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1. Introduction

The shape-effect of calcium phosphate
nanoparticle based films on their osteogenic
propertiest

Pichaporn Sutthavas, © Pamela Habibovic & and Sabine H. van Rijt (iD}4

Calcium phosphates (CaPs) in the form of hydroxyapatite (HA) have been extensively studied in the
context of bone regeneration due to their chemical similarity to natural bone mineral. While HA is known
to promote osteogenic differentiation, the structural properties of the ceramic have been shown to affect
the extent of this effect; several studies have suggested that nanostructured HA can improve the bioactiv-
ity. However, the role shape plays in the osteogenic potential is more elusive. Here we studied the effect
of HA nanoparticle shape on the ability to induce osteogenesis in human mesenchymal stromal cells
(hMSCs) by developing nanoparticle films using needle-, rice- and spherical-shaped HA. We showed that
the HA films made from all three shapes of nanoparticles induced increased levels of osteogenic markers
(i.e. runt-related transcription factor 2 (RUNX2), bone morphogenetic protein 2 (BMP2), alkaline phospha-
tase (ALP), osteopontin (OPN), osteocalcin (OCN) on protein and gene level in comparison to hMSCs cul-
tured on cover glass slides. Furthermore, their expression levels and profiles differed significantly as a
function of nanoparticle shape. We also showed that nanoparticle films were more efficient in inducing
osteogenic gene expression in hMSCs compared to adding nanoparticles to hMSCs in culture media.
Finally, we demonstrated that hMSC morphology upon adhesion to the HA nanoparticle films is depen-
dent on nanoparticle shape, with hMSCs exhibiting a more spread morphology on needle-shaped nano-
particle films compared to hMSCs seeded on rice- and spherical-shaped nanoparticle films. Our data
suggests that HA nanoparticle films are efficient in inducing hMSC osteogenesis in basic cell culture con-
ditions and that nanoparticle shape plays a vital role in cell adhesion and morphology and extent of induc-
tion of osteogenic differentiation.

other applications, HA ceramics have gained interest for use as
coatings on (metallic) implants to improve cell adhesion and

Calcium phosphate (CaP) ceramics are extensively used
materials in the field of bone regeneration due to their
inherent ability to stimulate and facilitate bone formation
in vivo.""® CaP ceramics are chemically similar to the inorganic
component of human bone, which is composed of nano-sized
CaP crystals in the form of hydroxyapatite (HA). To circumvent
the drawbacks associated with autologous bone grafts, which
include limited availability and donor site complications,
researchers have focused on developing synthetic HA-based
bone graft substitutes. Synthetic HA ceramics have demon-
strated excellent biocompatibility and bioactivity in terms of
osteoconductivity and bone-bonding potential.” "> Amongst
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increase bone-to-implant contact in vivo.'**® While HA is gen-
erally accepted as a bioactive material in a bony environment,
the chemical and structural characteristics of the HA surface
highly affect the extent and the type of interactions between
the material and the local (cellular) environment. For example,
the chemical composition influences cellular interactions with
the surface and can be employed to tune protein adsorption
on a material, a prerequisite for cell attachment.>*?!
Additionally, the ceramic itself can affect the dynamics of
calcium and phosphate ions exchange with the microenvi-
ronment, which in turn may favour the deposition of new
bone matrix.>>>* The HA surface structure, the so-called
surface topography, can also modulate cellular behaviour
where it has been shown that especially structural features at
the nanoscale can positively influence cell adhesion and sub-
sequent hMSC proliferation and differentiation.>*

A popular way to create nanostructured HA coatings is by
depositing nano-sized HA particles on implant surfaces.”*"

This journal is © The Royal Society of Chemistry 2021
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Driven by the popularity and potential of HA nanoparticles
(nHA) in the field of bone regeneration but also in the field of
drug delivery,>>?* many methods have been reported to chemi-
cally synthesize nHA including various wet and dry synthesis
methods.*>*73” However, obtaining nHA with homogeneous
shape and size remains challenging. This is especially true for
wet chemical precipitation methods as calcium and phosphate
ions can spontaneously precipitate and crystallize above pH 7.
As a result, the effect of nHA shape on the ability to induce
osteogenic differentiation in hMSCs is much less studied,
although several studies hint that nHA shape plays an impor-
tant role in their osteogenic effect. For example, Xu et al.*®
showed that osteoblasts cultured with needle-shaped nHA
increased cell proliferation and upregulated alkaline phospha-
tase (ALP) and osteocalcin (OCN) expression after 4 days, com-
pared to osteoblasts exposed to spherical nHA. Another study
reported that HA nanospheres triggered a stronger osteogenic
effect in hMSCs compared to HA nanorods.*” In contrast, Liu
et al. reported a relatively limited effect of spherical nHA on its
ability to promote osteogenic differentiation in hMSCs under
standard culture conditions.’® Importantly, these studies were
performed under conditions where HA nanoparticles were
directly added to the cell culture media of hMSCs adhered to
the surface, and their osteogenic effect was related to hMSC
cellular uptake of nHA. The effect of different nanoparticle
shapes on their osteogenic potential when deposited in the
form of stable coatings has, to our knowledge, not yet been
studied.

Here we synthesized needle-, rice- and spherical-shaped
nHA and used these to deposit homogeneous films on glass
slides. We investigated the effect of nanoparticle shape on the
expression profiles of different stage osteogenic markers in
primary hMSCs. Specifically, we investigated the effect of
nanoparticle shape on bone morphogenetic protein 2 (BMP2),
and runt-related transcription factor 2 (RUNX2) which are
important markers in the first stage of bone formation where
mesenchymal precursors commit to osteoblast differentiation
lineage. In addition, we investigated the effect of nHA shape
on ALP, osteopontin (OPN), and OCN, which are good indi-
cators of middle to later stage bone formation where there is
an increase of metabolic activity and bone cells deposit and
mineralize matrix."’ In addition, the morphology and
adhesion of hMSCs on the different nanoparticle films were
analysed. Finally, the ability of nanoparticles to induce osteo-
genic differentiation when added as single particles to the cell
culture medium and nanoparticle conditioned media was
compared to osteogenic marker expression of hMSCs cultured
on the nHA films.

