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Abstract: Scaffold supplements such as nanoparticles, components of the extracellular matrix, 

or growth factors have been incorporated in conventional scaffold materials to produce smart 

scaffolds for tissue engineering of damaged hard tissues. Due to increasing concerns on the 

clinical side effects of using large doses of recombinant bone-morphogenetic protein-2 in bone 

surgery, it is desirable to develop an alternative nanoscale scaffold supplement that is not only 

osteoinductive, but is also multifunctional in that it can perform other significant bone regen-

erative roles apart from stimulation of osteogenic differentiation. Because both amorphous 

calcium phosphate (ACP) and silica are osteoinductive, a biodegradable, nonfunctionalized, 

expanded-pore mesoporous silica nanoparticle carrier was developed for loading, storage, and 

sustained release of a novel, biosilicification-inspired, polyamine-stabilized liquid precursor 

phase of ACP for collagen biomineralization and for release of orthosilicic acid, both of which 

are conducive to bone growth. Positively charged poly(allylamine)-stabilized ACP (PAH-ACP) 

could be effectively loaded and released from nonfunctionalized expanded-pore mesoporous 

silica nanoparticles (pMSN). The PAH-ACP released from loaded pMSN still retained its ability 

to infiltrate and mineralize collagen fibrils. Complete degradation of pMSN occurred following 

unloading of their PAH-ACP cargo. Because PAH-ACP loaded pMSN possesses relatively low 

cytotoxicity to human bone marrow-derived mesenchymal stem cells, these nanoparticles may 

be blended with any osteoconductive scaffold with macro- and microporosities as a versatile 

scaffold supplement to enhance bone regeneration.

Keywords: amorphous calcium phosphate, biomineralization, collagen, mesoporous silica, 

osteoinductive, poly(allylamine)

Introduction
Although bone is one of the most frequently damaged organs in the human body, it is 

one of the few tissues that can regenerate completely without scar tissue formation. 

Between 1992 and 2007, autogenous and artificial bone grafts were placed in close to  

2 million patients in the US alone.1 As life expectancy and social demands of the elderly 

continue to increase, there is likely to be an upsurge in the global demand for bone 

grafting materials. Contemporary regenerative medicine principles, as epitomized by 

the “diamond concept”, require the utilization of scaffolds, mesenchymal stem cells, 

growth factors, and the establishment of mechanical competence to optimize bone 

regeneration in non-self-healing large bone defects.2 From a tissue engineering per-

spective, scaffolds provide the 3-D environment for filling of bone defects, the matrix 

for cell seeding and proliferation, the spaces for angiogenesis, and the framework to 

achieve mechanical competency during bone regeneration.3

Calcium phosphate-based ceramics have been intensively studied over the past 

four decades as load-bearing bone graft substitutes.4 Nevertheless, they fall short of 
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completely satisfying the three essential requisites for an ideal 

hard tissue scaffold: strength and toughness combination 

approximating those of cortical bone, complete biodegrad-

ability, and osteoinductivity.5 To circumvent at least some of 

these limitations, scaffold supplements such as nanoparticles, 

components of the extracellular matrix or growth factors 

have been incorporated into conventional scaffold materials 

to produce smart scaffolds that are more conducive to bone 

regeneration.6 Although bone morphogenetic protein-2 is crit-

ical for osteogenesis and bone regeneration,7 there have been 

recent concerns regarding the clinical side effects associated 

with the use of large doses of this recombinant growth factor 

supplement.8 Thus, it is desirable to develop a multifunctional 

scaffold supplement that is osteoinductive, biodegradable, 

and performs other significant bone regenerative roles apart 

from stimulation of osteogenic differentiation.

Bone morphogenetic proteins are not the only agents that 

induce heterotrophic bone deposition in surgical wounds. 

Osteoinductivity has also been demonstrated in several 

calcium phosphate phases,9 including amorphous calcium 

phosphate (ACP).10 Apart from its osteoinductivity, ACP is 

the raw material for biomineralization of collagen fibrils, a 

process that accounts for the second level of structural hier-

archy in bone.11 The existence of a transient ACP phase in 

developing hard tissues has been definitively confirmed.12 The 

ACP involved in osteogenesis is not necessarily produced by 

bone-forming cells adjacent to the site of active bone growth 

and may be transported as raw materials to the bone-forming 

site via blood vessels.13 This suggests that bone regeneration 

may also be enhanced by supplementation of ACP derived 

from an extrinsic source. Although ACP nanoparticles have 

previously been incorporated as scaffold supplements,14 this 

solid type of ACP is not the form that can be readily utilized 

for intrafibrillar mineralization of collagen. The latter is gen-

erated from solution via a cascade of events, beginning with 

the aggregation of charged calcium trihydrogen phosphate 

complexes [Ca(HPO
4
)

3
4-] as prenucleation clusters. The  

latter eventually lose their hydrogen ions and accumulate 

calcium ions to produce ACP.15 In the presence of polyan-

ionic analogs of matrix proteins involved in biomineraliza-

tion, ACP is stabilized in a nanoparticulate, moldable status 

that has been coined the polymer-induced liquid precursor 

phase (PILP).16 This PILP phase infiltrates the intrafibrillar 

spaces via the gap zones and is eventually transformed into 

apatite crystallites within the mineralized collagen fibrils.17 

In the context of osteogenesis, there are advantages in having 

mineralized collagen matrices available in a surgical wound. 

Human mesenchymal stem cells (hMSCs) grown ex vivo 

on mineralized collagen matrices underwent osteogenic 

differentiation in an adipogenic medium.18 Mineralized 

collagen scaffolds induced bone regeneration of critical-

sized defects in vivo without addition of exogenous growth 

factors.19 Thus, it is envisaged that osteogenesis will be pro-

moted by the controlled delivery of polymer-stabilized ACP 

in a bioactive form that can be readily utilized for collagen 

biomineralization.

