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their cellular uptake. Several CPPS enhance the uptake of the epide.mal growth factor receptor-targeting nanobody 7D12 in

monolayer orlturcs and cell spheroids. The physicochemical properties of eacti CPP influence those of the whole co[jugate.
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ot CPP coniugates drive optirnal biodistdbution. View t ris pepEL(m&ij/MGEIlti\9,a,ba,4!,diil1]{ilil21

tapll oe,ndpiconlf42+
t2l*hl{m2)garded as officially published after theL release is announced to the lahledceElEEls-aled-DallEo llsl (0oumaulharmaceutlcalsnoc-

a!ed).

. You may glgn_uplgrr:mailded&(0oumalrph.niaceuticals/loc-alcrt) to receive table of contents of ne\iAf released issues.

. PDF is the offcial format for papers published in both, hfnl and pdf forms. To viel, the pap€rs in pdf format, click on the "PDF Full-text' link, and use the

free Adobe R€ader (https:llwww-adobe-com4,!r to open them.

Order results

Pt blicalion Oate

Result details

Seclion

Show expolt opoon3 -

Open Access Review
= 

+ {!ia2ta20A0no pdrl

Recent Advancas in the Clinical Translation of Silicon Fluoride Ac.eptgl(SiFALrlE:BadlepIanDaseugBlr0142tLBAfzlua01l
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Abttlacllhe incorporation of silicon fuoride acceptor (S|FA) moieties into a variety ol molecules, such as peptides, p.oteins afid bioiogi"aiiy ieievailt

small molecules, has improved the generation of 18F-radiopharmaceuticals for medical imaging. The efricient isotopic excltBEpt4&tF&st lir*ess,
in combination with the enhanced l:llealllnglc. Back to ToDTor'
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Abstract A damaged endothelium is an undedying condition of the many complications of COVlDlg patients. The increased mortality risk associated with
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challenges. Non-steroidal anti-iniammatory drugs (NSAiDs) are lhe mo.st prescribed dinacal hgatments, despite lheir severe side effeds and their

exclusive aclion in improving symptoms, without efiedively [*l!Ea!Loet!.
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Abslraci The SARS-CoV-2 outbreak is characterized by the need of the search fo. curative drugs fo. treatment. lfi this paper, we present an Wdate ot
knowbdge dbod the lnterest of th6 fuhctiohal ihhibitors of ack sphingomyelinase (FIASMAS) in SARS-CoV-2 inf€ction. Forty-nine FIASMAS have beon
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Ab.lt7acl ln recent !|aars, the consumption of natural-based foods, induding beans, fruits, legumes, nuts, dls, vegel,able6, spices, and whole grains, has

been encouragod. This fac{ is essentially due to their conlent in bioactive phytochernicals, with lie phenolic compounds standing oul Among them,

anthocyanins have [J Rrad morc.
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Abstraet Trypanothione disumde redud3se (fryR) js an essential homodimeric enzyme ol trypanosornatid parasitos lhat has been validat€d as a drug

target to right human inlections. Using peptides and peptidomimetcs, we previously obtained ffoof of concept thal disupting p.oteir}rrotein interaclions

at the dimer interfaco ot [-l Read mor..
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Abslrtt4_Combining NSAIDS with conventional iheiapeulics rYas rec€n[y explored as a new strategy in cancer therapy. &rr earlier studies sho\ red flat
novel oleanolic acid oximes (OAO) conjugated with aspirin or indornethacin nray enhance thek anti-cancer potential lhrough modulation of the Nrf2 and

NF.KB signali
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'h<ba.t The anliiicrotial pepdde (AIrfP) deurocidih is found in winter ltounder (Psaudoprruwtocles a/rtfdconus), an Aianlic founder species. There is

promlsing evidgnce fq dinlcal, aquaqJfture, and veterinary applications ol pl8umcidin. This revierx frovides an overyid of the cunealt literature available

on pleurocidin to [*l R6ed mor!.
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Abstract The intravasqJlar parasitic wom Schrbtosorna mansori is E causative agent o, schistosomiasis, a disease of great global public h€alth

significarce. Praziquantel is the oily drug available to treat schistosomiasis and there is an urge demand for new anthelmintic agents. Adopting a

phenotypic drug [-] Read more.
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ALt!!3gLA group of cytotoxac half-sandwidr iridium(lll) complexE with aminomethyi(dipheny)phosphine derived from lluoroquinolone anlibiotics e*ibit
the ability to (i) ac(rlmulate in the nudols, (ii) induce apoptosis, (iii) activate caspas6-3, adivity, (iv) induce the changes in call syde l€ading to G2ii,
plase anest, and (v) [-l R6ad morE.
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Ahstract Aging processes accelerate dramatic€lly in oocytes t|at have leadled the metaphase-ll (Mll) stage. The preseat work aimed to study the

pattems and intracdlular pathuays oI adio.ls of prolactin (PRL) and grorvlh hormore (GH) on agEassocialed dlanges in bovine M-ll oocytes aging in

vitro. [*l Re3d more.
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Abstract Bone defrts and periodontal disease are pathological conditions that may become ne-

glected diseases if not keared prcperly. Hydroryapatite (HA), along wirh tricalcium phosphate and

bioglass ceramic, is a biomaterial widely applied to orthopedic and denlal uses. The in vivo perfor-

mance of HA is deterrrined by the interaction betwesr IIA partides with bcrre cells, particularly the

bone mineralizing cells o6teoblasts. It has be€n rcported that llA-induced cteobla6tic diffelentiation
by inceasint the expression of oGteogenic transcription factors However, the pathway involved and

the events that occ'ur in the cell membrane have not been well understood and rtmain curtroversial.

Advances in gene editing and the dirovery of pharmacologic inhibitors assist researchers to better

understand osteoblastic difiersrtiatiorr. This review summarizes the involvernent of extracellular

signal-regulated kinase @RX), p38, Wnt, and bone morphogenetic protein 2 (BMI2) in o6teoblastic

cellular regulation induced by HA. These advances enhance the cur€xrt understanding of the molec-

ular srechanism of iIA as a biomaterial. Moreover, they provide a better skategy for the design of
I'IA to be utilized in bone mtineering.

Keyrvotds: neglected diseases; osteoblast transcription factors; oEteoblast signating pathway; Runx2;

ERK; p38; WnL BMP; osteoblast differentiation
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1. Inkoduction

Hydroxyapatite (HA) is a biomaterial used for the production of orthopedic and dental
implants- Typically, tlA is used as a single material or composite in combination with
other materials [1-3], a coating agent for bone graft [ 1,.1,5], and a matrix for drug delivery
systems tarteting bone tissue It ]. HA is widely used becaus€ it contains similar physical
and chemical componerrts to those of natural HA present in bone tissue [21. Moreover,
studies reported that HA induced a favorable immune response [7], exerted an angiogenic
effect on defective bone tissue [8,v], and activated osteoblasts and ostmclasts for bone
tissue remodeling by accelerating the differentiation of these ceus [10,] 11.