2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS), 3-mercaptopropyl triethylsilane
(MPTES), triethanolamine (TEA), 3-aminopropyl triethoxysi-
lane (APTES), -cetyltrimethylammonium chloride (CTAC),

This journal is © The Royal Society of Chemistry 2021
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cetyltrimethylammonium bromide (CTAB), ammonium fluor-
ide, hydrochloric acid (37%), ammonium nitrate, N,N-di-
methylformamide (DMF), phosphate-buffered saline (PBS),
foetal bovine serum, ascorbic acid, bis[N,N-bis(carboxymethyl)
aminomethyl] were purchased from Sigma Aldrich GmbH
(Germany). Absolute ethanol, paraformaldehyde (PFA), Triton
X-100, bovine serum albumin (BSA), Tween-20 and Alizarin
Red S (sodium alizarin sulphonate) were purchased from VWR
(US). Minimum essential medium alpha (eMEM), L-glutamine
and trypsin were purchased from Fisher Scientific (The
Netherlands). Penicillin and streptomycin were purchased
from Gibco Life Technologies (US).

2.2. Synthesis of needle-shaped HA nanoparticles

To produce needle-shaped nanoparticles, 0.6 mM calcium
nitrate and 0.4 mM potassium phosphate salt solutions in
milliQ water (40 ml) were prepared. Both salt solutions were
slowly added dropwise via a syringe pump at 2 ml per min into
a reactor containing 100 ml milliQ water under rigorous stir-
ring. The reaction was kept at pH 10 by adding ammonium
nitrate. After 20 minutes, 1 ml of a 6 uM calcium nitrate solu-
tion was added to the mixture. To stop crystal growth, 1 ml
4 uM phosphate-polyethylene glycol (phosphate-PEG) solution
was added to the reactor immediately after addition of calcium
nitrate solution. Afterwards the mixture was washed three
times with absolute ethanol using centrifugation. The slurry
was then dried overnight before sintering at 800 °C for
12 hours to remove PEG chain from the surface.

2.3. Synthesis of rice-shaped HA nanoparticles

In order to achieve rice shape HA nanoparticles, CTAB was
used as a template. 0.6 mM calcium nitrate and 0.4 mM pot-
assium phosphate solutions were slowly added dropwise via a
syringe pump at 2 ml per min into 1 mM of CTAB in milliQ
water under the rigorous stirring. After washing with absolute
ethanol three times, the CTAB template was removed via ion
exchange reactions under basic conditions: nanoparticles were
resuspended in 100 ml absolute ethanol with 100 mg of
NH,4NO; for 45 minutes at 90 °C under reflux conditions. The
rice nanoparticles were then washed again with absolute
ethanol before further use.

2.4. Synthesis of spherical nanoparticles

Mesoporous silica nanoparticles (MSNs) were used as hard
templates for calcium and phosphate ion deposition. MSNs
with amine surface functionalization were synthesized via
modified co-condensation methods as reported previously.*?
The amine groups on the MSN surface were further modified
to obtain carboxylic acid groups, which allowed positive ion
deposition.  Carboxyl-functionalized MSN  nanoparticles
(MSN-COOH) were obtained as follows: 3 g of succinic anhy-
dride was added in 20 ml DMF, and allowed to fully dissolve
for 30 minutes at room temperature (solution 1).
Subsequently, 0.2 g of MSNs were dispersed in 30 ml DMF,
and the suspension was added into solution 1 under magnetic
stirring. The reaction was kept at 60 °C for 48 h. Afterwards,

Biomater. Sci, 2021, 9, 17754-1766 | 1755
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the suspension was collected by centrifugation and extensively
washed with absolute ethanol. MSN-COOHs were resuspended
in milliQ water adjusted to pH 10 by NH,NO;. Afterwards,
200 pl 6 pM calcium nitrate solution was added to the mixture
and allowed to react for 30 min. The mixture was then washed
with milliQ water once before adding 200 pl 4 pM of
(NH,);PO, solution, and subsequently washed with absolute
ethanol. The process of calcium ions and phosphate ions
addition was repeated two more times.

2.5. Characterization of the nanoparticles

Zeta potential and polydispersity index (pdi) of all nano-
particles were measured on a Malvern Zetasizer Nano (Malvern
Panalytical, UK). For the analysis, nanoparticles were sus-
pended in ethanol at a concentration of 0.3 pg ml™.
Morphology of all nanoparticles was further visualized by scan-
ning electron microscopy (SEM; Teneo, FEI, US). For SEM ana-
lysis, dry nanoparticle powder was suspended in absolute
ethanol, a drop was placed on an aluminium SEM stub and
allowed to dry overnight. The samples were sputtered with a
2 nm layer of iridium before imaging. X-ray diffractograms
(XRD) of all HA nanoparticles were collected using a Bruker D2
Phaser diffractometer (Bruker) using Cu Ko radiation (A =
1.542 A) in the range of 6 < 20 < 60° in increments of 0.02°
and an integration time of 0.5 s.

2.6. Thin film formation and characterization

Prior to spinning, cover slips were surface-activated with O,
plasma treatment (Plasma Cleaner, Diener Electronics Femto
PCCE) at 0.4 bar, 5 sscm O,, 70 W, 1.5 min. All nanoparticles
were collected by centrifugation (14 000 rpm, 20 °C, 10 min)
and dispersed in absolute ethanol at a concentration of 50 pg
ml~". A volume of 20 pl of the suspension was pipetted cen-
trally on a cover slip and spun at 2000 rpm for 20 s and then at
7000 rpm for 30 s on a tabletop spin coater. The obtained
films were stored dry at room temperature in the dark. To
characterize the films, three-dimensional laser scanning
microscopy (Keyence VR-200 3D Profilometer, Keyence, Japan)
was used to estimate film thickness and surface roughness.