Because the PILP phases of ACP are produced by liquid–

liquid phase separation from supersaturated calcium and 

phosphate-containing solutions,20 it is impossible for them to 

be retained in sufficient quantity within a surgical site when 

a dispersion of these nanoparticles is applied in solution 

form. Thus, it is necessary to design a delivery system for 

polymer-stabilized ACP to be collected, transferred to the 

bony crypt, and eventually be released. Mesoporous silica 

nanoparticle (MSN) is a popular scaffold supplement due 

to its biocompatibility and biodegradability,21 with the mes-

opores serving as reservoirs for sustained drug release.22 The 

MSN gradually decomposes in the physiological pH range 

through hydrolysis of the Si–O bonds, releasing orthosilicic 

acid, the biologically-relevant, water-soluble form of Si. As 

early as 1970, Carlisle described the importance of Si in the 

initiation of bone mineralization and regeneration,23 which 

has been confirmed by numerous works published over 

the past 40 years.24 In particular, orthosilicic acid released 

from silica is osteoinductive in that it stimulates type I col-

lagen synthesis and osteoblastic differentiation in human 

osteoblast-like cells or hMSCs.25,26 Similarly, Si ions released 

from MSN stimulated osteogenic differentiation of hMSCs.27 

Because the osteostimulatory effect of Si spans over differ-

ent stages in osteogenesis, continuous release of orthosilicic 

acid by MSN after depletion of the CaP cargo load would 

be highly desirable.

Some technical hurdles have to be overcome in the design 

of an MSN delivery system for polymer-stabilized ACP. 

Although MSN has large specific surface areas and large pore 

volumes, they are limited by their small pore sizes, which 

restrict the dimension of the cargo molecule to be loaded. 

Nanoparticles with larger pores also permit more effective 

release of the cargo molecule and induce faster degradation of 

the silica.28 Since pore size is tunable during MSN  synthesis, 

it is enticing to use currently available pore-swelling tech-

niques to create expanded-pore MSNs (pMSN) for more 

effective accommodation of the polymer-stabilized ACP.29 

Due to the presence of silanol groups in pMSN, the latter 

have to be amine-functionalized to create positively-charged 

surfaces for loading of ACP that are traditionally stabilized 
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by polyanionic nucleation inhibitors such as poly(aspartic) 

acid.16,17 Such a strategy, however, defeats the purpose of 

creating pMSN because of the potential reduction in pore 

size after pore surface functionalization with aminosilane30 

and the potential adverse effect of an organosilane passiva-

tion layer on silica dissolution.31 Because of the necessity 

to use pMSN without surface modification for optimizing 

the dual function of ACP storage and Si dissolution, a new 

positively charged PILP phase was developed by Niu et al to 

maintain the electrostatic attraction between the bare pMSN 

and polymer-stabilized ACP precursors. Inspired by the effect 

of long-chain polyamines on stabilization of orthosilicic 

acid during biosilicification of silica-containing organisms, 

Niu et al have developed poly(allylamine)-stabilized ACP 

(PAH-ACP) for intrafibrillar mineralization of collagen.32 

However, it is not known whether this novel PILP phase 

remains effective for biomineralization following its load-

ing, storage, and release from the pMSN. Accordingly, three 

hypotheses were tested in the present study: 1) positively 

charged PAH-ACP may be effectively loaded and released 

from nonfunctionalized pMSN; 2) PAH-ACP released from 

loaded pMSN still retains its ability to infiltrate and mineral-

ize collagen fibrils; and 3) complete degradation of pMSN 

occurs following unloading of their PAH-ACP cargo.

Methods
All chemical reagents were purchased from MilliporeSigma 

(St Louis, MO, USA), including cetyltrimethyl ammonium 

bromide (CTAB, molecular weight 364.45), tetraethyl 

orthosilicate (TEOS), mesitylene (TMB), poly(allylamine) 

hydrochloride (PAH, molecular weight 17,500), calcium 

chloride (CaCl
2
), potassium phosphate dibasic (K

2
HPO

4
), 

tris(hydroxymethyl)aminomethane (Tris)-buffered saline 

(TBS), bovine skin-derived type I collagen lyophilized 

powder, hydroxyethyl methacrylate, and triethylene glycol 

methacrylate. All chemicals were used as received.

synthesis of MsN with enlarged pores
pMSN was synthesized using a previously reported technique 

with modification.33 Briefly, 1 g of CTAB and 7 mL TMB were 

dissolved in a solution containing 480 mL water and 3.5 mL of 

2N NaOH. The mixture was stirred vigorously at 80°C for 4 h. 

Five mL of TEOS was added quickly to the solution and the 

mixture was stirred for 2 h. The white precipitate was centri-

fuged and washed with deionized water and ethanol three times 

each and oven-dried at 60°C overnight. The as-synthesized 

powders were calcined in air at 550°C for 5 h to remove the 

structural template (CTAB) and pore swelling agent (TMB).

Preparation of Pah-acP loaded pMsN
PAH-ACP precursors were prepared at room temperature 

by rapid mixing of equal volumes of 9 mM CaCl⋅2H
2
O and 

4.2 mM Na
2
HPO

4
. The PAH was added to the calcium ion-

containing solution before mixing to achieve a final PAH 

concentration of 500 μg/mL. For loading of mineralization 

precursors, 200 mg of pMSN was dispersed in 50 mL of 

PAH-ACP-containing solution and stirred at room tempera-

ture for 24 h to establish equilibrium. The PAH-ACP-loaded 

pMSN (PAH-ACP@pMSN) was centrifuged to generate a 

white precipitate, which was washed with deionized water 

and stored wet at -20°C until use.

characterization
The mesostructural characteristics of pMSN and PAH-ACP@

pMSN were examined using transmission electron micros-

copy (TEM; JEM-1230; JEOL, Tokyo, Japan) at 110 kV and 

atomic force microscopy (AFM; DI Nanoscope IV, Veeco, 

NY, USA) in the tapping mode. Elemental mapping was 

evaluated using a Tecnai G2 scanning TEM (FEI, Hillsboro, 

OR, USA) at 200 kV. X-ray diffraction (XRD) of pMSN was 

performed with a diffractometer (X’Pert PRO, PANalytical, 

Almelo, the Netherlands) with Ni-filtrated Cu Kα radiation 

(40 kV, 40 mA). Fourier transform-infrared spectra (FT-IR) 

were evaluated by a Nicolet 6700 attenuated total reflec-

tion spectrometer (Thermo Fisher Scientific Inc., Waltham, 

MA, USA). Surface analysis was performed by recording 

nitrogen adsorption–desorption isotherms using porosimetry 

(ASAP2020; Micromeritics Corp., Norcross, GA, USA). 