Osteoblasts are c€lls that play important roles in bone tissue r€Pair. They increase
bone growth at the defect area by synthesizing bone matrix, which is subsequently miner-
alized U 2]. Prior to that, osteoblasts must be differentiated from their preorrcors. Several
transcription factors are vital in osteoblastic differentiation, such as the master transcriPtion
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factor Runt-related transcription factor 2 (Runx2) and its downsueam osterix (Osx) [l i, l-l],
activating transcription factor 4 (ATF4) [1 51, distal-less homeobox 5 (Dlx5) [10], msh home-
obox 1 (Msx-l) [i7]. and Msx-2 [i8], and they are responsible for the expression of os-
teoblast proteins, including alkaline phosphatase (ALP) [ 19], collagen, and noncollagmous
proteins [21L25]. These transcription factors are commonly used as markers in studies
involving osteoblastic differentiatiory including those related to the use of HA for bone
regeneration [1tr2tl].

Before inducing changes in gene expression in a particrrlar cell, a stimulator, (e.g.,
HA) activates a signaling pathway- Understanding the role of signaling pathways in cel-
lular regulation helps to determine the physiological basis and identify new therapeutic
strategies [7,261- Several studies reported that the changes in transcription factors induced
by HA are mediated by several sigrraling pathways, for instance, the mitogerr-activated
protein kinases (MAPK), Wnt, and bone morphogenetic protein @MP) signaling path-
ways [2/F2sl. Furthermore, studies also reported that the physical characteristics of HA are
also important in determining the cellular mechanism of the rxteoblast lineage. Reportedly,
differences in HA sizes and particle shapes activated a particular signaling pathway and
upregulated specific kans€ription factors []81. This also occurred due to the surface topog-
raphy of FIA [10]. This review discusses the signaling pathway and transcription factors
associated with osteoblastic differentiation induced by HA. The available evidence en-
hances the current understanding of the molecular mechanisms of HA as a biomaterial, and
provides a better strategy for the design of HA to be utitized in bone tissue regeneration.

2. HA
FIA (Ca1s[POa]5[OHI2) is a derivate of calcium phosphate along with tricalcium

phosphate and trioglass ceramic []91. Calcium phosp]ate is often used as a biornaterial for
the production of bone and dental tissue implants, or as a drug delivery system targeting
hard tissue [],6,v,3{l]. The organic and inorganic components account foll07" and 607"
of the exhacellular matrix @CM) of bone, respectively. The organic component of bone
tissue consists of 90"/" type I collagm (COL1) and l(P/o nonmllatenous protein, whereas
the inorganic part consists of bone HA [] l]. This renders HA the most suitable biomaterial
for bone regeneration [2!.

HA possesses biocompatible, biodegradable, osteoconductive, and osteoinductive
properties. It is biommpatible because its chemical and physical ploperties reserrble those
of natural fIA in bone [3 ] l- The biodegndable nature of HA is attributed to its slow
degradation when used in vivo, following the growth of new bone tissue [9]- Furthermore,
HA also functions as a scaffold to bone tissue, making it osteoconductive, especially
with collagen or gelatin. As a composite with collagerr or gelatin, FIA exhibits similar
compressive and tensile shength to that of hunan bones. These composites also mimic
the inorganic-organic component naturally present in trone [ ] l,-12]- In addition, HA is an
osteoinductive material able to induc€ osteogenesit particularly u/hen combined with
growth factors and osteogenic cells [l]3].

The beneficial properties of HA contributed to the in vivo performance compared to
other biomaterials. HA exkacted from bovine bone caused higher blood vessel formation
than tricalcic phosphate and perioglass in vivo [3-1]- HA also supported new bone growth
compared to p-TCP in vivo [3i1. Mor€over, a study by t ee et al. reported that HA caused

Breater expression of the Al,P and COL1 eruoding genes than calcium metaphosphate in a
mouse intramurular defect model [:16].

Based on a retrospective radiological study, osteointegration occurrd in cranial hy-
droxyapatite implants to a degrEe of more than 50% [i]71. Furthermore, based on clinical
data, HA-coated implanb consistently had higher cumulative survival rates at upper molar
site6 than titanium-coated implants until eight years after placement [38]. Similar results
were found in the study by Pieske et al. in which HA-coated pins in extemal fixators ap-
plied for urutable fractures showed a trend towards a superior clinical outcome compared
to stainless steel pins [3v]. Moreovet another clinical study reported that the application
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of nanoaystalline HA in human inkabony periodontal defects resulted in improved soft
and hard tissue parameters after six months- This was as effective as the use of autogenous
bone graft. which is recognized as the gold standard in dinical uscs []01. Therefore, further
study and sustainable use oI FIA have excellent potential in dinical uses.

HA is obtained throu6h synthesis from calcium and phosphate or extraction from
natural materials. Synthesis is performed via wet, dry or high+empemture methods. Each

method produces HA with different sizes, morphology, and a calcium-to-phosphorous
(CalP) ratio [-11]. These characteristics are important in deternrining the compatibility
and osteoconductivity of HA when used as a biomatedal. For example, the Ca/P ratio of
biomaterials should be sirnilar to that naturally present in bone, which is 1.57 [121. Com-
pared to other materials, HA possesses gr€at chara€teristics. For example, HA had greater
mechanical strength cofirpared to F-TCP, making it resistant to premature degradation
in vivo [35]. Furthermore, the addition of HA to a particular scaffold rcsulted in greater
tensile strength compared to the addition of silica [43].

HA is also obtained from nafural sources through extraction from mammals (bovine,

camel, and horse), fish and shells, or plants and algae [+ll. Mammals, such as bovine,
are the most common source of HA owing to its abundance in thet bones. Moreover,
the chemical cont€nt of HA extracted ftom bovine bone (termed bovine fIA) is similar to
that of human bones. Ttris rcnders bovine-HA-based implants suitable for orthopedic and
dental us€s [2, tql. Different extraction sources also determine the physical properties of
HA powder, such as particle size and molphology [21. Together with t]re cherdcal content,
the physical properties of FIA induce different molecular responses in ostmblasts, which
also affect the in vivo performance of HA-based implants I I I ,2li]. For instance, a smaller
grain size of HA (nanomaterial) has been associated with better bone matrix synthesis than
a larger grain size [16]. Thus, it is important to determine the synthesis method or the
natural source and extraction method to obtain HA.