2.7. Thin film stability

To investigate the stability of nanoparticles thin films in
aqueous environment and cell culture medium, nHA films
were immersed in either 2 ml PBS at pH 7.4 or cell culture
medium («MEM with 10% v/v 100x penicillin and streptomy-
cin) and incubated at room temperature. 20 pl of solution were
taken for analysis at 1, 3, 6, 24, 72 and 144 hours upon nHA
film immersion. The concentration of calcium and phos-
phorus was quantitatively studied by inductively coupled
plasma mass spectroscopy (ICP-MS, iCaP Q, Thermo
Scientific). To this end, aliquots were diluted 1:200 in
aqueous 1% HNOj; containing 20 ppb Sc as internal standard
and analysed using He as collision gas in standard mode.
Element quantification was based on calibrations with
element standards of calcium and phosphorus.

1756 | Biomater. Sci, 2021, 9, 1754-1766
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2.8. Invitro cell culture

hMSCs of one donor, obtained with written consent, were
expanded in oMEM with addition of 10% FBS, 2 mM
1-glutamine, 0.2 mM ascorbic acid, 100 U ml™" penicillin and
100 mg ml~" streptomycin at 37 °C, 5% CO, in a humidified
atmosphere. Cells of passage 4 were used for experiments. The
cells were seeded at a density of cells per cm?. For cell seeding,
250 pl of cell suspension was carefully pipetted on the all
nanoparticle films, or uncoated glass cover slips, and cells
were left to adhere for 6-8 h before addition of 2 ml medium.

2.9. Quantitative polymerase chain reaction (qPCR)

The effect of nanoparticle shape on osteogenic differentiation
of hMSCs was evaluated by measuring expression of osteo-
genic markers (RUNX2, BMP2, ALP, OPN, OCN) after 7, 14 and
21 of culture, respectively. hMSCs expanded in basic medium
were detached at a confluence of 70-80% and seeded on nano-
particles films. Cells grown on uncoated, O, plasma surface-
activated cover slips were used as control. hMSC basic
medium were refreshed every 3 days.

Total RNA was isolated from hMSCs cultured on thin films
via the Trizol method. RNA was further purified using RNA iso-
lation kit (Bioline ISOLATE II RNA Mini Kit) and the total con-
centration was measured using the nanodrop method (Thermo
Scientific NanoDrop). The cDNA was then prepared using an
iScript kit (Bio-Rad) according to the manufacturer’s protocol
and kept in RNAse free water to be used for qPCR (Bio-Rad)
using Syber Green I master mix (Invitrogen). The primer
sequences (Sigma) are listed in Table 1. Expression of osteogenic
marker genes were normalized to GAPDH levels and basic fold
indications were calculated by using AACT method. hMSCs cul-
tured on plasma cleaned cover slides in basic medium for 7 days
were used as calibrator. Two independent experiments with n =
3 for each condition were performed for the qPCR analysis and
the results of one representative experiment are presented here.

2.10. Nanoparticle suspension experiments

The osteogenic effect of the nHA applied as a film, as suspen-
sions in the cell culture medium, and nanoparticle-con-
ditioned medium (containing ions released from nano-
particles) was determined. For this, 3 osteogenic markers; ALP,
OPN and OCN were quantified using qPCR analysis after 21
days of culture. Two types of nanoparticles, needle and spheri-
cal nHA were chosen for this comparison. hMSCs were
detached at a confluence of 70-80% and seeded on nano-
particles films. Cells grown on uncoated, O, plasma surface-
activated cover slips were used for the other two groups. The
same amount of nHA in weight that was used to coat the films
was added to the cell culture medium (32 pg ml™" for needle
nanoparticles and 43 pg ml™" for spherical nanoparticles) to
create suspension medium and divided over the duration of
the experiment. To create the conditioned medium, the cell
culture medium was incubated with spherical or needle
shaped nanoparticles overnight. This was then centrifuged at
3000 rcf and the supernatant was used in the cell culture

This journal is © The Royal Society of Chemistry 2021
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Gene

Primer sequences

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH, housekeeping gene)
Runt-related transcription factor 2 (RUNX 2)

Bone morphogenetic protein 2 (BMP2)

Alkaline phosphatase (ALP)

Osteopontin (OPN)

Osteocalcin (OCN)

experiments. For all conditions, the medium was refreshed
every 3 days for the duration of the experiment. qPCR analysis
was performed as described in 2.9.

2.11. Western blot

Proteins were isolated from cells cultured on films in RIPA
buffer (Sigma-Aldrich), supplemented with cOmplete™, Mini,
EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich). To
obtain sufficient protein amounts, cells from two films were
mixed into 400 pl lysis buffer for a single protein isolation.
Experiments were repeated three times for biological tripli-
cates. Film surfaces were scraped with cell scrapers and
samples were centrifuged. Protein quantification was done
using the Pierce BCA protein assay kit (Thermo Fisher
Scientific). Twenty micrograms of protein was incubated with
laemmli loading buffer (Bio-Rad) and 10% 2-mercaptoethanol
(Sigma-Aldrich) for 5 min at 95 °C and loaded into a 4-15%
polyacrylamide gel (Bio-Rad). Proteins were transferred to a
0.45 pm PVDF membrane (Bio-Rad) using the semi-dry trans-
fer method. Membranes were blocked for 1 h with 5% fat free
milk powder (Bio-Rad) in TBS + 0.05% tween-20 (Sigma-
Aldrich). OPN and GAPDH antibody incubations were per-
formed overnight at 4 °C in blocking buffer. All antibodies
were ordered from Abcam and diluted 1/1000, except for
RUNX2 which was diluted 1/500. Blots were subsequently incu-
bated with 0.33 pg ml™" goat-anti-rabbit or mouse horseradish
peroxidase (Bio-Rad) in blocking buffer for 1 h at room temp-
erature. Protein bands were then visualized using Clarity
Western ECL (Bio-Rad).