The Brunauer-Emmett-Teller (BET) method was used to 

calculate the surface areas, and the Barrett-Joyner-Halenda 

(BJH) analysis was used to calculate pore size distributions. 

Thermogravimetric analysis (TGA) was performed with a 

Q500 analyzer (TA Instruments, New Castle, DE, USA) at 

a rate of 10°C/min in nitrogen atmosphere. The zeta poten-

tial of nanoparticles was measured with a Zetasizer Nano 

ZS system (Malvern Instruments Ltd., Westborough, MA, 

USA). Deionized water (pH =7.0) was used to suspend the 

nanoparticles and the zeta potential was measured immedi-

ately after ultrasonication for 15 min.

calcium, phosphorus, and silicon release
TBS containing no Ca and P ions was used to evaluate the 

amount of Ca, P, and Si released from the PAH-ACP@

pMSN. Specifically, 100 mg of PAH-ACP@pMSN was 

immersed in 10 mL of TBS (pH 7.4). Elements released from 

the PAH-ACP@pMSN were measured at 1, 2, 3, 4, 5, 6, 7, 8, 

9, 10, 20, and 30 days. At each time point, the mixture was 
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centrifuged at 4,000 rpm for 4 min. A 1 mL aliquot of the 

supernatant were removed and replaced with fresh solution. 

The aliquots were analyzed for Ca, P, and Si content using 

inductively coupled plasma–atomic emission spectroscopy 

(ICP-AES; Perkin Elmer, MA, USA).

Mineralization of reconstituted collagen
A single-layer fibrillar collagen model was used to examine 

the effect of PAH-ACP release from the mesoporous delivery 

system on intrafibrillar mineralization. For collagen reconsti-

tution, 200-mesh Ni TEM grids were placed in 0.2 mg/mL 

collagen/acetic acid; the latter was prepared by dissolving 

bovine skin-derived type I collagen powder in acetic acid. 

The collagen solution was adjusted with ammonia vapor to 

pH 8 and left to gel at room temperature for 5 days. After 

removing excess solution and air-drying, self-assembled 

collagen fibrils were deposited on the TEM grids.

Fifty milligrams of PAH-ACP@pMSN was immersed in 

1.5 mL of TBS buffer (pH =7.4) inside each well of a 24-well 

plate. A Ni TEM grid covered with reconstituted collagen 

fibrils was floated on the top of the suspension. The assembly 

was incubated in a 100% relative humidity chamber at 37°C. 

Grids were retrieved after 1, 2, or 3 days for TEM.

concomitant collagen matrix 
mineralization and pMsN degradation
Although intrafibrillar mineralization of a 3-D collagen scaf-

fold occurred after blending it with PAH-ACP@pMSN, such 

a procedure did not provide evidence of pMSN dissolution 

that occurred slowly over time. Resorption of pMSN occurred 

after confinement of PAH-ACP@pMSN within a polymer-

ized hydrophilic resin matrix; efflux of PAH-ACP and solu-

bilized silica caused by water sorption created pMSN-free 

voids within the resin matrix. Nevertheless, such a protocol 

did not permit observation of collagen mineralization. To 

circumvent this dilemma, a hybrid procedure was adopted 

based on what dentists do for bonding tooth-colored fillings 

to dentin. In this procedure, pieces of bovine dentin were 

partially demineralized with 15% phosphoric acid to create a 

5 μm thick bed of mineral-free collagen fibrils on the surface 

of the dentin block. The PAH-ACP@pMSN powder was 

sprinkled onto the dentin surface and embedded with a hydro-

philic resin blend (50/50 wt% of 2-hydroxyethyl methacrylate 

and triethylene glycol dimethacrylate containing tertiary 

amine catalyst and camphorquinone photoinitiator) solvated 

in ethanol. Application of the resin blend to demineralized 

dentin resulted in partial infiltration of the resinous material 

into the collagen matrix; the basal portion of the matrix was 

resin-sparse and contained denuded collagen fibrils that are 

susceptible to remineralization by the released PAH-ACP. 

Using this protocol, dissolution of the pMSN and remin-

eralization of the collagen matrix in areas not completely 

infiltrated by resin could be observed simultaneously.

Specimens to be mineralized were stored in TBS at 37°C 

for 24 h or 3 months. The retrieved specimens were longitu-

dinally sectioned to produce slabs for TEM observation. The 

specimens were dehydrated in an ascending ethanol series 

(50%–100%), immersed in propylene oxide, and embed-

ded in epoxy resin. Ninety millimeter-thick sections were 

prepared with an ultramicrotome and examined unstained 

by TEM at 110 kV.

effect of Pah-acP@pMsN on 
cytotoxicity and osteogenic 
differentiation of hMscs
Detailed methods are included in the Supplementary 

materials.

