the Dragonfly®™ software.*
For 3D reconstructions, SEM images from the FIB-SEM data
were aligned prior to each reconstruction by reducing the
standard squared deviations in subsequent images. This
enabled us to correct for image drifts and errors related to
tracking during serial FIB-SEM acquisitions. Machine learning

© 2023 The Author(s). Published by the Royal Society of Chemistry
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algorithms incorporated into the software were used for SEM
image analysis. The random forest classifier based on pixel
comparison features was shown to be well suited for image
classification in the data with multiple object categories*® and
was applied in our data treatment. Morphology, gaussian_MS,
and neighbors were used as features in the random forest model.

By choosing contrast and geometry filters, this classifier
enabled us to obtain a high quality segmentation of the
different phases, which allowed for a description of their
distributions within each compound. The amount of porosity
was expressed as the volume ratio % between the segmented
“empty space” region and the rest of the material. The function
“thickness meshes” implemented in Dragonfly was used to
calculate each pore size from the “empty space” region, as
the diameter of the largest sphere that fits within the pore.**
This enabled us to determine the mean pore size for each
compound.

Energy dispersive spectrometry (EDS). X-ray measurements
were recorded using an Oxford energy-dispersive spectrometer
attached to the FE-SEM column. The spectrometer is composed
of an ULTIM"™ Max with a large silicon drift detector area
(a sensor area of 100 mm?) and positioned at a takeoff angle
of ~35° from the sample. The working distance used for X-ray
measurements was set to 5.1 mm and all measurements were
performed using the longest shaping time constant, corres-
ponding to a resolution of 127 eV full-width at half-maximum
(FWHM) using Mn Ko. The electron probe current was set to
0.2 pA. These acquisition parameters enabled us to not exceed
30% in the dead time of the counting rate. Electron energies
ranging from 1.5 to 2 keV were used for EDS measurements.

Results and discussion

Serial sectioning with FIB combined with SEM imaging was
carried out under cryogenic conditions to investigate the micro-
structure of CDHA-hydrogel compounds (see the Methods
section for details).

CDHA/gelatin

Firstly, the composite sample consisting of the CDHA/gelatin
mixture was investigated. This composite is expected to exhibit
three different phases, the mineral cement, the organic matrix
and an aqueous phase, filling the pores within the sample.
In order to obtain an accurate evaluation of the microporosity
as well as a description of the spatial distribution of both the
gelatin and the cement, the phases within the mixture need to
be resolved separately. In other words, SEM images must
provide enough contrast to allow for the identification and
segmentation of each phase. As shown in Fig. 1a, secondary
electron (SE) SEM imaging did not provide a clear visualization
of the phases distribution, as the aqueous phase exhibited a
contrast level similar to both the CDHA and hydrogel parts of
the composite. This made the segmentation of each phase
difficult to perform. In order to cope with this limitation,
cryo-FIB tomography was performed using backscattered

Mater. Adv., 2023, 4, 2474-2486 | 2477
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CDHA\ O

Aqueous phase
Gelatin

. Em
(a) SEM image with secondary electrons corresponding to a FIB cross-section face performed on a CDHA/gelatin compound. The aqueous phase
(red circle) exhibits a close contrast level to those of CDHA (yellow circle) and gelatin. (b) Image of the same region obtained using BSE imaging. Both

images were acquired using an electron energy of 1.8 keV, an electron current of 0.1 nA and a dwell time of 1.6 ps per pixel. Pixel size: 10 nm. Vertical
destriping has been applied (with 10 levels and wavelet function db2) followed by CLAHE (clip 0.01, kernel size 100 and bins 256).

Fig. 1

electron (BSE) imaging. Because the BSEs carry information
about the structure of the sample and its composition, the
difference in the contrast level between the different phases
was improved (Fig. 1b). The low electron energies adopted for
image acquisition were practical for reducing the depth of
backscattered electron emission (estimated to be ~30-40 nm
using Reimer’s formula*?) and obtaining good visualization of
the structural details at the materials surface from the BSE
images. We note that while the nominal voxel size in the
FIB-SEM data is 10 nm x 10 nm X 15 nm, considering the
depth at which the BSEs are emitted, the real spatial resolution
is 10 nm x 10 nm x ~30-40 nm.