2.12. Cell morphology analysis

To conserve cells for morphological analysis, hMSCs were
fixed using 4% PFA in PBS, 3 days after cell seeding. Samples
were stored in PBS at 4 °C until staining. After fixation, hMSCs
were permeabilized with 0.2% Triton X-100 in PBS solution for
1 h. Cells were washed with PBS and subsequently stained
with phalloidin Alexa Flour 647 antibody (Invitrogen) at room
temperature in the dark for 2 h. After incubation, cells were
washed with PBS twice and stained with DAPI antibody
(Sigma-Aldrich/Fluka) for 15 minutes. The cells were then
washed with PBS and imagined using a Nikon Eclipse Ti-E

This journal is © The Royal Society of Chemistry 2021

5'-CCATGGTGTCTGAGCGATGT
5-CGCTCTCTGCTCCTCCTGTT
5-GGAGTGGACGAGGCAAGAGTTT
5-AGCTTCTGTCTGTGCCTTCTGG
5-GCATCTGTTCTCGGAAAACCT
5'-ACTACCAGAAACGAGTGGGAA
5-TTCAGCTCGTACTGCATGTC
5'-ACAAGCACTCCCACTTCATC
5'-CCAAGTAAGTCCAACGAAAG
5-GGTGATGTCCTCGTCTGTA
5-CGCCTGGGTCTCTTCACTAC
5-TGAGAGCCCTCACACTCCTC

microscope (Nikon Instruments Europe BV, the Netherlands)
at 40x magnification. Images were acquired with a Zyla sSCMOS
(Andor Technology Ltd, UK) and a Nikon DS-Ri2 camera
(Nikon Instruments Europe BV, the Netherlands). Cells stained
with phalloidin and DAPI were used for quantitative analysis
of cell morphology. The data was analysed in CellProfiler soft-
ware. Cell morphology was quantified in terms of cell area
(measured by the number of pixels occupied) and cell per-
imeter (total number of pixels (2D) around the boundary of
each object in the image), eccentricity (morphological elonga-
tion expressed as the deviation from a circle with values
between 0 and 1, where 0 is a circle and 1 is a line segment),
and compactness (mean squared distance of the object pixels
from the centroid divided by the area. A filled circle will have a
compactness of 1, with irregular objects or objects with holes
having a value greater than 1). A schematic of this data ana-
lysis process is shown in ESI Fig. S5.F

2.13. Cell adhesion experiments

Cellular adhesion on nanoparticle films was analyzed by
immunohistochemical staining of the focal adhesion protein
vinculin. hMSCs were seeded on at a density of 3000 cells per
cm®. After 3-day culture, cells were fixed with 4% PFA. Prior to
staining, cells were washed once with PBS and permeabilized
with Triton X-100 (0.01% (vol/vol) in PBS) for 10 min at room
temperature followed by washing three times with PBS.
Samples were then incubated for 60 min in blocking buffer
(4% BSA and 0.05% (vol/vol) Tween-20 in PBS) at room temp-
erature. Mouse monoclonal IgGl anti-vinculin antibody
(SPM227, 1:500; Abcam) was used as the primary antibody
and incubated with the cells overnight at 4 °C in the dark. The
samples were then washed with washing buffer (blocking
buffer diluted 1:5 in PBS) and incubated overnight at 4 °C
with the secondary antibody, biotin-conjugated, rabbit anti-
mouse IgG1 (1:1000; Sigma Aldrich). After washing, samples
were incubated for 1 h with streptavidin Alexa FluorTM 647
conjugate (1:200; Fisher Scientific), followed by washing 3
times with washing buffer. All antibody dilutions were pre-
pared with washing buffer (blocking buffer diluted 1:5 in
PBS). To visualize actin bundles, cells were stained with Alexa
FluorTM 488 phalloidin (1:200 in PBS; Thermo Fisher

Biomater. Sci, 2021, 9, 17754-1766 | 1757
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Scientific) for 30 min at room temperature, followed by
washing three times with PBS. To visualize cell nuclei, samples
were incubated for 6 min with 4',6-Diamidin-2-phenylindol
(DAPI, 1:70 in PBS; Sigma Aldrich) at room temperature,
washed three times with PBS and mounted with Dako® (Sigma
Aldrich). Cells were imaged with a Nikon Eclipse Ti-E micro-
scope (Nikon Instruments Europe BV, the Netherlands) using
an oil objective. Images were further processed and merged
using Image].

2.14. Statistical analysis

Statistical comparisons were performed using one-way analysis
of variance (ANOVA) followed by a Turkey’s multiple compari-
son post-hoc test. Error bars indicate one standard deviation.
For all figures the following p-values apply: *p < 0.01; **p <
0.01; ***p < 0.001.

3. Results and discussion

3.1. Needle-, rice- and spherical-shaped nHA synthesis and
characterization

Three types of nHA (needle-, rice- and spherical-shaped) were
successfully synthesized (Fig. 1a). To develop the needle-
shaped nHA (Fig. 1a, left panel), calcium and phosphate ions

a Needle

wsesnenSohore

0 100 200 300 400 500 600 700 800 900
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were precipitated while maintaining the pH at 10 using an
ammonium solution. To synthesize the rice-shaped nano-
particles, structure-directing agent CTAB was used to form
micelles which restricted the crystal growth by surrounding
the particles. This closure caused thickening of the particles in
comparison to needle-shaped nHA, resulting in formation of
rice-shaped nanoparticles (Fig. 1a, middle panel). After nano-
particle synthesis, CTAB was removed using ion exchange in a
basic environment. To develop spherical CaP nanoparticles,
MSNs were used as a template for calcium and phosphate ion
deposition. MSNs with amine surface functionalization were
synthesized via modified co-condensation methods as
reported previously.*>** The amine groups on the MSN surface
were further modified to obtain carboxylic acid groups to allow
positive ion deposition. Calcium and phosphate sources were
added alternately to create a CaP layer on the MSN surface
(Fig. 1a, right panel).