Another important thing that determines the in vivo perlomrance of IIA is the grain
size. Studies showed that HA fabricated in the nanoscale (<200 nm, nanoHA) enhanced its
osteoinductive and ostmconductive properties. The nanoHA was formed using various
methods, generally using the hydrothemral treatment method [5,26,]7]. HA is a biomate-
rial that is widely used for bone tissue of different sizes and topographic characteristics.
Microrale-sized HA (microHA) is *re classical HA used as bone tissue scaffold- The admin-
istration of microHA was able to induce new bone growth in the defect area in vivo [!r,]71.
However, Chandran et al- (2016) showed that the administration of miooHA in osteo-
porotic rats did not provide a higher regeneration efficiency than the sham group [-18]. This
is also in line with clinical findings [-l!r-5 i]. RCT by Schlagenhaul et al. (2019) showed that
daily use of microHA dentifrice on caries progression was not significantly different ftom
1400 ppm fluoride toothpaste [-191. In addition, HA dentifrice also did not significantly
affect plaque formation rate in dlronic periodontitis patients compared to fluoridated
control. [511. This then led to comparison studies of nanoHA and micoflA. Studies have
proven that nanoHA had superior results compared to microHA in vitro [52-5J]. The
superior effect of nanoHA was also proven in in vivo studies []5,55]. One of those is the
study conducted by Daugela et al. (2018). The authors rcported that nanollA-based bone
scaffold provided higher new bone growth than the microHA in a rabbit calvarial de{ect
model [5r,]. This prcves that despite having the same chemical components, nanoHA has a

specific mechanism that makes it superior to microHA. It can be emphasized that nanoHA
has the ability to bind to target protein on the cell surface, thereby triggering signaling
pathway activities that have an impact on new bone growth.

Nanomaterials have a larger surface area than microscale materials. A large surface
area increases the wettability of the material. This was proven by the lower contact angle
of nanoHA compared to microHA [J6]. nanoHA beneficially contributes to the use of
this material in biological systems. Bezerra et al. reported that the wettability of nanoHA
increased the adsorption of proteins present in the extracellular matrix of bone tissue [57],
for irutance, fibronectin Iisl. Fibronectin biomateria]s interact with bone cells by binding
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to the integrins present in the cells through the Arg4ly-Asp (RGD) seguerrce [5S]. This
accelerated the differentiation and proliferation oI osteoblasts [59,6(]1. In addition, nanoHA
also mirnics the size of natural HA found in bone tissue. The formation of HA crystals
in bone is still not dearly understood. Howevet several studies have shown that HA
Gystal formation begins when cteoblasts deposit crystals to the bone tissue, with a size of
approximately 50-2m nm [61,621. Therefore, nanoHA as biomaterial strongly supports its
osteoinductive and osteoconductive properties.

3. Osteoblasts, Their Transcription Factotf,, and Othcr Merker Pmteins
3.1. Runr2

The application of HA as a biomaterial for bone regeneration deperds on bone miner-
alizing cells terrned osteoblasts. HA induces the activity of osteoblasts, which increases
the slmthesis of new bone matrix in bone defectE I I 11. For this purpom, osteoblasts must
be differentiated from their precursor cells, t€rned multipotential stem ciells (MSCs) from
marow [1 ]]. Runx2 is a master transcription factor express€d on osteoblast lineage cells
and chondroqrtes. Osteoblast preorrsor cells which express Run:2 are referred to as "pre-
osteoblasts" [63]. Rmx2, also terrned core binding factor al (Cbfa), plays a rcle in alnost
all phases of osteoblast differentiation [111. In the absence of osteoblasts, the skeletal system
oI Runt2- / - mice showed a lack of intramembranous or end<rhondral ossification [tr-1,65].
Of nole, Runx*/ - rnice exhibited skeletal abnormalities [3e]. Runx2 also inhibited the
differentiation of chondrocytes from mes€nchymal cels during embryogenesis [66]. The ex-
pression of Ruzx2 decreased over time during the process of osteoblast differcrtiation [67].
However, overexpression of Rrrr2 in the late stage of osteoblast differentiation inhibited
osteoblast maturation, decreased bone mass, imd caused osteopenia and bone fracfure [6li].
Thus, it is suggested that Runx2 negatively regulates the differentiation of osteocytes
from osteoblasts. Runx2 is one of the most conunon nvrrkers investigated in osteoblas-
tic differentiation studies, particularly for early-state differentiation. It has been shown
that biomaterials, such as HA, induce the differentiation of osteoblasts by upregulating
Runx2 [-I ,1o,171.

3.2. Ostrix (Osr)

Sp7, also temred Osx, is one of the transrription factors involved in the early stages of
osteoblast differentiation. Os.t / mice continued to expEss Rrmr2, indicating that Osx is a
downstream factor of Runx2. Osr / mice failed to form bone, while their preosteoblasts
exprcssd mone chondrocyte markers [ovl- This suggests that Osx is ess€ntial in preventing
chondrocyte differentiation. Overexpression of Osr inhibited the late stage of osteoblast
dilferentiation I i 3] . Osx is also important in bone homeostasis. Inactivation of Osx affects
the expression of Al-rich sequence-binding protein 2 (Satb2) gene, which also a transcription
factor that regulates the differentiation of osteoblasts- The Satb2 gene was downregulated in
Osr-null cah.aria by activating the promoter region of the Satb2 gene in the GC-rich binding
site [7tl]. Inactivation of Osx in the postnatal period caus€d defects in osteoblast function,
followed by decreased bone formation [711. Together with Runx2, Osx regr.rlated the
unigue carhlage matrix-associated protein (Ucma) gene. Overexpression of Ucrrra resulted
in accelerated mineralized nodule formation [71]- The expression of Ucma was decreased in
Runx2/Osx dortble heterozygous embryos, while overexpression of Runx2 and Osr increased
the activity of the Ucrm promoter U2l. In line with Rrz.r2, FIA also induced the expression
of Osr, which caused osteoblastic differertiation of osteoblast prcgenitor cells [71]. Thus,
Osr is also commonly used as a marker for biomaterials-induced osteobl;rstic differentiation,
including HA.

3.3. ATF4

AIF4 is a leuchezipper Fanscription factor belonging to Are AIF/CREB protein fam-
ily. The ATF4 gene is expressed during embryonic development and life. [r most cells, the
ATF4 protein is degraded through ubiquitination. However, this protein was not degraded
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in osteoblasts [l 51. ATF44 plays role in bone homeostasis and osteoblastic differentiation
from MSCs. Ablation of the ATF4 gene inhibited osteoblast differentiation and reduced

B-catenin levels, whereas ATT4 overexpression increased F{atenin in vitro [7+]. It has
been shown that ATF4 and Runx2 regulate the expr€ssion of the osteocalcin (OCN) gene
in osteoblasts [751. Of note, AfF4 induced the expre^ssion of OCN in both osteobl,asts and
non-osteoblastic cells [7r.1. Hov/ever, ATF4 is not a common marker investigated in studies
related to osteoblastic d ifferentiation.