Cryo-SEM micrographs using backscattered electrons of a
CDHA/gelatin compound indeed showed the presence of three
different phases: water, gelatin and CDHA. Most of the cement
clustered into annular agglomerates and formed needle-like
particles on the sides and inside the annular spaces (Fig. 1).
The contrast level of each phase can be distinguished in BSE
images (Fig. 1b), which allowed us to segment the compounds
separately and identify their distribution. Fig. 2 illustrates the
resulting segmentation and shows the distribution of all the

Gelatin

Aq phase

Fig. 2 Segmentation of the different phases in a BSE image of a CDHA/
gelatin compound using the random forest trainer method incorporated in
the Dragonfly™ software.®
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phases based on their contrast levels. Gelatin can be clearly
identified as a separate phase inside the mixture. Additionally,
the tips of the needle-like particles exhibited a contrast level
close to that of gelatin. There are two possible interpretations
for this observation; firstly, the segmentation may be showing the
presence of gelatin on the surface of the particles (black circles in
Fig. 2). Secondly, such contrast can also be a consequence of a
decrease in the CDHA intensity due to the reduced amount of
electrons that are backscattered from a thinner area of the
particles. In order to elucidate the origin of the lower contrast
level at the tips of the needle-like particles and to aid interpreta-
tion, EDS measurements were performed.

EDS measurements performed on the randomly selected
CDHA/gelatin particles showed that carbon X-ray emission
mostly occurred at the sides of the particles (Fig. 3) and almost
no C Ka line intensity was detected in the middle. The high
intensity of O Ko was observed in the spectra recorded at the
sides of CDHA, resulting from the presence of the aqueous
phase around the needle-like particles.

Indeed, the EDS results show the presence of carbon (Fig. 3),
thus gelatin, on the particle’s surface and are in agreement with
our first interpretation of the segmentation results shown in
Fig. 2. The distribution of the organic phase would be consis-
tent with the presence of gelatin around the needle-shaped
calcium deficient hydroxyapatite particles issued from the
dissolution-reprecipitation of the inorganic «-TCP precursor.
Indeed, upon hydrolysis, o-TCP dissolves into calcium and
phosphate ions, resulting in a supersaturated solution from
which CPC crystals precipitate.*® The presence of gelatin only
on the sides of the agglomerated CDHA particles and around
those same regions suggests that CPC crystals precipitated in
contact with the gelatin. The CDHA sites where gelatin is not
present (e.g. red circles in Fig. 3) are therefore regions where the
growth and hardening of the cement occurred far from the
organic phase.

The gelatin phase seems to surround the agglomerated
CDHA nanoneedles, but can also be observed in the aqueous
phase, and this free of any calcium phosphate (Fig. 1b and 2).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison between EDS spectra acquired at different regions in two randomly selected CDHA/gelatin particles. EDS spectra were acquired

using an electron energy of 1.6 keV.

The phenomena driving this specific spatial organization are
complex and would require further investigation. As a relative
cooling of the gelatin was performed before mixing it with the
inorganic cement precursor, gelatin macromolecules may have
started to organize in a 3D network before the formation of the
cement. It may (i) have affected the dissolution reprecipitation
phenomena (and consequently formation) of the cement by
disturbing sterically the local environment, (ii) have driven the
nucleation of calcium phosphate phases through interactions
between the carboxyl and amino moieties of the gelatin and the
released calcium ions or even (iii) have limited the diffusion of
calcium and phosphate ions away from the 20-40 pm precursor
particles, hence calcium phosphate free gelatin macromolecules.
Among others, these hypotheses could explain the microstructural
differences induced by the addition of gelatin macromolecules to
the hydroxyapatite calcium phosphate cement.

In order to evaluate the influence of gelatin on the micro-
structural properties of the cement in 3D, the CDHA/gelatin
mixture was investigated by cryo-FIB tomography (see Fig. 4b)
and the results were compared to those obtained for the pure
inorganic cement (see Fig. 4a). For both samples, the 3D
volume reconstruction was performed using the Dragonfly®
software by implementing a stack of more than 700 BSE
images.

It can be seen from the 3D visualization of the two samples
that gelatin induced a modification of the structural organiza-
tion of the cement. Although needle shaped individual CDHA
particles are observed in both samples, a main difference was
the high presence of ring-like agglomerates of such needles as
well as large “empty spaces” (of several nm up to 2300 nm
within the observation area) in the CDHA/gelatin sample.
While in the pure CDHA cement, the cement was more homo-
geneously distributed across the sample, the well separated
clusters of the ring-like CDHA structures are observed in CDHA/
gelatin. The 3D distribution of gelatin (Fig. 4b) confirms
the previous observations and shows that gelatin has formed,

© 2023 The Author(s). Published by the Royal Society of Chemistry

in some regions, a 3D network that did not interact with the
inorganic matrix (see Fig. 4c).