The hydrodynamic size of the nHA and their pdi in an
ethanol solution were measured using dynamic light scattering
(DLS). All three nanoparticle types were similar in size, with
hydrodynamic sizes of 240 + 40 nm, 230 + 20 nm and 250+ 10
for needle-, rice- and spherical-shaped nanoparticles, respect-
ively (Fig. 1b). The nanoparticles were monodisperse with pdi
indices of 0.31 (needle-shaped), 0.26 (rice-shaped) and 0.30
(sphere-shaped). Thus, all three methods enabled the for-
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Fig. 1 Needle-, rice- and spherical-shaped nHA were characterized for their morphology, size and crystallinity. (a) SEM images show distinct
needle-, rice- and spherical-shaped nHA particles. Scale bar for SEM images is 1 pm. (b) Size of the nHA in ethanol measured by DLS. (c) Crystallinity
of nHA: X-ray diffraction patterns of needle, rice and spherical shaped nHA in comparison to commercially bought sintered HA powder. nHA

showed diffraction patterns typical of poorly crystalline HA.
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mation of nanoparticles that were homogenous in both size
and shape. X-ray diffraction analysis showed that the three
types of nanoparticles showed patterns typical of HA (Fig. 1c).
All particles, and in particular needle shaped nHA showed a
low crystallinity.

The HA nanoparticle shape strongly depends on the syn-
thesis method and the parameters of the synthesis process.
In general, HA crystals found in natural tissues such as
bone and teeth, and HA microparticles precipitated using
conventional methods***® have the shape of needles, rods,
fibers, or thin plates because of the preferred orientation for
growth along the c-axis of HA crystals.’® Needle-shaped HA
particles are the most commonly reported and can be
achieved via different approaches such as hydrothermal pro-
cessing,”” microwave-assisted deposition®® and wet chemical
precipitation.**>* The latter method is the most widely used
due to low cost, simple setup and low temperature required
for the synthesis. However, by using the wet chemical pre-
cipitation, it remains challenging to obtain nanoparticles
with homogenous size and shape, because calcium and
phosphate ions can spontaneously precipitate and crystallize
above pH 7. To overcome this problem, in the current study,
a combination of slow addition of calcium and phosphate
ion precursors and phosphate-PEG, an inhibitor of crystal
growth, were used to create needle-shaped nHA with hom-
ogenous size and shape.

Wet chemical precipitation also allows the addition of
surfactants to the reaction mixture that act as directing
agents to develop nanoparticles with different shapes,
including rice-shaped and spherical HA particles. Here we
used CTAB as a surfactant to yield rice-shaped nano-
particles.®® Finally, to synthesize spherical-shaped nano-
particles, we used MSNs as a template. MSNs are commonly
used as delivery vehicles because of their mesoporous struc-
ture and, in addition, can be easily surface modified for e.g.
controlled drug delivery.>® In particular, deposition of a CaP
layer on the MSN surface has been reported for pH-respon-
sive gating of the pores for controlled drug delivery.>”*® In
our study, MSNs were first surface modified to contain car-
boxylic acid groups (MSN-COOH) and subsequently calcium
and phosphate ions were alternately deposited on the
MSN-COOH leading to homogeneous-size spherically shaped
nanoparticles. Importantly, the MSN-COOH provided a pre-
ferred surface for ion deposition, preventing unspecific pre-
cipitation of CaP in solution.

3.2. nHA film synthesis and characterization

To construct the films, nHA were deposited onto surface-acti-
vated glass cover slips by spin-coating of nanoparticle suspen-
sions in ethanol, as reported previously.”> SEM imaging
revealed the deposition of continuous layers of nanoparticles
with a homogeneous surface structure, independent of the
nanoparticle shape used (Fig. 2a). The overall roughness and
arithmetic average roughness (R,) were measured using a profi-
lomete. Needle nHA films had the highest R, value (79 + 4), fol-
lowed by rice nHA films (69 + 3), and spherical nHA films

This journal is © The Royal Society of Chemistry 2021
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(38 £ 2). An example of this R, calculation process is shown in
ESI (Fig. S11).

Next, nHA film stability by immersion in PBS (pH 7.4)
and cell culture medium was followed over a period of 6
days, and calcium and phosphorus concentrations were
measured using ICP-MS (Fig. 2b and c). In PBS, phosphate
depletion from the PBS was observed for all nHA films, with
no significant difference observed as a function of nHA
shape. Furthermore, the same phosphate depletion from the
PBS was observed for the plasma treated control glass slides.
In contrast, some calcium release from the films was
observed in PBS for all three nHA films. This release was
immediate, and remained stable over the 6-day period
(Fig. 2c). Needle-shaped nHA films showed higher calcium
release, followed by rice- and spherical-shaped nHA films.
However, the overall amount of calcium release was limited
compared to total amount present on the films (less than
1% for each film). In contrast, when the nHA films were
immersed in cell culture medium, calcium and phosphate
depletion from the cell culture media was observed for all
three nHA films as well as for the plasma treated glass slide
(Fig. 2d). The calcium depletion from the medium was nHA
shape dependent after 24 hours, with needle nHA films
showing least calcium depletion, followed by spherical- and
rice-shaped nHA films. However, at later time-points
calcium depletion was similar for all nHA films as well as
for plasma treated glass slides. We also investigated the
long-term stability of the needle, sphere, and rice nano-
particle based films over 21 days in media that was
exchanged every 3 days to simulate our cell culture con-
ditions. A continuous reduction of calcium and phospho-
rous from the cell culture media could be observed indicat-
ing calcium and phosphate deposition on the films
(Fig. S2t). Indeed, calcium and phosphate deposition on the
films in the form of brushite crystals could be observed on
the nanoparticle films as well as on the glass control slides
after 6 days of incubation using SEM imaging (Fig. 2d).
Calcium and phosphate ion deposition on the glass slides
may be due to its negative charge inferred by the plasma
treatment, triggering calcium and phosphate deposition.