Results and discussion
The pMSN was synthesized by adding a pore-expanding 

agent (TMB) to CTAB-templated, base-catalyzed sol-gel 

condensation reaction of silica.33 Powder XRD (Figure 1A) 

shows one strong diffraction peak, 2θ =1.76°, and three weak 

diffraction peaks, 2θ =3.09°, 3.62°, and 4.81°. Based on the 

Bragg formula λ =2d sinθ, where λ is the wavelength of 

the probing radiation, d is the constant of the planar crystal 

between atoms, and θ is the incident angle, the correspond-

ing crystal plane d-spacings of pMSN were found to be 5.01, 

2.85, 2.44, and 1.84 nm, respectively. These d-spacings 

are attributed to the 100, 110, 200, and 210 planes of 2D 

hexagonal reflection in the P6 mm space group, indicating 

that pMSN has a hexagonal mesoporous structure.34 Infrared 

spectra (Figure 1B) provided evidence for successful prepara-

tion of PAH-ACP@pMSN; pMSN-CTAB displayed strong 

absorbance at 2,942 and 2,871 cm-1 for C–H stretching 

vibrations and 1,478 cm-1 for C–H deformation.35 These 

CTAB-derived signals disappeared after the templating 

agent was completely removed by calcination. Compared 

with calcined pMSN, PAH-ACP@pMSN displayed two 

additional adsorption peaks at 1,568 and 1,635 cm-1 that were 

assigned to the N–H bending and C=O stretching vibrations 

of PAH, respectively.36

When examined with TEM (Figure 2A-left), pMSN 

were predominantly spherical, between 50–100 nm 

in diameter, and with occasional olive-shaped con-

figurations.33 High magnification of a spherical pMSN 
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(Figure 2A-middle) revealed highly regular mesoporosity 

comprising a hexagonal array typical of MCM-41-type 

MSN. Mesoporosities became less clearly defined after 

PAH-ACP loading (Figure 2B-left, middle). To observe the 

internal morphologic changes in pMSN, the nanoparticles 

were embedded in epoxy resin for ultramicrotomy. Exami-

nation of the epoxy resin-embedded PAH-ACP@pMSN 

sections confirmed the presence of amorphous materials 

in the mesopores and in the periphery of the sectioned 

nanoparticles (Figure 2B-right). Scanning TEM–energy 

dispersive X-ray elemental mapping (Figure 2C) of the 

sectioned PAH-ACP@pMSN revealed strong intraparticu-

late Ca and P signals that are indicative of the infiltration of 

ACP precursors into the mesopores. Height and phase AFM 

images of pMSN (Figure 2D, top) showed a relatively flat 

surface with needle-like columns that are representative of 

the surface mesopores. By contrast, AFM of PAH-ACP@

pMSN (Figure 2D, bottom) demonstrated a rough appear-

ance with large surface granules.

Nitrogen sorption by pMSN demonstrated a type IV iso-

therm with well-defined steps at 0.4–0.6 P/P
0
 (Figure 3A), 

which is indicative of the presence of uniform mesoporous 

channels and narrow pore size distribution. Unloaded pMSN 

have a specific surface area of 983.6 m2/g, pore volume of 

0.99 cm3/g, and mean pore size of 5.0 nm (Figure 3B). The 

well-defined large pore structure and high specific surface 

area of pMSN are demonstrations of potential for loading 

molecules.37 Loading of amorphous materials reduced the 

adsorbed nitrogen volume of PAH-ACP@MSN but exerted 

no effect on the shape of the hysteresis loop (Figure 3A). 

The BET specific surface area, pore volume, and pore size of 

PAH-ACP@pMSN were reduced to 641.8 m2/g, 0.71 cm3/g, 

and 2.3 nm (Figure 3B), respectively. These findings indi-

cate that amorphous precursors have infiltrated the internal 

mesoporosities of the pMSN. The increase in mean particle 

size from 67.1 nm for pMSN to 93.4 nm for PAH-ACP@

pMSN suggests that additional PAH-ACP accumulates on 

the nanoparticle surface.

The amount of precursors adsorbed on pMSN was esti-

mated through TGA. After heating to 1,000°C, unloaded 

pMSN displayed a total weight loss of 8.7 wt% (Figure 3C), 

which was mainly attributed to the removal of physisorbed 

water (73.5°C; Figure 3D). The PAH-ACP@pMSN showed 

a total weight loss of 19.1 wt% with an additional discern-

ible derivative weight-loss peak at 475.5°C, which may be 

attributed to the decomposition of organic substances (PAH). 

The amount of adsorbed PAH was approximately 10.4 wt%, 

suggesting that the amount of PAH-ACP adsorbed on pMSN 

was higher than 10.4 wt%.

Measurement of the zeta (ζ) potentials of pMSN, 

PAH-ACP, and PAH-ACP@pMSN (Figure 3E) revealed the 

driving force behind the loading of amorphous precursors. 

The mean ζ potential of pMSN was -29.1 mV because of 

the presence of silanol groups, whereas that of PAH-ACP 

was +21.5 mV. The negative ζ potential of PAH-ACP@

pMSN (-20.4 mV) is suggestive of electrostatic interaction 

as a mechanism for adsorption of PAH-ACP by the mesopo-

rous delivery system.

Figure 1 chemoanalytical analyses of pMsN before and after loading with Pah-acP (N=6).
Notes: small-angle X-ray diffraction pattern of pMsN showing four well-resolved diffraction peaks at d-spacing of 5.01 (210), 2.85 (200), 2.44 (110), and 1.84 (100) nm. The 
three weak peaks are shown with higher magnification in the inset (A). Infrared spectra of pMsN-cTaB (prior to calcination), pMsN (after calcination), and Pah-acP@
pMsN (B).
Abbreviations: pMsN, expanded-pore mesoporous silica nanoparticles; Pah-acP, poly(allylamine)-stabilized amorphous calcium phosphate; cTaB, cetyltrimethyl 
ammonium bromide; Pah-acP@pMsN, Pah-acP loaded pMsN.

θ
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Cumulative release profiles of Ca, P, and Si at pH 7.4 are 

presented in Figure 4A. Both Ca and P were rapidly released 

from PAH-ACP@pMSN during the first 10 days; release of 

these elements declined from 10 to 30 days. These power law-

related release profiles are indicative of the depletion of the 

loaded calcium phosphate phase. The Ca/P ratio of the releas-

ing solution gradually dropped to close to 1.5 after 10 days 

(Figure 4B), close to the Ca/P ratio of ACP at neutral pH.38 By 

contrast, Si continued to be released linearly up to the 30-day 

cut-off time (Figure 4C), indicating that the pMSN gradually 

dissolved during long-term storage following release of the 

mineralization precursors. Thus, the first hypothesis that 

positively charged PAH-ACP may be effectively loaded and 

released from nonfunctionalized pMSN was validated.