The microporosity of CDHA/gelatin was further identified
and quantified inside the 3D constructed volume using the
Random forest classifier. The amount of microporosity and the
pore size in 3D were calculated and compared to those deter-
mined in hydrous CDHA (Table 1). A significant increase in
both the amount of microporosity and the mean pore size was
induced by incorporating gelatin into the cement. It is sug-
gested that, by forming a separate phase, gelatin preserves
a part of its highly porous structure. This acts in favor of
increasing the mean compound porosity. Moreover, the annular-
like arrangement of CDHA results in creating voids inside and
between the agglomerated sites, which also increases the total
microporosity of the cement.

CDHA/Si-HA

The cryo-FIB-SEM analysis of the CDHA/Si-HA mixture showed
that CDHA was structured in two different ways: dense areas
of the pseudo-bulk cement and star-like agglomerates with
ultrafine needle-shaped particles around (Fig. 5). The ultrafine
particles are also present on the surface of the compact pseudo-
bulk volume. It has been reported that, in the presence of HA,
the formation of such particles can be related to the precipita-
tion of an apatitic phase.®* These particles are present more in
CDHA/Si-HA than in CDHA/gelatin or the control cement,
which might be the result of the enhanced precipitation of
the hydroxyapatite related to the presence of HA carboxylic
groups.** These groups have been reported to favor the nuclea-
tion of apatite crystals.*> BSE micrographs shows that Si-HA
seems to be forming a homogeneous-like mixture with
CDHA, at least at tens of nanometer length-scale (no separate
Si-HA was observed). As shown in Fig. 6, EDS spectra revealed
the presence of carbon on both the dense areas and the
agglomerated particles, suggesting that HA is indeed mixed
with the formed CDHA clusters. Unlike in CDHA/gelatin, the
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Gelatin

Aq phase

Fig. 4 3D constructed volumes of (a) CDHA and (b) CDHA/gelatin mixture (the aqueous phase is presented in blue color). (c) 3D distribution of gelatin in
a ROI inside the CDHA/gelatin compound. The random forest trainer method was used for segmentation.

Table 1 Average amount of microporosity and the mean pore sizes of
hydrous CDHA and CDHA—-polymer mixtures calculated from the FIB-SEM
data (10 nm pixel size in the XY plane and 15 nm in the XZ plane). Pores for
which the size is below 3 pixels were excluded. Uncertainties were
determined by analyzing 4 to 6 regions of each 3D constructed volume
and correspond to expanded standard deviations (coverage factor k = 2)

Microporosity (%) Mean pore size (nm)

CDHA 24 £6 321 £ 62
CDHA/gelatin 58 + 12 1005 + 182
CDHA/Si-HA 43 £ 10 538 +£ 97

precipitation of CDHA very likely preceded the cross-linking of
Si-HA, which explains the fact that no separate hydrogel phase
was observed within the compound. The most probable sce-
nario is that Si-HA was adsorbed on the o-TCP particles during
Si-HA/o-TCP mixing and served as a supporting substance for
the precipitation of the hydroxyapatite phase.

2480 | Mater. Adv., 2023, 4, 2474-2486

Explaining why CDHA/gelatin and CDHA/Si-HA are struc-
tured differently would require an extensive and dedicated
work. However, several scenarios, alone or in combination,
may be plausible. First, the gel forming kinetics may be faster
for Si-HA, which directly provide an organized 3D network
serving as the support for the formation of the cement. Second,
and as previously evoked, calcium ions tend to interact with
carboxyl groups, providing preferential nucleation sites. Both
gelatin and Si-HA possess a carboxyl moiety per repeat unit;
however, the Si-HA repeat unit is far smaller and with less steric
hindrance than the one of gelatin. Consequently, far more
nucleation sites for the precipitation of CDHA are provided,
resulting ultimately in a Si-HA network embedded in a CDHA
inorganic matrix. Finally, a higher concentration of phosphate
ions was already available in the local environment for CDHA/
Si-HA than that for CDHA/gelatin, due to the formulation
process. As phosphate ions are known to dictate the precipita-
tion of calcium phosphate phases, this may have significantly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(a) BSE micrograph in the XY plane of a hydrous CDHA/Si-HA and (b) 3D visualization of the same compound. The aqueous phase is presented in

blue and CDHA in white. Both images were acquired using an electron energy of 2 keV, an electron current of 0.1 nA and a dwell time of 1.6 us per pixel.