3.4. Dlx1

Dlx5 is a transcription factor tlrat plays important roles in osteoblast and osteoclast
activity. It is widely expressed in developing cartilage and in less mature osteoblasts along
with Dlx2 and DIx6; notably, Dlx3 is expressed in mature osteoblasts and osteocytes [77,7s].
The femur of embryonic Dlr5-null mice exhibited a decrease in both total and trabecular
bone volume. ln osteoblast cell culture, DLr5 / decreased osteoblast differentiation and
proliferation, and downregulated the Runr2, Osr, OCN, and bone sialoprotein 2 (BSP)
genes. ln the femur of DbS / mice, osteoclast activity and the RANKl/osteoprotegerin
(RANKL/OPG) ratio were increased I li,]. Suppression of 5A signal transducer and acti-
vator of transcription (STAT5A) activated Dlx5 and increased osteogenesis in viko and
in vivo [79]. Meanwhile, deletion of SIAT5A increased bone mass and bone dcrsity, pre-
vented age.related bone lms, and increased bone rcrrodeling in mice [7e]. In addition, Dlx5
mediates BMP2-induced Run:r2 expression and osteoblast differentiation by direc't binding
to the Runr2 promoter (sequences between -756 and -3a2 bp) [10]. Along with Runr2 and
Osr, biomaterials also induced the expression of DIrS induding HA [t]11. These markers
determine the stage of osteoblast differentiation induced by the presence of biomaterials.

3.5. Msr

Msxl, also temred Hox 7.1, is a Eanscription factor associated with several tlssues dur-
ing embryonic development including bone and teeth. Msxl is a regulator of the OCN pro-
moter [ri2]. This transcription factor modulates the expression of various genes, induding
genes related to cholesterol synthesis during osteoblast differerrtiation from human dental
pulp stem cells (DI'SCs) [17]. Msrl-null mutation did not cause endochondral ossi.fication
in the mandibular condyle [S3]. Alongside Msxl, Msx2 is also involved in the craniofacial
skeleton. Msx2 negatively regulates the differentiation of adipocytes by blocking peroxi-
some proliferator activated reeptor gamma (PPARy) and the CCAAT,/enhancer-binding
ptotein (C/EBP) family I 16]. In humans, mutations in ,lVlsr2 caused cranioaynootosis [8]1.
The Msxl and Ms-r2 were upregulated during fracture repair [s51. These genes are also
upregulated by several biomaterials, and used as osteoinductive markers in vitro [6(',S7].

3.5. Alkaline Phosphatase

ALP is an ectoenzyme tftat hydrolyzs monoph<xphate esters. ln humans there
arc four q4)es of ALP: tissue-nonspecifc, intestinal, placerrtal, and gerrr-cell-specific.
Trssue.nonspecific alkaline phosphatase (INALP) is expressed in bone, particularly by
osteoblasts [8s]. Physiologicalty, TNAP hydrolyzes inorganic pyrophosphate, which is
an inhibitor of HA formation during mineralization, and provides inorganic phosphate
for HA fomration [l9,S8,u9l. Alpl-l- osteoblasts exprersed osteopontin (OPN), OCN,
COL1, Run:<2, and other osteogenic markers, but do not initiate mineralization in vitro [90].
Meanwhile, Alpl / mice exluibited bone defects [91]. ALP has been widely used in
various studies as an early marker of osteoblastic differentiation [28]- The expression of
ALP gene was decreased follonring the upregulation of late markers, such as OCN Ilv].
This is in line with eviderrce obtained from several studies. At the same time point, HA
dowruegulated dre expression of ALP gene and upregulated ttrat of OPN, OCN, and
COLI [5,fs]. However, other studies have found that ALP expression was positively
correlated with that of osteoblast late markers [1.27]. Periodontal ligament stem cells

@DLCs) cuttured on nanosized HA (nanoHA) caused a parallel increase in ALP and OCN
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genes expression over time [271. This effect may be attributed to differences in the chemical
and physical characteristcs of HA.

3.7. COL1.

Collagen proteins are the main proteins present on the bone matrix. COL1 is the most
abundant type of collagen pmtein, which accounts for 90% oI the ECM [2i1. In adult bone,
collagen is in a dense para.llel layer that alternates in orientation, parallel to and orthogonal
to the axis of load, with apprrrximately 2 mm intervals- HA aystals are deposited on this
collagen matrix [ti9]. Collagen protein is vital for the stmctural integrity and mechanical
resistance of bone tissue [c)21. COL1 and osteoblasts have feedba& regulation. Osteoblasts
activate the Collal gene by binding of Runx2 to the promoter region of COU [8q,93].
Osteoblasts are also cells that synthesize COLI [9"{]- Conversely, COL1 was reported to
induce the expression of osteoblastic genes in MSCs [95]- Thus, COL1 is widely used as

a bone graft component to induce tissue regerreration in defective bones [92]. Induction
of gene expression and protein synthesis of COL1 was found after culturing osteoblasts
on several $pes of materials, including HA. HA (nanosized, llA-.coated surface, and IIA
ccmposite) induces gene expression and collagen protein synthesis in osteoblasts [],q1.

3.8. Osleapontin

OPN is an acidic glycophosphoprotein expressed by osteoclasts, osteoblasts, osteo-
cytes, and some inflammatory cells [2-1,'rbl. Along with &SP, OPN is a member of the
SIBUNG (small integrin-binding ligand, N-linked glycoprotein) protein family ['r7]. The
expression of OPN depends on Runx2, which activates the promoter of the OPN [(]Sl. OPN
plays a role in ostmdast activity, However, its physiological function in osteoblasts has not
been widely reported [2-ll. OPN plays a role in forming the sealing zone for the resorption
activity of osteoclasts by binding to avp3 [7t1. It also plays a role in the migration of
osteoclasts through avp3 and CD14 [99]. HA upregulates the expression and synthesis of
OPN with vadous physical characteristics [ 1,r,2i'l1. Thus, together with COL1, OPN is a
widely used marker of osteoblastic differentiation stimulated by biomaterials in osteoblasts.

3.9 . Ostcoealcin

OCN is a gamrna-carboxyBlutamate protein expressed by osteoblasts. It is the most
abrmdant noncollagenous prctein in bone tissue ttnt binds calcium ion6 to fte bone [211].

Studies rcported that absence of OCN in mic€ rcsults in geater bone mass. This is because
the absence of OCN increased bone formation without disturbing the resorption activ-
ity IlL]tll. Therefore, OCN level in osteoblasts is a marker of mineral deposition I2()1. OCN
is also involved in endocrine regulation, sudr as insulin production and sugar homeosta-
sis [1 011. Biomaterials, such as [IA, induce osteoblast differcntiation whidr is characterized
by an increase in OCN [1,1]6,271. Howevet the physiological function of OCN in <x-
teoblasts and bone matrix synthesis remains unclear and warrants further investigation.