Intrafibrillar mineralization of collagen was examined 

initially with a single-layer reconstituted collagen model. 

After 24 h, mineralization precursors were released from the 

pMSN, some of which had infiltrated the unstained collagen 

Figure 2 Ultrastructure of pMsN before and after loading with Pah-acP.
Notes: Low (left image; bar: 50 nm) and high magnification (middle image; bar: 20 nm) TEM images of intact, template-free pMSN. Right image: TEM image of sectioned, 
epoxy resin-embedded pMsN (bar: 20 nm) (A). Low (left image; bar: 50 nm) and high magnification (middle image; bar: 20 nm) TEM images of intact PAH-ACP@pMSN. Right 
image: TeM image of sectioned, epoxy resin-embedded Pah-acP@pMsN (bar: 20 nm) (B). sTeM-eDs elemental mapping images of sectioned Pah-acP@pMsN showing 
the distribution of si, O, ca, P, and N within the nanoparticles (C). aFM height and phase images and three-dimensional presentation of the surface morphology of pMsN 
(before loading) and Pah-acP@pMsN (after loading) (D).
Abbreviations: Pah-acP, poly(allylamine)-stabilized amorphous calcium phosphate; pMsN, expanded-pore mesoporous silica nanoparticles; Pah-acP@pMsN, Pah-acP 
loaded pMsN; TeM, transmission electron microscopy; sTeM-eDs, scanning transmission electron microscopy-energy dispersive X-ray analysis; aFM, atomic force microscopy.
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fibrils resulting in their partial mineralization (Figure 5A). 

After 3 days, the electron density of the unstained collagen 

became higher after complete intrafibrillar mineralization 

of the fibrils (Figure 5B). High magnification of a highly 

mineralized, unstained fibril shows mineral strands filling the 

spirally-arranged microfibrillar spaces (Figure 5C). Selected 

area electron diffraction revealed arc-shaped diffraction pat-

tern along the 002 plane of apatite that is indicative of the 

deposition of minerals along the c-axis of the fibril (Figure 5C 

inset). A 2-day specimen stained with uranyl acetate showed 

attachment of released PAH-ACP precursors to the collagen 

surface, initial state of apatite crystallization in a partially 

mineralized fibril, and collagen banding in a highly miner-

alized fibril (Figure 5D). Based on these results, the second 

hypothesis that PAH-ACP released from loaded pMSN still 

retains its ability to infiltrate and mineralize collagen fibrils 

was validated. The positively charged PAH-ACP precursors 

were released from the pMSN probably because of competi-

tive displacement by zwitterions derived from Tris-buffered 

saline, in which the PAH-ACP@pMSN were suspended.39 

Figure 3 Dimensional analysis, thermogravimetric analysis, and zeta potential measurements (N=6).
Notes: Nitrogen adsorption–desorption isotherms (A) and pore size distribution (B) of pMsN and Pah-acP@pMsN. Thermogravimetric analysis (C) and derivative 
thermogravimetric analysis (D) plots of pMsN and Pah-acP@pMsN. Zeta potential measurements of pMsN, Pah-acP, and Pah-acP@pMsN (E).
Abbreviations: pMsN, expanded-pore mesoporous silica nanoparticles; Pah-acP, poly(allylamine)-stabilized amorphous calcium phosphate; Pah-acP@pMsN, Pah-acP 
loaded pMsN.
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Gradual dissolution of silica probably also promoted the 

release of the mineralization precursors. Several theories 

explain the driving forces behind the influx of mineralization 

precursors into collagen. The first theory involves capillary 

infiltration of liquid-like status ACP produced by liquid–

liquid phase separation into the intrafibrillar water compart-

ments of the collagen fibril.40 Although the liquid-like status 

of polymer-stabilized amorphous calcium carbonate has been 

demonstrated,41,42 a similar status has never been demon-

strated for ACP. Likewise, the proposed capillary action of 

a liquid phase within a liquid has only been demonstrated in 

macroscopic systems using capillary tubing and bulk collagen 

scaffold.43 The second theory involves electrostatic interac-

tions between net positive charges along the gap zones of a 

collagen fibril and the negatively charged polyelectrolyte-

stabilized ACP.17,44 This theory, however, cannot account for 

the attraction and infiltration of positive-charged PAH-ACP 

into the collagen fibril, which results in heavily mineralized 

fibrils that are similar in appearance to those infiltrated by 

polyanion-stabilized mineral precursors.17,45 Based on the size 

exclusion mechanism of intrafibrillar mineralization,46 PAH 

is excluded from entering the intrafibrillar compartments 

of the collagen fibril; depletion of the nucleation inhibitor 

would result in the formation of crystalline calcium phos-

phate phases inside the collagen fibril. Because nucleation 

inhibitors do not need to enter collagen fibrils to induce 

mineralization,47 a third theory was recently proposed in 

which the negatively charged or positively charged poly-

electrolytes reside in the extrafibrillar region to establish a 

balance between electroneutrality and osmotic equilibrium in 

the vicinity of the collagen fibrils. Establishment of Gibbs–

Donnan equilibrium enables the influx of prenucleation 

clusters or ACP into the internal milieu of the fibrils to result 

in intrafibrillar mineralization.32

Figure 4 release and dissolution of elements present in Pah-acP@pMsN (N=6).
Notes: Cumulative release profiles of Ca and P from PAH-ACP@pMSN in TBS solution for 30 days (A). changes in ca: P ratio of the TBs solutions containing Pah-acP@
pMsN from 0–30 days (B). Cumulative dissolution profile of Si from PAH-ACP@pMSN in TBS solution for 30 days (C).
Abbreviations: Pah-acP, poly(allylamine)-stabilized amorphous calcium phosphate; pMsN, expanded-pore mesoporous silica nanoparticles; Pah-acP@pMsN, Pah-acP 
loaded pMsN; TBs, tris(hydroxymethyl)aminomethane-buffered saline.
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Biodegradation of the delivery vehicles and mineral-

ization of thicker 3-D collagen scaffolds, both of which 

required a longer observation period, were concurrently 

accomplished via a tooth filling-inspired approach.48 The 

PAH-ACP@pMSN was sandwiched between a layer of 

polymerized hydrophilic methacrylate resin and a 5 μm 

thick layer of completely demineralized collagen matrix. 