Pixel size: 10 nm in the XY plane and 15 nm in the XZ plane.
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Fig. 6 Comparison between EDS spectra acquired at different regions in two randomly selected CDHA/Si-HA particles. EDS measurements were
performed using electron energies of 1.7 keV for the first particle (left hand side) and 2 keV for the second particle (right hand side).

helped for the homogeneous precipitation of the inorganic
phases as soon as the preferential nucleation site on the
organic macromolecules were occupied by a calcium ion.
Larger empty spaces than those observed in the control
cement (Fig. 4a) are present in CDHA/Si-HA (Fig. 5b), which
indicates that changes in the microstructure and microporosity
of the cement were induced by the hydrogel. In order to
obtain a clear evaluation of these changes, the microporosity
of CDHA/Si-HA was quantified from the 3D reconstructions and

© 2023 The Author(s). Published by the Royal Society of Chemistry

compared with those of CDHA/gelatin and the control cement.
As presented in Table 1, the incorporation of Si-HA into the
CDHA increased the amount of microporosity and the mean
pore size of the cement. Given the very weak concentration of Si
in the hydrogel (Si characteristic peaks not detectable with EDS.
it is likely that these effects were mainly caused by the presence
of HA). The increase in the amount and size of pores induced
by HA was demonstrated in a previous study by Babo et al.,
through the 3D high resolution micro-CT analysis of cement
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Fig. 7 (a) SEM micrographs of (a) CDHA (b) CDHA mixed with gelatin®® and (c) CDHA mixed with Si-HA.

incorporated with HA microparticles.’® Although the range of
pore size reported in Babo et al.’s work (>6 pm) is different
than the one investigated in our study and that the authors
carried out analyses on dry samples, the results in Table 1 show
that HA also affects the microporosity of the cement in a
hydrated state and at a lower length scale. Another important
result shown in Table 1 is that the microporosity of the cement
varied differently depending on the chemical nature of the
macromolecule incorporated into its formulation. At the
concentration of the hydrogel used in our work, the effects on
the pore structure of CDHA induced by Si-HA are less important
than those induced by gelatin, especially for the modification of
the pore size.

Does room temperature (RT) FIB-SEM provide accurate
characterization of CPC-hydrogel biomaterials? Numerous
studies have reported the use of RT SEM or FIB-SEM for the
microstructural characterization of calcium phosphate sub-
strates?” and CPC/hydrogel composites.**® However, the samples
dehydration step that often precedes RT analyses can cause
significant changes of the biomaterial’s microstructure and may
lead to a false interpretation of its morphological and mechanical
properties. It is therefore essential to consider the important error
rate of the results given by RT FIB-SEM with regards to studying
the microstructural features of highly hydrated porous samples
such as CPC-hydrogel scaffolds. In order to shed light on some of
the effects related to dehydration, the structural characterization
of CDHA, CDHA/gelatin and CDHA/Si-HA compounds was inves-
tigated using FIB-SEM at room temperature and the results were
compared to those obtained under cryogenic conditions. The
samples were dehydrated prior to the analysis and coated with a
thin carbon layer (~ 50 nm) to ensure the electrical conductivity at
the surface. Serial FIB/SEM imaging was carried out on a ROI of
each compound and a stack of more than 800 secondary electron
images were acquired. 3D volume reconstruction, data analysis
and pores segmentation were further performed using the
Dragonfly® software (see details in the Methods section).

The microstructures of anhydrous CDHA and CDHA-poly-
mer mixtures were observed using SEM (Fig. 7) and indicates
the presence of microporosity at the surface. In all cases, a
visual inspection of the pores reveals that these might be
smaller in size than in the case of hydrous samples (Fig. 1-5).
The needle-like CDHA particles can also be observed in the
anhydrous compounds but the organization of the mineral

2482 | Mater. Adv,, 2023, 4, 2474-2486

phase is clearly different than in the case of hydrous samples.
In the CDHA/gelatin mixture, the cement clustered into
spherical-like agglomerates, whereas plate-like CDHA crystals
were observed in CDHA/Si-HA. Also, the microstructure of
CDHA/Si-HA appears to be more compact (Fig. 7c) than those
of CDHA/gelatin (Fig. 7b) and control cement (Fig. 7a), which is
probably a consequence of the cohesive properties of HA.*