3.-10. Osteonectin ( ON )
ON, also termed SPARC (secreted protein acidic and rich in cysteine) and 8M40, is a

pmtein that binds to calcilrm. This protein is expressed in mineralized and non-mineralized
tissue [221. Sparc-null mice exhibited low bone lormation and a low number of both
osteoblasts and osteoclasts, leading to decreased bone remodeling and osteopenia Il02].
Although ON was detected in non-mineralized tissues, high expression of ON encoding
gene was found in the odontoblasts of developing teeth [103]. ON mutant cells o<hibited
decreased forrration of mineralized nodules and a tenderry to differentiate into adipocytes,
characterized by an inoease in adipogenic markers in vitro I I01]. ON is also important in
procollagen processing, collagen depositiory and its assembly into the ECM [?2]. Similar
to other non<ollag€n proteins, ON is commonly used as a marker in the late stage of
oeteoblastic diffeEntiatiorl Moreover, it has be€n reported that its Bene expression is
induced by materials such as HA [1 tli].
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3.77. Osteoprotegerin

OPC is a protein expr€ssd in numerous tissues, especially bone tissue- Prcviously it
was thought that OPG is seceted by B lymphocytes and osteocytes [1{)i,,1(171. However,
deletion of Tnltsl1} (the OPN encoding gene) in both cells did not cause significant changes
in bone mass. Howevet deletion of the same gerre in osteoblasts increased bone resorption
and reduced bone mass in mice [f i]. OPG and its ligand RANKL are members of the
tumor necrosis factor rereptor family and essential in bone resorption activity I I ()s]. The
OPG/RANKL/RANK system plays a vital role in the pathological process in bone tissue.
The interaction of RANKL and RANK initiates a signaling pathway that activates nuclear
factor-rB (NF-xB) and regulates gene expreision. In contras! OPG secretion inhibited the re-
sorption activity of bone osteoclasts by binding to RANKL [l t)ul. Expression ot the T$tsfl1b
gene inceases in cultwed osteoblasts after the oruet of mineralization [1(]9]. OPG also plays
a role in maintaining cartilage integrity. Tnffi76- / mice efibited progressive loss of
cartilage matrix and articular cartilage, indicating severe degenerative ioint dis€ase Il 1r]1.

Expression of the Trfsfl 1 D is induced by various stimuli, including HA as a biomaterial for
bone tissue. Prahasanti et al. reported that use of a raffold containing HA and stem cells
increased the expression of OPG and RANKL in vivo I i 11].

j.12. Bone Sialoprotein 2

BSP is an acidic phosphopmtein that belongs to the SIBLING (Small Integrin-Binding
Llgand N-Iinked Glycoprotein) family. It is expressed on mineralized tissue, including
bone tissue, by osteoblasts, o6te(xlasts, and osteo(ytes [2 il. BSP plays a role in initiating the
formation oI HA crystals through its polycarboxylate sequence [21,1 I 1]. Similar to other
noncollagenous proteirs, BSP is commonly used as a marker of osteoblast differentiation.
Use of biomaterials such as HA increased the expression of the BSP-encoding gene in bone
marrow stromal cells (BMSCs) through a specific signaling pathway []tr]. Overexpression
of the BSP-encoding Bene increased osteoblastic differentiation markers, calcium incor-
poration, and nodule formation in osteoblasts. In conkast suppression of BSP-encoding
gene inhibited the associated markers and nodule formation in vitro I L I ],I I +1. In addition,
BSP is involved in osteoclast activify. Ibsp- / - mice exhibited low bone formation rates
that were predicted to occrrr due to a decrease in resorption activity, marked with lower
numbers of osteoclasts I I 11].

4- HA-Induced Signding Pathweys in Osteoblasts
4.L. Extracellular Sigtal-Rcgulated Kinase (ERK) Signaling Pathway

Protein kinases are proteins which catalyze the transfer of a phosphate group from
ATP to one or more side chairrs of a target protein- Protein phosphorylation controls the
enzymatic activity of a pmtein and its interactions with other proteirs or molecules I I I 51.

MAPKs are a family of protein kinases that control a series of cellular events ranging from
proliferation to controlled cell death I I ii]. ERK1 and ERK2 are MAPKs involved in cell
differentiation- Sigpaling pathways involving ERK occur due to the induction of growth
factors, cFokines, viruses, small compounds, and others, as well as biomaterials (e.9., HA).
Ha et al- reported that the administration of nanoHA increased the expression of OPN and
decreased that of A[,P in BMSCs and the preosteoblast cell line MC3T3-E1; these effects
were mediated by the ERK signaling pathway, but not p38 and |NK [1t]1. [n this event,
the highest ERK phosphorylation occurred t h following exposure to nanoHA [2ti]; this
was similar to the effea induced by the presence of HA [116]. This event crcurred due
to the interaction of nanoHA (rodJike shape,l0 nm in width, 100 nn in length) with the
fibroblast growth factor rcceptor (Fgfr) and phosphate transporter (PiI). Blockade of these
two membrane proteirs caused complete inhibition of changes in gene expression [2S].

The activation of the ERK pathway is induced by HA as a single material, as well as

FlA-coated raffolds. fang et al. reported that a nanoHA-<oated silk scaffold increased the
expression of CO[3, fibronectin, OCN, ON, OPG, OPN, ALP, and BMP2 genes on DPSCs.



Plnrflfice icals 2021, 14, 615 8of19

Changes in gene expression occurred due to an increase in ERK activity, particularly after
culturint cells with 0.15 g of HA-cuated scaffold I l{)51.

The physical characteristics o{ HA also affected the ERK signaling pathway. Based on
the study conducted by Xu et al. miso/nano flake-like IIA was the best hierarchical struc-
ture in indeasing gene expression and osteogenic protein production in MSCs compared
with needle.like and rodlike HA. This regulation is mediated by the ERK signaling path-
way, but not through p38 or JNK. The cells also exhibited the highest fibronectin adsorption
when cultured with mico or nano flake-like HA. This finding suggests that fibronectin may
play an essential role in cell and fIA interactions, which subsequently induce the ERK sig-
naling pathway [i i 7]. Surface topography also influences cellular regulation of mteoblast
due to HA. Xia et al, reported that BMSCs cultured on HA with micro-nano-hybrid surface
increased the expression of Runx2, BMP2, BSP, and OCN genes via ERK signaling pathway.
Moreover, adminiskation of HA increased cell adhesion, cell viabfiry and AIJ activity.
HA with these characteristics provided the best in vivo performance compared to the other
types (nanosheet, nanorod, and flat and dense surfaces) [26].