The latter was prepared by applying 15% phosphoric acid 

to the surface of a small piece of bovine dentin for 15 sec, 

followed by vigorous water rinsing. Incomplete infiltra-

tion of the methacrylate resin into the water-filled collagen 

scaffold produced denuded collagen fibrils at the base of the 

scaffold that are susceptible to intrafibrillar mineralization 

(Figure 6A). After 24 h, release of mineralization precur-

sors from the pMSN was apparent along the resin–scaffold 

interface (Figure 6B). After 3 months of storage in deionized 

water, collagen fibrils along the base of the demineralized 

collagen scaffold were heavily remineralized (Figure 6C), 

while dissolution of the pMSN left behind electron-lucent 

voids along the resin–scaffold interface (Figure 6D). This 

facile confinement model enables observation of complete 

degradation of the pMSN after water aging. Hence, the 

Figure 5 Ultrastructure of PAH-ACP@pMSN-mediated intrafibrillar mineralization of reconstituted collagen.
Notes: Unstained TEM images of intrafibrillar mineralization of reconstituted collagen fibrils by PAH-ACP@pMSN (A–C). Mineralization precursors released from the 
pMSN (open arrow) after 24 h spread across the solution (open arrowhead) and infiltrated the collagen fibrils, resulting in their partial mineralization. Pointer: unmineralized 
fibrils. Bar: 100 nm (A). Heavy intrafibrillar mineralization was evident after 3 days. Bar: 100 nm (B). High magnification of a heavily mineralized collagen fibril showing 
electron-dense mineral strands within the fibril. Bar: 20 nm. Inset: selected area electron diffraction taken from double arrowed location of the mineralized fibril showed 
arc-shaped 002 Debeye diffraction patterns that are characteristic of apatite deposition along the c-axis of the collagen fibril (C). Uranyl acetate-stained TeM image of a 
collagen fibril mineralized for 2 days by PAH-ACP released from pMSN revealed regular banding patterns within the mineralized fibril. Bar: 100 nm (D). an adjacent partially 
mineralized fibril showed attachment of PAH-ACP mineralization precursors (open arrowheads) to the fibril surface. Needle-shaped intrafibrillar crystallites could be seen 
within the partially mineralized fibril (arrow). The mesoporous characteristics of a nearby pMSN (asterisk) was obscured by staining.
Abbreviations: Pah-acP, poly(allylamine)-stabilized amorphous calcium phosphate; Pah-acP@pMsN, Pah-acP loaded pMsN; pMsN, expanded-pore mesoporous 
silica nanoparticles; TeM, transmission electron microscopy.
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third hypothesis that complete degradation of pMSN occurs 

following unloading of their PAH-ACP cargo was also 

validated. It has been shown that covalent attachment of a 

layer of polyethylene glycol to the MSN surface resulted in 

passivation of the degradation kinetics of the mesoporous 

silicon structures.49 Although electrostatic interaction is not 

as strong as covalent attachment, there is concern that binding 

of free PAH (available from size exclusion of PAH during 

infiltration of ACP into collagen) to the pMSN may dampen 

the degradation of silica. This concern was alleviated by the 

results of the confinement experiment.

It has been shown that MSN used as carriers of thera-

peutic agents had negligible effects on cell mitosis even 

upon phagocytosis by vascular endothelial cells.50 Because 

the biocompatibility of PAH-ACP@pMSN is unknown, 

proliferation of hMSCs was performed using 3-(4,5- 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. This was achieved by incubating the stem 

cells with different concentrations of PAH-ACP@pMSN 

suspension (0–1,280 μg/mL) for 24 h (Figure S1). Significant 

difference in relative mitochondrial dehydrogenase activity 

was identified among the concentration groups (P,0.05). 

Figure 6 Unstained TEM images taken from sections of hydrophilic resin (R)-infiltrated, partially mineralized hard tissues (bovine dentin) showing collagen remineralization 
and silicon dissolution.
Notes: Low magnification of a PAH-ACP@pMSN pretreated specimen stored in TBS for 24 h showing a 5 μm thick band of resin-infiltrated collagen matrix (RC). The 
Pah-acP@pMsN nanoparticles were located along the surface of the 3-D collagen matrix (arrow). M: mineralized hard tissue. Bar: 1 μm (A). High magnification of image 
A showing release of mineralization precursors (pointer) from the pMsN (arrow). Bar: 20 nm (B). Low magnification of a PAH-ACP@pMSN-pretreated specimen stored in 
TBs for 3 months. Bar: 1 μm. The resin-sparse bottom of the collagen matrix was heavily mineralized (between open arrows). The pMsN that were originally present on top 
of the resin infiltrated collagen matrix (RC) were completely solubilized (open arrowhead). T: tubule-like channels characteristic of the dentin (C). High magnification images 
of image C, showing voids (open arrowhead) between the hydrophilic resin (R) and the resin-infiltrated collagen matrix (RC) that were originally occupied by PAH-ACP@
pMsN. Bar: 100 nm (D).
Abbreviations: Pah-acP, poly(allylamine)-stabilized amorphous calcium phosphate; Pah-acP@pMsN, Pah-acP loaded pMsN; pMsN, expanded-pore mesoporous 
silica nanoparticles; TBs, tris(hydroxymethyl)aminomethane-buffered saline; TeM, transmission electron microscopy.
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°

Figure 7 schematic summarizing the development of a biodegradable mesoporous carrier for the delivery of acP mineralization precursors.
Abbreviations: cTaB, cetyltrimethylammonium bromide; NaOh, sodium hydroxide; Pah-acP, poly(allylamine)-stabilized amorphous calcium phosphate; Pah-acP@
pMsN, Pah-acP loaded pMsN; pMsN, expanded-pore mesoporous silica nanoparticles; TBs, tris(hydroxymethyl)aminomethane-buffered saline; TeOs, tetraethyl 
orthosilicate; TMB, 1,3,5-trime thylbenzene.