The dissolution of HA coatings in non-cellular environ-
ments depends on the coating characteristics (including
roughness, crystallinity, porosity) and on the buffer conditions
(e.g. pH, ion concentrations).”®® In addition, next to the dis-
solution of HA there is another competing process; re-precipi-
tation of HA. The precipitation mechanism is mainly domi-
nated by the concentration of calcium and phosphate ions as
well as the overall ionic strength of the solution.>®®"®* The
observed differences for calcium between the two conditions
may thus be explained by the presence (cell culture medium)
and absence (PBS) of calcium in the buffers.

Next, the spherical nanoparticles were labelled with a fluo-
rescent dye in their core (without affecting the surface chem-
istry of the nanoparticles) and nanoparticle release in media
was followed over 7, 14 and 21 days to further investigate nano-
particle film stability. No significant nanoparticle release
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Fig. 2 Characterization of nHA films. (a) Scanning electron microscopy (SEM) images of films deposited using needle-, rice- and spherical-nHA.
Scale bars are 5 um. Calcium and phosphorus concentration profiles after immersion of the nHA films in (b) PBS and (c) cell culture medium. (d) SEM
images of needle-, rice-, spherical-nHA film and plasma treated control glass slides after incubated in cell culture media for 6 days. Scale bar is

10 pm.

could be observed (Fig. S3t), further proving the stability of
the films.

3.3. Effect of nHA shape on hMSC osteogenic gene and
protein expression

To study the effect of nHA shape on the osteogenic differen-
tiation, hMSCs were cultured on films deposited using nHA of
different shape and the expression of osteogenic markers
RUNX2, BMP2, ALP, OPN, OCN was quantified using qPCR
analysis after 7, 14 and 21 days of culture in basic cell culture
medium, thus without stimulators of osteogenic differen-
tiation (Fig. 3). Cells cultured on glass slides without nano-
particle coating served as a control.

hMSCs cultured on films of needle- and rice-shaped nHA
could significantly induce RUNX2, an early-stage marker of
osteoblast differentiation,®® after 14 days of culture. After 21
days, a significantly upregulated expression of RUNX2 was
observed for hMSCs cultured on rice- and spherical-shaped
nHA films compared to the control (Fig. 3a).

Rice-shaped nHA-based films also induced early
expression (day 7) of BMP2, which plays an important role in
MSC differentiation.®® BMP2 expression remained high even

1760 | Biomater. Sci, 2021, 9, 1754-1766

after 21 days of culture. In contrast, needle nHA films only
induced significant BMP2 expression after 14 days, which
decreased after 21 days, whereas spherical nHA films did not
induce any significant BMP2 expression at any of the time-
points (Fig. 3b).

ALP is an enzyme which acts as a mineralization promoter,
and is usually expressed after 14 and 21 days of culture.®> On
all three films, ALP expression was upregulated only after 21
days of culture, with the highest expression observed on
needle nHA films, followed by rice- and spherical nHA films,
respectively (Fig. 3c).

Needle- and rice nHA films also induced late osteogenic
marker OPN*! in hMSCs after 14 days, whereas hMSCs cul-
tured on spherical nHA films only showed a significant upre-
gulation of this marker after 21 days of culture. Interestingly,
where needle- and rice nHA films induced similar OPN
expression after 14 days, after 21 days, needle nHA films
showed a significantly higher OPN expression (Fig. 3d).

The expression of osteocalcin (OCN), a calcium binding
protein involved in bone mineralization,’®®” of hMSCs cul-
tured on needle- and rice nHA films was significantly
expressed after 14 and 21 days, whereas spherical nHA films

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 hMSC osteogenic gene and protein expression as a function of nHA shape. hMSC expression of (a) RUNX2, (b) BMP2, (c) ALP, (d) OPN, (e)
OCN cultured on needle- (black), rice- (pink), spherical-shaped (green) nHA films. The results were normalized to GAPDH as housekeeping gene
and calibrated to gene expression of hMSCs cultured on plasma treated glass slides (controls, purple). All samples were cultured in basic medium for
7. 14 and 21 days. The significant differences were indicated as follows: *p < 0.01; **p < 0.01; ***p < 0.001. (f) Western blot analysis of RUNX2 and
OPN protein expression after 21 days of hMSC culture on needle-, rice-, spherical-shaped nHA films or control glass slides.

only significantly induced OCN after 21 days of culture
(Fig. 3e).

To confirm that the observed effect on the gene level was
also translated to protein level, the effect of nanoparticle
shape on hMSCs osteogenic protein expression was investi-
gated for RUNX2 and OPN using Western blot analysis
(Fig. 3f). RUNX2 protein expression followed a similar trend as
was observed for gene expression. This was also the case for
OPN protein expression, with needle-shaped and rice-shaped
nanoparticle films showing similar OPN levels after 14 days
(Fig. S471), whereas after 21 days, the OPN expression levels fol-
lowed the trend needle > rice > sphere (Fig. 3f).

Taken together, overall, all three nHA coated films could
induce the expression of osteogenic markers in basic culture
conditions. Even though all nHA films showed the ability to
induce osteogenic differentiation in hMSCs, we observed that
the expression profile and the expression extent was depen-
dent on the shape of the HA nanoparticles used to deposit
the films. Regarding differences amongst the three shapes,
overall, needle nHA films were most effective in inducing
osteogenic gene expression and spherical nHA films least