Studies also reported that cell adhesion to malerials is influenced by heat energy, which
acts as physical stimulation to cells. A threedimeruional-like proliferation pattern was
observed in a fibroblast cell line cultured with FIA after heat treakrent (44'C for 5 min).
This effect was thought to be mediated by p38 activation and involved in cell adhesion to
t{,{[ll\1.

ERK phosphorylation due to HA does not occur exclusively in osteoblasts. Culture
of primary human aortic smooth muscle cells with nanoFIA increased the expression of
Runx2, Osx, and COL1 genes via the ERK signaling pathway. This was confirmed by the
administration o{ an ERK inhibitor prior to cell treatment. This effea may underlie the
process of vascular calcification in chronic kidney disease Il lT I.

4.2. pi8 Signaling Pathway

p38 is a kinase tlnt conveys signals from cytokines and the immune system. This kinase
also plays a role in stness response, cell growth and suwival, and differentiation of various
ceI types [1 I i,l]01. Moreover, p38 is essential in osteoblast differentiation. Inhibition of p38
signaling on primary calvarial osteoblasts inhibited ALP activity and mineral deposition. In
addition, p38 mediates EC\,i mineralization regulated by ON [1211. Apart from a role in
physiological evants in o6teoblasts, p38 also plays an important role in osteoblast regulation
by HA. Use of a nanoHA-coated silk scaffold (0.03, 0.15, and 0.3 nanoHA) increased the
expression of osteogenic genes in DPSCs via the p38 signaling pathway. These genes were
COL3, ffuronectin, OCN, ON, OPG, OPN, ALP, and BMP2 [1t)5]. Similar results were rcported
in a study conducted by Suto et al. [ 1 22]. Use of nano]IA increased the expression of BMP2
via the p38 signaling pathway, but not ERK, in PDLCS. This occurred without changes in
the calcium and phosphate concentrations in culture sup€matants [122]-

In terms of cellular regulation of osteoblasts, p38 exhibited crosstalk with other molec-
ular pathways, including the ERK signaling pathway. These two pathways increased the
expression of Runx2, BMP2, BSR and OCN genes. This was corrfirmed ttrough pretreat-
ment of cells with p38 and ERK inhibitors []6].

Other nanomaterials, such as nanosized bioactive glass (size: -20 nm) [1]31, and
gold (Au) nanopartides (size; 20nm and tlO nm) [12.1,1]5], also activate the ERK and p38
signaling pathways [12]1251. This proved that the MAPK pathway is involved in the
cellular regulation oI osteoblasts induced by a wide variety of biomaterials.

4.i. Wnt Signaling Pathwtry

Wnt is a family of proteins that bind to the seven-pass transmembrane frizzled (FZD)
receptors. The Wnt signaling pathway is irnportant in cell determination, proliferation,
and differentiation. This sigpaling is separated into canonical and non{anonical. with
the former being the most well studied. This signaling is also termed Wnt/ p-catenin
signaling due to its dependence on o-.atenin- The Wnt/p-catenin signaling is activated



Pharnaceuttaals 2021, 14, 615 9ot79

by binding to the FZD receptor and corecepor low-dersity lipoprotein receptor-related
protein 5/6 (LRP5/6). This prevents the phosphorylation and degradation of p-catenin,
translating $-catenin into the nudeus and determining the fate of MSC differerrtiation [1 t 1].

Physiologically, Wnt/ P-cat€rdn signaling plays a crucial role in promoting osteoblast
differentiation and maintaining bone mass I l2t-,1271. Among other Wnt ligands, Wnt10b is
involved in osteoblast differentiation by inducing the expression of Runx2, Dlx5, and Osx,
and suppresss the adipogenic kanscription factors C/EBPc and PPARI [E1].

The involvement of the Wnt signaling pathway in osteogerric differentiation occurs in
the presence of IIA. Culture of PDLCs on tIA with a micro-nano-hybrid surface increased
the expression of Runx2, ALP, OCN, cementum attachment protein (CAP), cementum
protein (CEMP), LRPI and p-catenin genes via the Wnt signaling pathway. However, this
study did not measure the levels of phosphorylated p-catenin []il; thus, it is not possible to
determine whether the signaling occurs is thrcugh the canonical or non-canonical pathways.
In addition, Chen et al. found that use of a HA-coated surface (thickress: 1tX) pm) inaeased
the expression of hibronectiru Fl integrio vinculin, and paxillin in MSCs, suggesting that
the cells adhered to the biomaterial surface [1]. Moreover, the expression of Runx2, Osx,
COL1, and OCN genes, as well as AI-P activity, were also increased in MSCs, thereby
indicating osteogenic dilferentiation. Pretreatment of cells with Dickkopf-l (Dkkl) (Wnt
signaling inhibitor) confirmed that this event was mediated by the Wnt signaling pathway,
particularly the regulation of Wntl0b, p-catenin, Rurx2, and Osx [11.

The activation of the Wnt signaling pathway by IIA is also influenced by the shape and
size of HA partides. Zrou et al- culhred MSCs with strontiumdoped HA<oated surface
with a nanorodaattemed characteristic. The cells exhibited Hter adhesion, attachment,
spreading, proliferation, and osteogenic differentiation than those shown by cells cultured
with a HA-coated surface with a nanogranulelattemed characteristic- This study showed
that the proteins regulated by the Wnt/p-catenin signaling pathway were ALP, OPN,
COL1, and OCN [i].

The osteoinductive property of HA$ased raffolds may be enhanced by combining
HA with other materials, such as Au. liang et al. reported that HA-Au nanocomposites
increased the expression of p-catenin, Rurx2, OCN, and OPN genes, as well as ALP activity
in cultured MSCS compared with IIA as a single material. These effects and the promotion
rate of cell mineralization were dependent on the Wnt/ p-catenin signaling pathway [11.

4.4. BMP Signaling Pathwoy

BMP and Wnt signaling are two pathways that simultanmusly rcgulate osteoblast
differentiation [12ii]. BMPs are members of the kans{orming growth factor-F CIGF-F) su-
perfamily and essential for bone homeostasis. More than 30 BMPs are involved in canonical
and non-canonical BMP signating. Unlike non-canonical BMP signaling, canonical BMP
sigrraling depends on Smad [127]- Various studies have shown that t]re BMP signaling
pathway is involved in osteqgenic differentiation. Therefore, BMP2 is widely used as a

growth factor for tissue engineering I I 27,1 ]9, i -l(lJ.
The BMP signating pathway also plays a role in osteogenic differentiation induced by

HA, particularly in canonical signals (Figure l). Studies conducted by Tang et al. [l :] ll and
Wang et al- fuul found that MSCs culturcd with HA (induding nanoHA) showed increased
expression of osteogenic genes and genes related to the BMP2/Smad signaling pathway,
such as BMPRI, BMP2, BMP4, Srnndl,9mrl4, and S?,rd5 [60,'l.31]. Furthermore, Nahar-
Gohad et al. reported a change in gene expression in varular smooth musde cells due to
the presence of HA- Vascular smootlr muscle cells change phenotypes into osteoblast-like
cells. Administration of a BMP2 pathway inhibitor blocked the expression of Smad5 and
BMP2 proteins in the cells. However, in this snrdy, the expression of other osteogerric genes

was not measured after the treatmerrt of cells with a BMP signaling inhibitor [1 32].
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Figure 1. Pot$tial mechanism of the llA-induced signaling pathway- The IIA aystals may act

as ligands which activate particular sigraling receptors and increase the expression of osteogerric

transcription factors, indicating Gteogenic differentiation.