Viability of hMSCs remained at approximately 90% 

even with the highest PAH-ACP@pMSN concentration 

(1,280 μg/mL). These results demonstrate that PAH-ACP@

pMSN possess relatively low cytotoxicity to cells associated 

with anabolic activities within a surgical site.

The effects of PAH-ACP@pMSN on osteogenic differ-

entiation of hMSCs were further evaluated by comparisons 

to unexposed hMSCs (control) and hMSCs exposed to 

unloaded pMSN. The osteogenic target markers employed 

for quantitative reverse transcriptase-polymerase chain 

reaction were Runt-related transcription factor 2 (Runx2), 

alkaline phosphatase (ALP), bone sialoprotein (BSP), dentin 

matrix protein-1 (DMP-1) osteocalcin (OCN), and osterix 

(OSX), with glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) as the housekeeping gene. Using Dunn–Sidak 

correction of α =0.0085 to control familywise error rate in 

multiple comparison procedures (see “Supplementary materi-

als” – Methods), there were no differences among the three 

groups for Runx2, BSP, and OCN. For ALP and DMP-1, gene 

expressions were significantly upregulated, in the order: PAH-

ACP@pMSN . pMSN . control. For OSX, gene expressions 

were upregulated in the order: PAH-ACP@pMSN = pMSN 

. control (Figure S2). Upregulation of ALP expression at 

the gene level was also observed at the enzyme level, with 

PAH-ACP@pMSN . pMSN . control (P,0.05; Figure S3). 

Taken together, the data indicate that PAH-ACP@pMSN has 

a promotional effect on osteogenesis of hMSCs.

Figure 7 is a schematic summarizing the development of 

a biodegradable mesoporous carrier for the delivery of ACP 

mineralization precursors. Biodegradation of the delivery 

vehicles in a surgical site represents a biomimetic approach 

in regenerating natural bony tissues without leaving behind 

nonresorbable foreign bodies or resorting to cell-mediated 

mechanisms for their removal. Release of orthosilicic acid 

from the degrading pMSN promotes healthier bone formation 

via enhanced deposition of collagen25 as well as stimulating 

the proliferation and osteogenic differentiation of hMSCs via 

specific cell signaling pathways of those cells.26 In addition, 

the CaP phase released from the pMSN is in the same form 

(ie, ACP) as those produced within the intracellular vesicles 

of hMSCs that are transported to the extracellular matrix for 

mineralization.51,52 Thus, the PAH-ACP provides additional 

raw materials in a form that is readily available to the newly 

deposited collagen fibrils within the reorganizing extracel-

lular matrix of the surgical site for collagen biomineralization 

and bone regeneration.

Conclusion
The PAH-ACP@pMSN may be blended with any osteocon-

ductive scaffold with macro- and microporosities as a versatile 
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scaffold supplement. While blending may be achieved in differ-

ent ways, these nanoparticles may be incorporated in “inks” for 

3-D of personalized scaffolds as long as the particles are pre-

vented from dehydration to preserve the liquid-like, moldable 

characteristics of the PAH-ACP. Such a requirement should 

not be considered a restriction in the use of the nanoparticles 

since live cells can be similarly printed using contemporary 3-D 

printing technology.53 From a biosafety perspective, this may 

circumvent the introduction of potent osteoinductive agents 

such as recombinant human bone morphogenetic protein-2 to 

a surgical site.54 Because orthosilicic acid release has recently 

been shown to promote angiogenesis and cell homing via mod-

ulation of monocytes,55 these properties need to be evaluated in 

future studies using the present mineralization precursor-loaded 

biodegradable delivery system. In addition, the potential for 

PAH-ACP@pMSN to be used as a nanoparticulate supplement 

for commonly employed tissue engineering scaffolds requires 

further validation in in vivo small animal models containing 

critical-sized surgical bone defects.
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Supplementary materials
cytotoxicity assay
Human bone marrow-derived human mesenchymal stem cells 

(hMSCs; FC-0057; Lifeline® Cell Technology, Frederick, 

MD, USA) were used to evaluate the cytotoxicity of 

poly(allylamine)-stabilized amorphous calcium phosphate-

loaded expanded-pore mesoporous silica nanoparticles 

(PAH-ACP@pMSN) using 3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, the 

hMSCs were seeded at 5,000 cells/well in 96-well plates 

and cultured for 24 h to achieve 80%–85% confluency. The 

cells were then exposed to a series of increasing concentra-

tions of PAH-ACP@pMSN (0, 10, 20, 40, 80, 160, 320, 640, 

1,280 μg/mL). After 24 h of incubation, 10 μL of MTT solution 

(5 mg/mL) was added to each well and the plate was incubated 

for 4 h. The medium was replaced with 150 μL of dimethyl 

sulfoxide for dissolution of the MTT formazan produced 

by intracellular mitochondrial dehydrogenases. The optical 

density of formazan salt at 490 nm was measured with a plate 

reader (Synergy H1; Biotek Instruments Inc., Winooski, VT, 

USA). Background absorbance of media was subtracted from 

the readings. Experiments were performed in sextuplicate.

effect of Pah-acP@pMsN on 
osteogenic differentiation of hMscs
cell culture
The hMSCs were plated in a 24-well format at a concentra-

tion of 3×105/well and cultured in 77% Dulbecco’s Modified 

Eagle’s Medium with 10% fetal bovine serum, 10% horse 

serum, 1% L-glutamine, and 2% 100 U/mL penicillin, 

and 100 mg/mL streptomycin. The cells were cultured for 

4 days to enable them to become established. The expansion 

medium was replaced with osteogenic medium (complete 

expansion medium supplemented with 50 μg/mL ascorbic 

acid, 10 mmol/L β-glycerophosphate, and 100 nmol/L dex-

amethasone; MilliporeSigma, St Louis, MO, USA). Differ-

entiated hMSCs were exposed to pMSN (1,000 μg/mL) or 

PAH-ACP@pMSN (1,280 μg/mL) for 7 days. Differentiated 

cells not exposed to materials were used as control.