RT FIB tomography was further performed to evaluate the
microstructure and microporosity of the anhydrous com-
pounds in 3D. In many of the acquired FIB-SEM data, imaging
artifacts related to shine-through or pore-back effects®® were
observed. These artifacts originate from electrons that go through
the pores and produce an image of the material belonging to the
subsequent section(s). Instead of observing pores with a minimal
intensity in the image (i.e. black regions), a contrast characteristic
of the solid material appears. This induces a modification of the
pore morphology during 3D reconstructions along the milling
direction. Curtaining effects, which result from the difference
between the FIB-sputtering rate at the pores and that at the
surrounding material, were also observed in the acquired images.
An example is shown in Fig. 8 illustrating a SEM micrograph of
two pores within a CDHA/gelatin sample. The elongation of pores
seen in the YZ plane (Fig. 8b) is a consequence of the shine
through. Curtaining effects were also observed when visualizing
the pore’s morphology in depth (Fig. 8b).

Fig. 8 (a) SEM micrograph in the XY plane showing two pores in the
anhydrous CDHA/gelatin sample. (b) The same pores observed in the YZ
plane after reconstructing a 3D volume from the FIB-SEM data of the
CDHA/gelatin sample.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) 3D reconstruction of the anhydrous CDHA sample using the Dragonfly® software.>® (b) 3D pore mesh inside the reconstructed volume.

Fig. 10 (a) 3D reconstructed volume of the anhydrous CDH/gelatin sample using the Dragonfly™ software.> (b) 3D pore mesh inside the CDHA/gelatin
reconstructed volume. (c) 3D volume of anhydrous CDH/Si-HA and its (d) 3D corresponding pores mesh.

© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 2474-2486 | 2483
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Table 2 Average amount of microporosity and the mean pore size of
anhydrous (Anh) CDHA and CDHA-polymer mixtures calculated from the
FIB-SEM data using a 10 nm XYZ pixel size. In order to avoid errors
associated with image resolution, pores for which the size is below 4
pixels were excluded. The uncertainties were determined by analyzing 5 to
6 regions of each 3D constructed volume and correspond to expanded
standard deviations (coverage factor k = 2)

Microporosity (%) Mean pore size (nm)

Anh CDHA 12 +£3 82 £ 12
Anh CDHA/gelatin 13 £4 110 £ 15
Anh CDHA/Si-HA 23 +5 145 + 23

An empirical approach to address the aforementioned arti-
facts in porous materials is by simply filling the pore’s space
using polymeric materials such as resins.>*">* Otherwise, mini-
mizing or accounting for this effect in non-hydrated porous
samples requires the combination of extensive image proces-
sing techniques and combination of different imaging modes
simultaneously.>® In hydrogels, or other highly hydrated porous
samples, the filler material is naturally water. Preserving the
hydrated state through a cryo-fixation process can be optimal
for avoiding these imaging artifacts. Cryo-FIB tomography
is therefore advantageous for the visualization of porous
structures and enabled us to limit the “shined-through” effect
during our cryo-FIB-SEM acquisitions.

3D reconstructed volumes obtained from serial FIB-SEM
acquisitions (Fig. 9 and 10) were further used to evaluate the
microporosity of CDHA and CDHA/polymer mixtures. Table 2
presents the calculated amount of microporosity and the mean
pore size of CDHA-polymer mixtures, in comparison to those
characteristics of the control CDHA.

Firstly, both the CDHA/polymer compounds exhibited a
mean pore size slightly higher than the one observed for CDHA.
Secondly, the results presented in Tables 1 and 2 suggest that the
microporosity is significantly affected by dehydration. Indeed, all
the anhydrous compounds exhibit a mean amount of porosity
and a mean pore size lower than those at the hydrated state.