5. How Do Bone Cells Produce HA?

Several review artides raised that the physiological HA in the bone tissue is formed by
maEix veside derived from osteoblast. Specifically, calcium and inorganic phosphate ions
are translerred by menrbrane proteins from the extracellular rnatrix or catalyzed from lipid-
driven phospholipids in matrix vesides [19,1331. However, there is no clear information
regarding the molecular mechanism of this event, such as how calcium and inorganic
phosphate ions convert to HA in the veside matrix, which is stil] unclear. It is known that
FIA pmduced by bone tissue is rod-like nanoflA that forrns clusters [t,t,62,13.1]. Some
studies that investigate the molecular mechanism of extracellular HA also use HA with
these characteristics- The studies found that this rod-like nanoHA activated a particular
signaling pathway as previously described (Table I ) [5,2tt]. Thus, it is indicated lhat bone
HA may also activate a particular signaling pathway in bone cells, particulady osteoblast.

Table 1. Si6naling pathways induced by hydroxyapatite (HA)

Eil( p38

Sitrlrling
Prthway

Upregulat€d
Proteins/G enes

HA Charr.r€risti.s Technique Refcrenaes

AI,P Micrr/narc flake.like HA qRT-PCR" Ir/estem blot I]
BMP-2 Miconanohl't'rid surf ace Pharmacol ic inhibitors, Weshrn blot t:.1

BSP Micro.nane*ry'brid surface Pharma.rologic inhibitoE, Weri€rn blot []c]

OCN
Miso-nano-hybrid surhce, urioo/nano

flake-like ttA
PharmamloAic inhibitors, qRf-rcR,

W€stdn blot Jr., l

FRK Rod-lit€ shaped (f0 nm in widdl and 100 nm
in length)

Pharmacologic iirtribitors, Westem blot [:s]OPN

Ctsx Nanosized flA (<200 run) Pharmacologic inhibitors, W€stern blot [119]

RUruO
Micro-nanohybrid srrlace, nanosized ILA

(<200 nm), micro/nano flake-.tike tlA
Pharmacol ic inhibitors, qRT-PCR,

l4&stPrn blot I]

col-1 Nancized HA (<2m nsr), micro/nano
Bal.-like HA

Phannacologir inhibitos, qRI-PCR,
l^kstsn blot

BMP-2
Microrunuhybrid surfuce, nancized tiA

(<200 nur)
Pharmacologic inhibitors, W6tem blot []6,I ::l

BSP Mcro.nanohybrid surlace Pharmacologrc inhibitors, Westem blot I: .l
p38

Runx2 Mico-nanoh,trid 6ur{ace Pharmacolo$c inhiLtitors, Westem blot [:5]

()CN Microaanohybrid surface, nantxized HA
(<200 nm)

Phaturacologic inhibitors, Westem blot [:6,1 lq]

,/\

i-, l
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Signdina
Pathw.y

Uprctul.tcd
Proteins/Genes

HA Ch-errct.ristics Techniquc References

 LP
Mieenznofi ybrid surface, nanorodlratterned
strontiu.mdoped HAroated suface (Srs -HA),

fIA-Au nenocomposites
Phannacologic inhibitorc, W6tem blot [r, ,,'. ]

CAP Micrcnanchytrid surface Pharmacologic inhibitors I:7'l
CEMP Micro.nanoln't rid surlace Pharmacotogic ifi bitors [:7]
LRP5 Mioo-nano-hvbrid surface Pharmacologic inhibitors lr l

OCN
Micre.nano$ybrid surfac€, nanorod?attemed
strontiumdoped HA{oad surfae (5rr -HA), Pharmacologic inhibitors, Westem blot

ILA-Au nanocompGites
[1,:,-:]

Naoood?attemed sEontiumdoped
flA-coated surfacc (Sr1-HA), HA-Au

nanocomp6ites
Ptrarmacototicinhititors,l^lest€rnblot Il,i]OPN

Osr llA-<oated surface (100 pm in Oriclmess] Plrarmacologic inhibitors, t resteft blor [r]

Runx2
Micrlnanch)lrid surface, HA-<oated surface
(lm Fm rn thickEss), HA-Au nano.ompGites

Pturnracologicinhibitors,I4hsternblot [r.J.r7]

COLl Nanorod?attern€d sttontiuhdoped
HA-coated surface (Srl -HA) Ptunnacotogic inhibitors, Westem blot I .l

Wntl0b fl,A-.oated surface (lm pn in Oriclaress) Pharmacologi( inltibitoE, VJ€si.rr blot tjl

F{atenin
Microrunohybnd surface, HA-coated surface
(100 Fm in thickness), HA-Au nano.ompGites

PtEnnacologicinhibito.s.Vlhstehblot [1,1,171

ALP NanoHAroated surface qRT-I'CR I"l
BMP.2 NanoHA-coated surfacc, HA qRt-PC&pharmacolDgi.inhibitors [ntt,1 11,1 1'1

BMP 4 NanoHA-coated surf acc, HA qRI-PCR I]
BMPRI NanoHA{oatFd surfa.e qRI-PCR I1

BSP NanoHA-<oated surlacc, HA qRT-PCR tl
DlxE HA qRI-PCR Ilril
OCN H,A qRT I,CR tl

BI\'IP
OPN NanoHA-<oated surfacr, HA qRT-PCR ll
CXx Nano[lA-<oaled surf ace, tlA qKt-PCR t1

Runr2 NanoHA-coated sudrae, HA qRI-PCR tt
Smadl HA qrr-PCR I r]l
Smad4 rLA qRI-PCR Irr l

Smad5 TIA qRT PCR, phamacotoec inhibitors t,,,1
COLl HA qFI-PCR []: l

Notes: AbbEviations: ALP, alkaline phosphatase; BMP, bone morpho8erretic proteiru BMPRI, bone motphogsEtic plotein rE(eplor type I;
BSP, bone sialoprotein; CAP, cementui attachmsrt protein; CEMP, ccmsrtum protein; COL1 , type I .olagen; Dlxs, distal-le$ homeobor
5; ERK, extracellular signal-r€gulated kinase; HA-Au, hydroxyapatit('.gold; LRPs, low{ensity lipoprotein receptor-related protein 5;
OCN, oEtenalcin; OPN, osteopontin; Osx, osterix; Runx2, Runt-related transaiption factu 2; qRt-PC& quantiradve reverse-Eans.ription
polymerase chain reaction; Sr1-HA, nanorod-patt€med strontiumioped HA-coated surfact.