This journal is © The Royal Society of Chemistry 2021

effective. However, for RUNX2, BMP2 and OCN at certain
time-points rice nHA films showed higher gene induction
compared to spherical and needle nHA films. In addition,
needle nHA films showed a different expression pattern for
the early markers (RUNX2, BMP2) which were significantly
induced after 14 days of hMSC culture and reduced after 21
days of culture. In contrast, no significant induction of
BMP2 was observed in hMSCs cultured on spherical nHA
films, and hMSCs cultured on rice nHA films resulted in the
prolonged expression of RUNX2 and BMP2 even after 21 days
of hMSC culture. It has been shown that RUNX2 protein
levels are maximal in preosteoblasts and early mature osteo-
blasts, following a gradual increase during the process of
commitment. RUNX2 levels are then decreased significantly
in mature osteoblasts and osteocytes, which is in line with
our observations of hMSC osteogenic marker expression on
needle shaped nHA films. In addition, all three nHA films
induced high expression of middle to late osteogenic
markers (ALP, OPN and OCN) after 14 and 21 days of hMSC
culture which followed the order needle > rice > sphere nHA
films.
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Next to the nanoparticle shape, the presence of brushite pre-
cipitation shown in Fig. 2d could also contribute to the
increased osteogenic marker expression observed in the hMSCs.
However, these observations were made in an acellular environ-
ment and, in addition, brushite precipitation was also observed
in the controls (plasma treated glass, Fig. 2d far right). Since
osteogenic marker expression were measured relative to the
plasma treated glass controls, any additional marker expression
can be attributed to the differently shaped nanoparticle films.

Previous studies have shown that stem cells can sense
nanotopographies leading to increased osteogenic marker
levels.®®”! Furthermore, it has been shown that nHA, when
added directly to the cell culture medium, can induce osteo-
genesis in hMSCs.***%®” However, there are only a limited
amount of studies investigating the effect of HA nanoparticle
shape on their ability to induce hMSC osteogenesis.***° One
of these studies reported increased upregulation of OCN and
ALP markers in hMSCs when exposed to nHA needles com-
pared to spherical nHA.*® In a similar study it was shown that
50 nm sized HA spheres and nanorods were both osteogenic,
however higher upregulation of late osteogenic markers OCN
and OPN was observed in hMSCs when exposed to spherical
nHA.*® Although these results highlight that nHA shape is an
important factor in their osteogenic capabilities, these studies
were performed by adding nHA directly to the medium and
not as coated films as studied here.

In summary, all three nanoparticle films studied here
induced increased levels of a selection of early, middle and
late osteogenic markers at basic culture conditions. However,
their expression levels and profiles over time differed signifi-
cantly as a function of nanoparticle shape, with needle-shaped
nanoparticles-based  films generally showing highest
expression of all tested osteogenic markers.

3.4. nHA coated films versus nHA added directly to the cell
culture medium

To further investigate the osteogenic effect of the nHA, a new
set of experiments was run. Suspension and conditioned
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medium were compared to the osteogenic capabilities of the
nHA films (film) in basic conditions. The needle- and spheri-
cal-shaped nanoparticles were added directly to the cell
culture medium (32 pg ml™' for needle nanoparticles and
43 pg ml~" for spherical nanoparticle) to create the suspension
medium. Conditioned media was created by incubating cell
culture media with the nanoparticles overnight, and removing
the nanoparticle using centrifugation before addition of the
media to the hMSCs. Cells cultured on glass slides again
served as a control and basic cell culture medium was used for
all groups. Intermediate- and late osteogenic markers
expression (ALP, OPN and OCN) were quantified using qPCR
analysis after 21 days of culture (Fig. 4).

In accordance to the first set of experiments, hMSCs cul-
tured on both needle- and spherical-shaped nanoparticle films
induced significantly higher expression of ALP, OPN and OCN
compared to the control. Interestingly, when needle and
spherical nHA were added to the cell culture medium as a sus-
pension, no upregulation of ALP and OCN expression was
observed. The OPN expression was upregulated, although to a
lower extent compared to hMSCs seeded on the nHA films.
Cell culture medium conditioned with nHA did not show sig-
nificant ALP, OPN and OCN expression compared to the
control. Thus, nHA films had a higher capacity to induce
osteogenic differentiation in hMSCs compared to nHA added
as suspension or the nHA conditioned medium.

To our knowledge, a direct comparison of the osteogenic
marker expression in hMSCs between surface-immobilized
and ‘free’ nHA has not been done previously. Several studies
have reported the osteogenic effect of supplementation of cell
culture medium with CaP nanoparticles or with calcium and/
or phosphate ions.*"”>”7® While adding nHA as a suspension
resulted in a significant increase of OPN compared to the
control, this was much lower compared to nHA coated films.
Interestingly, also in suspension conditions, needle nHA
resulted in higher OPN expression in hMSCs compared to
spherical nanoparticles. It should be noted that the concen-
tration of the nanoparticles in suspension used here was

OPN ' OCN

fold relative to control

Sphere Needle Sphere

Hl Control

Fig. 4 nHA administration comparison. hMSC expression of (a) ALP, (b) OPN and (c) OCN after 21 days of culture in basic cell culture medium on
nHA films (black), exposed to medium containing nanoparticles (pink), exposed to medium conditioned with nanoparticles (green). The results were
normalized to GAPDH (housekeeping gene) and calibrated to gene expression levels of hMSCs cultured on plasma treated glass slides (control;
blue). The statistically significant differences are indicated as follows: *p < 0.01; **p < 0.01; ***p < 0.001.
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32-43 pg ml~" in basic media, whereas in an earlier study, the
amount ranged from 10 pg ml™' to 3 mg ml™" in osteogenic
media.”” The chosen concentration in this study was calcu-
lated such that the total amount of nHA the hMSCs were
exposed to, remained constant across the film and suspension
groups. Conditioned media did not lead to any significant
upregulation of osteogenic markers, likely because studies that
looked into the effect of calcium and phosphate ions on cell
behaviour used relatively high ion concentrations in the range
of 1.8-50 mM to induce osteogenesis.”>””®

The osteogenic effects of nHA added to cell culture medium
involves their internalization by hMSC, where cell internaliz-
ation rate and concentration is highly dependent on shape and
size of the nHA.*>”® In our study, the films were stable under
cell culture conditions, and no ions were released from the coat-
ings under cell culture conditions (Fig. 2d), indicating that
osteogenic induction of hMSCs via nHA coatings occurs via
different pathways compared to adding nHA directly to the
medium. In addition, although we kept the total amount of
nHA the same across both conditions, in the case of the nano-
particle based films, the MSCs experience the contribution of
the nHA already from day one. These considerations makes it
difficult to do direct comparisons between the two adminis-
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tration routes. Our results do suggest that adding nHA at rela-
tively low concentrations does not effectively induce osteogenic
differentiation of hMSCs in basic conditions, where immobiliz-
ing an equal amount of nanoparticles on a surface in the form
of a film resulted in significant osteogenic gene expression of
hMSCs for both needle- and spherical-shaped nHA (Fig. 4).