Regarding the microporosity, gelatin did not have a signifi-
cant influence on the amount of microporosity of the cement
at the anhydrous state whereas an important increase was
observed in the case of the hydrous mixture. It has been
reported that the incorporation of gelatin to CPC may modify
the amount of the cement porosity to a degree dependent
on the gelatin contents.”® The total porosity has been
shown to decrease when the amount of gelatin is lower than
5 wt% whereas the opposite effect occurs for greater gelatin
concentrations.’® In our case, the unchanged amount of por-
osity could be related to the shrinkage of gelatin due to
dehydration. By losing the liquid phase that fills the pores,
after dehydration, the gelatin’s internal porosity is reduced
significantly. This results in a total amount of microporosity
in the CDHA/gelatin close to that in CDHA. The gelatin induced
however a modification of the CDHA microstructure which
explains both the formation of CDHA/gelatin agglomerates
(Fig. 7b) in the compound and the slight increase in the mean
pore size (Table 2).
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The comparison between the microporosity data obtained
for CDHA and CDHA/Si-HA in both the anhydrous (Table 2) and
hydrous states (Table 1) shows that the percentage factor by
which Si-HA increases the porosity of the cement (~1.8)
is almost the same, regardless of the hydration level of
the compound. It is therefore reasonable to assume that the
difference in microporosity between hydrous and anhydrous
CDHA/Si-HA compounds is mainly caused by the microstruc-
tural changes of the cement due to dehydration.

Conclusions

The structural and chemical analyses of biomaterials consisting
of CDHA/hydrogel composites were performed using cryo and
RT-FIB tomography. The results of this work show that both the
composition of the hydrogel phase and the hydration state of
CPC biomaterials during observations have a significant effect
on their microstructure.

As BSE imaging provided a better difference in terms of the
contrast level, it allowed for the accurate quantification of the
different phases and enabled us to evaluate their distribution
within the CPC/hydrogel composites. 3D FIB-SEM reconstruc-
tions showed that, in CDHA/gelatin compounds, a part of
gelatin exhibited a separate hydrogel phase within the mixture.
Given that gelatin/o-TCP mixing was performed at ambient
temperature, the gelatin partially formed a 3D network prior
to mixing. Further to mixing, the regions of CDHA in contact
with gelatin mainly resulted from the precipitation of CPC
crystals on the organic matrix. In CDHA/Si-HA, even though
Si-HA cross-linked prior to mixing it with o-TCP, it did not form
a separate phase inside the hydrous CDHA/Si-HA. Si-HA was
completely mixed with a cement and acted as a supporting
substance for the precipitation of a newly formed hydroxy-
apatite phase.

The analysis of 3D reconstructions of the compounds after
dehydration is consistent with a possible collapse of gelatin
together with full adsorption on the CDHA surface. These
observations would thus lead to wrongful interpretations of
the phase distribution and structure of the compounds and are
characteristic of the most common RT SEM analysis of bioma-
terials. CDHA/gelatin mixtures exhibited more sensitivity to
hydration than CDHA/Si-HA and control cement as their mean
pore size decreased by a factor of ~9 in the dehydrated state.
No significant difference between the microporosity of CDHA/
gelatin and that of CDHA was observed in the case of dehy-
drated compounds. The incorporation of Si-HA into CDHA
increased the mean pore size and the amount of porosity of
the hydrated and dehydrated compounds by a similar factor
(~1.8). The difference in microporosity between hydrated and
dehydrated CDHA/Si-HA is therefore believed to be a conse-
quence of the effects of dehydration on the cement’s structure.

All the differences observed between hydrous and anhydrous
CPC/hydrogel composites, in terms of the phase distribution and
microporosity, suggest that accurate structural characterization of
highly hydrated biomaterials by electron microscopy requires the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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use of cryogenic temperatures, capable of preserving their
hydrated state. Our results emphasize that an erroneous eva-
luation of the biomaterials’ properties is indeed obtained as a
result of analysing a modified structure due to dehydration.
Furthermore, by preserving water as a filler material inside
porous samples through a cryo-fixation process, cryo-FIB-SEM
enables us to avoid shine-through artifacts, thus providing a
more realistic visualization of the 3D porous structure.

It is worth noting that plunge-freezing, as used in this work,
can induce cryo-fixation artifacts such as the formation of
ice crystals®® that can modify the internal structure of CPC/
hydrogel scaffolds. These artifacts should be considered when
investigating microstructural features or reporting microporos-
ity measurements using cryo-SEM.*” Using techniques for
the characterization of the crystalline structure in depth,
such as micro-Raman spectrometry combined with FIB/SEM,
the state of vitrification can be evaluated to optimize sample
preparation.”® Sample preparation by HPF would certainly
improve the vitrification state and will be explored in the
future. Comparing the quantitative structural data obtained
from the analysis of samples prepared by plunge-freezing under
slush nitrogen, to the same samples cryo-fixed by high pressure
freezing, will provide insight into the impact of the freezing
method on the structural properties of biomaterials.
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