The current understanding of md-like nanoFIA molecular mechanisms might help
understand the mineralization process on bone tissue. In addition, this also helps in
understanding the patholo6cal mechaniqns in the bone tissue or other tiasue that were
also predicted to be caused by mineralization I li2,13i]. This h;pothesis can be the potential
candidate to move forward in further study.

5. Other Cellular Evens Induced by HA
The activation of signaling pathways due to HA not only affected osteoblast dif-

ferentiation but also adhesion and proliiferation. Zrou et d- (2018) reported that the
Wnt/p-catenin pathway was the signaling that mediated the adhesion and proliferation
of MSCs induced by HA-coated materials [5]. In addition, Mahato et al. reported that the

T.bl€ 1. L:oal.
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proliferation of HA-coated glass on osteoblast-like cells was significantly higher than that
of non-coated glass [5c]1. Thus, it is suggested that the increase in cell proliferation rate was
due to the presence of HA as intact material.

Furthermore, *re partide size of HA also inlluenced cell proliferation. MSCs culturcd
on smaller FIA exhibited a higher proliferation rate compared to those on larger FIA [5-l].
Not limited to cell proliferation, HA also affected cell adhesion- Xia et al- (2013) reported
that FIA with nano-structure surface led to better MSCs adhesion and spreading on the
biomaterials [26] . This indicated that the proliferation and adhesion of osteoblasts induced
by FIA were caused by HA as intact material, especially those made in nanoecale.

nanoHA also contmversially contributed to c€ll apoptosis. Remya et al. (2014) demon-
strated that nanoHA was not toxic to osteoblasts [1i61. Howeve4 another study stated that
nanoHA inhibited the growth of rat osteoblasts in a dos€dep€nd€nt manner. nanoHA also
significantly induced apoptosis in osteoblasts, with smaller specific surface areas induced
lower apoptosis rates [137]. This difference may be due to other topographical cues of
HA, such as particle shape. Other than that, this may also be due to the specific signaling
pathway that was activated. Therefore, further study of other topographical cues to the
activation of signaling pathway is needed.

As reported in the study HA et al- (2015), nanoHA-induced cellular regulation in
osteoblast did not occur in cells cultured with nanosized silica [l ilil. This is also in line
with in vivo findings; after 15 days of implantation, nanoflA was superior to nano-bioglass,
causing the highest bone fonnation rate Ii391. Thus, we indicated t]Et the cellular response
induced by nanoflA was due to the material property of nano[IA.

7. Event on the Cell Membrane; Direct Interactior aE Intact Ligand or through
Ions Release?

As shown in Table l, HA-induced osteogerdc differcntiation in the osteoblast cell
Iineage is mediated by MAPK (particularly ERK and p38 kinases), Wnt, and BMP/p-
catenin signaling pathways. However, the mechanism through which HA stimulates the
pathway and the everrts that occur in the cel-l membrane remain controversial.

As a biomaterial, HA is generally fabricated in nanosizes to resesrble the HA found in
humans (i.e., approximately 45 nm in length and 25 nm in width) [26,1f 1r]. h gvreral, FIA
that induces cellular changes in the osteoblast linage is nanosized [26,28,105,1 131. Materials
with a size (100 nm are classified as nanomaterials Il.l1l- Osteogenic differentiation occurs
at different rates in cells cultured with materials of different partide sizes. HA with a

particle size of 40 nm accelerated the expression of osteoblast-like cell osteogenic genes
versus FIA with a partide size of 0.5-1.0 mm [i2]. This is in line with the effects induced
by HA with a particle size of -50 and -100 nm [i31. In addition, the pmlifuration rate and
ALP activity of MSCs cultured with smaller-sized HA (1(F1fi) nm) were higher than those
observed in MSCs cultured with larger+ized tlA [5]1. This is also consistent with in vivo
findings. Freezedried bone allografts with smaller partide sizes caused greater new bone
formation in Rhesus monkeys with bone defects [55].

The cellular events induced by HA may be mediated by several possible interactions
of HA with the cell membrane. For example, HA may release calcium and phosphate from
its crystals. Gerrnaini et al. reported thal after 24 11 nanoFIA decreased the concentration
of calcir.rm in the cultue supernatant of a prenstmblast cell line fmm 1.3 mM to 0.5 mM I I 0].
It has been reported that high concentrations of calcium affect the resorption activity of
osteoclasts Il ll]. Jung et al. also reported that calcium released by HA is mediated by the
calcium/ca.lmodulindependent protein kinase via the L-type calcium channel, which sub-
sequently increases the expression of OPN and BSP genes [1121. This theory is supported
by the fact that calcium activates MAPK, which plays a role in cell differentiation [l {]1.
However, Ha et al. reported that the calcium channel did not mediate the changes in HA-
induced osteo8€xric gene expression. The study formd that the osteoinductive properties of
F{A were regulated by Fgfr and PiT, which zuggested interacting with FIA particles [2S1.
Furthermore, other studies reported that the concentrations of calcium and phcxphate in
the culture supematant of c€lls treated and not treated with nanoHA were not significantly
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different [122]. This suggests that the cellular regulation that occurs in osteoblasts may be
due to the function of intact HA-

Endocytosis is one of the critical events in the interaction of biomaterials with cells.
Studies have suggested that tIA may be intemalized by a partictrlar cell and subsequently
regulate its gene expression. Liang et al. mnducted a study using transmission electron mi-
croscopy and detected HA-Au nanoparticles in endosomal vesicles of MSCs ['11. However,
other studies yielded opposite results. Ha et al. found that cellular regulation in osteoblasts
is not mediated by endocytosis. This was demonstrated throu8h preteatment o{ osteoblasts
with several inhibitors of the endocytosis pmcess, sudr as methyl-p-cydodexhin, inhibitor
of clathrin-mediated endocytosis, and inhibitor of micropinoq/tosis [2S1. This study re-
ported that the ERK signaling pathway was involved in cellular regulation in osteoblasts
and mediated by the direct interaction of nanosized HA with receptors on osteoblast cells.
The adminishation of Fgfr and PiT caused a fullblockade of pERK and changes in gene
expression. This result was in line with ranning electron microscopy 6ndings; nanoFlA
was identified on the surface of osteoblasts even alter extensive washing, suggesting a
strong interaction between material and ceus [?li]. This suggests that HA, particularly
nanosized HA, may act as a ligand for membrane proteirc present in osteoblasts, and
activates a particular signaling pathway. However, further study is warranted to confirm
this hypothesis.
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