3.5. Cell morphology on nanoparticle-based films

To investigate the effect of the nHA shape on cell attachment
and morphology, hMSCs were cultured for 3 days on needle,
rice and spherical nHA films. Following immunofluorescence
staining of cell nuclei, cytoskeleton and focal adhesions, their
morphology was characterized in terms of cell area, perimeter,
and compactness of cell (irregularity of shape) (see Fig. S5t for
image analysis workflow). HMSCs grown on needle nHA films
exhibited a significantly larger cell area than the cells cultured
on the other two films. The cell area of hMSCs cultured on
needle nHA films was 175% and 59% larger compared to
hMSCs cultured on rice and spherical nHA films, respectively
(Fig. 5a). Also the cell perimeter of hMSCs on needle nHA
films was 120% and 76% larger in comparison to hMSCs
grown on rice and spherical nHA films, respectively (Fig. 5b).
hMSCs cultured on spherical nHA films were overall more irre-
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Fig. 5 hMSC morphology on nHA films. Box plots showing the (a) area, (b) perimeter and (c) compactness of hMSCs grown on needle-, rice- and
spherical-shaped nHA films for 3 days. The statistically significant differences are indicated as follows: *p < 0.01; **p < 0.01; ***p < 0.001. Upper
border and lower border of the boxes are third quartile and first quartile respectively. + indicates the mean of each data group. (d) Fluorescence
microscopy images of focal adhesions of hMSCs cultured on nHA films after 3 days of culture; green represents actin (phalloidin), red represents

focal adhesions (vinculin) and blue represents nuclei (DAPI) staining.
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gularly shaped as indicated by a compactness that was 11%
and 13.7% higher compared to needle and rice nHA films,
respectively (Fig. 5¢).

Stem cell attachment mainly occurs through bundling of
focal adhesion proteins such as vinculin.®>®! Therefore, the
formation of focal adhesions of hMSCs on the nanoparticle
films was observed using fluorescence microscopy imaging of
vinculin staining. A typical hMSC morphology with extended
filopodia could be observed for hMSCs grown on needle nHA
films (Fig. 5d) that was very similar to hMSCs grown on glass
slides exposed to osteogenic media (Fig. S6bt). In comparison,
hMSCs grown on rice and spherical nHA films showed less
extended filopodia. Especially in the case of spherical-shaped
nanoparticle films, hMSCs showed elongation in one or two
directions (Fig. 5d) which showed similar morphology to
hMSCs grown on glass slides in basic conditions (Fig. S6at).

In summary, we observed a larger cell area and perimeter of
hMSCs cultured on needle-shaped nHA films, indicating a
more pronounced spreading compared to hMSCs cultured on
rice and spherical nHA films. hMSC spreading has been corre-
lated to enhanced osteogenic differentiation of hmMSCs,?>®°
mediated by intracellular tension and mechanical changes in
the cytoskeleton sending signals via contractile forces to the
nucleus.®*®®” Here, hMSCs cultured on needle-shaped nano-
particle films showed increased cell spreading which corre-
lated with the upregulation of markers of osteogenic differen-
tiation. However, even though hMSCs cultured on rice nHA
showed less cell spreading, rice nHA films were effective in
inducing osteogenic differentiation.

Higher compactness and elongation was observed for
hMSCs seeded on spherical nHA films in comparison to
needle and rice nHA films. Higher hMSC compactness
suggests a less pronounced formation of filopodia in hMSCs
seeded on spherical nHA films. Similar to our findings, Zhao
et al® showed that osteoblast cultured on spherical nHA
exhibited an elongated morphology, while osteoblasts cultured
on rod shaped nHA showed an increased number of filopodia.

4. Conclusions

Here we showed that hMSCs cultured on needle, rice and
spherical nHA films could efficiently induce the expression of
osteogenic markers in the absence of other osteogenic stimu-
lators. Although all three nHA films had a stimulatory effect,
differences in their potential to promote osteogenesis in vitro
was observed. In particular, needle nHA films induced the
expression of early osteogenic markers RUNX2 and BMP2 after
14 days, whereas rice nHA induced late induction of BMP2
and RUNX2 in hMSCs. In addition, needle nHA films showed
a higher induction of late markers (ALP, OCN and OPN) com-
pared to spherical and rice-shaped nanoparticle films.
Spherical nHA films were least efficient in inducing osteogen-
esis in hMSCs in vitro.

Previously it has been shown that nHA can induce osteo-
genesis in hMSCs when added directly to cell culture media in

1764 | Biomater. Sci,, 2021, 9, 1754-1766
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high concentrations. Here we showed that nHA in the form of
stable films can efficiently promote osteogenic marker
expression in hMSCs. The pronounced positive effect of nHA
films on osteogenic differentiation of hMSCs, with in particu-
lar the needle nHA films, is plausibly related to the initial
adhesion and spreading of the hMSCs on these films. We
observed that hMSCs seeded on needle nHA films showed a
typical hMSC morphology with extended filopodia.

The results of this study suggest that the coatings based on
homogeneously synthesized needle-shaped nHA may be a
promising strategy for improving bioactivity of biomedical
implants, like the biocompatible but bioinert metallic
implants used in orthopedics and maxillofacial surgery.
Indeed, nHA have been used as coatings to promote bone
ingrowth and enhance osteointegration.®**° Additional under-
standing of how (nano)particle shape influences the bioactivity
of these coatings will enhance their efficiency and potentially
expand their applicability.
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