Quantitative reverse transcriptase-
polymerase chain reaction (qrT-Pcr)
Expression of osteogenic differentiation markers by hMSCs 

was examined in sextuplicate. The total RNA present in the 

hMSCs derived from each experimental or control group was 

isolated and purified using RNeasy Mini Kit (QIAGEN, Valen-

cia, CA, USA). Quality control of the extracted RNA samples 

was performed by measuring their UV absorbance with the 

NanoDrop ND-1000 UV-visible spectrophotometer (Thermo 

Fisher Scientific Inc., Waltham, MA, USA). The quantity of 

extracted RNA was determined from the RNA absorbance 

at 260 nm; RNA purity was determined from the ratio of the 

absorbance (A@260 nm/A@280 nm and A@260/A@230 .1.8 

and ,2.0). Equal amounts of total RNA (0.1 mg/mL) were 

reverse-transcribed into single-stranded complementary DNA 

(cDNA) using a High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Foster City, CA, USA) in a 7,300 real-

time PCR system (Applied Biosystems). Reverse transcription 

was performed at 25°C for 10 min, 37°C for 120 min, and 85°C 

for 5 min. The cDNA was stored at -20°C until use.

Osteogenic target markers employed for qRT-PCR 

were Runt-related transcription factor 2 (RUNX2), alkaline 

phosphatase (ALP), bone sialoprotein (BSP), dentin matrix 

protein-1 (DMP-1), osteocalcin (OCN), and osterix (OSX). 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

was used as the housekeeping gene. A FastStart Univer-

sal SYBR Green Master Kit (Roche Applied Science, 

Indianapolis, IN, USA) was employed for qRT-PCR, 

using forward and reverse primers for the aforementioned 

genes (Table S1) in the 7,300 qRT-PCR system. Plates 

were loaded in the thermocycler and run in regular cycles. 

Each cycle consisted of 50°C for 2 min, 95°C for 10 min, 

40 cycles of denaturing/annealing at 95°C for 15 sec, and 

60°C for 1 min. The comparative threshold cycle method 

(∆∆C
t
) was employed for relative quantification of gene 

expression. The expression level of each target cDNA 

marker was normalized to the GAPDH endogenous control. 

Data output was expressed as fold regulations of mRNA 

Table S1 Forward and reverse primers employed for qrT-Pcr

Gene Primer sequence

Runx2 Forward: 5′-TcaacgaTcTgagaTTTgTggg-3′
reverse: 5′-ggTcaaggTgaaacTcTTgcc-3′

ALP Forward: 5′-aacaTcagggacaTTgacgTg-3′
reverse: 5′-gTaTcTcggTTTgaagcTcTTcc-3′

BSP Forward: 5′-gTTTcgcagaccTgacaTcca-3′
reverse: 5′-gTaTcTcggTTTgaagcTcTTcc-3′

DMP-1 Forward: 5′-cacTcaagaTTcaggTggcag-3′
reverse: 5′-TcTgagaTgcgagacTTccTaaa-3′

OCN Forward: 5′-ggacTgTgacgagTTggcTg-3′
reverse: 5′-ccgTagaagcgccgaTagg-3′

OSX Forward: 5′-ggcaagaggTTcacTcgTTc-3′
reverse: 5′-gTaaagcgcTTggagcagag-3′

GADPH Forward: 5′-ccaTgagaagTaTgacaacagcc-3′
reverse: 5′-gggTgcTaagcagTTggTg-3

Abbreviation: qrT-Pcr, quantitative reverse transcriptase-polymerase chain reaction.
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expression levels, given by 2-∆∆Ct. Gene expressions of 

hMSCs exposed to the pMSN and PAH-ACP@pMSN were 

compared with unexposed hMSCs (control), with the latter 

taken to be unity (value =1).

alkaline phosphatase (alP) activity
Intracellular release of ALP enzyme was measured 

using the Quantichrom ALP assay kit (Bioassay Sys-

tems, Hayward, CA, USA). Colorimetric determination 

was based on hydrolysis of p-nitrophenyl phosphate 

by ALP into inorganic phosphate and p-nitrophenol, a 

yellow-colored product. After exposure of the pMSN 

(1,000 μg/mL) or PAH-ACP@pMSN (1,280 μg/mL) to 

hMSCs cultured in osteogenic medium for 1 week, the 

cells were lysed with 0.2% Triton X-100 for 20 min. The 

cell lysate was mixed with assay buffer. Absorbance of 

p-nitrophenol at 405 nm was recorded every minute for 

a maximum of 16 min using a microplate reader (Syn-

ergy HT; BioTek Instruments, Winooski, VT, USA). 

The level of ALP activity of the cell lysate in IU/L 

(μmol/L/min) was calculated from the equation: (OD
Sample t

 -  

OD
Sample 0

) × Reaction Vol ×35.3/(OD
Calibrator

 - ODH
2
O) × 

Sample Vol × t, where OD is the optical density at 405 nm, 

t is the time in min, and OD
Sample 0

 is the optical density 

at 0 min. The peak value for each material was used for 

comparison among groups (N=6).

statistical analyses
Data sets acquired from each assay were evaluated for their 

normality (Shapiro–Wilk test) and equal variance assump-

tions (modified Levene test). If those assumptions appeared 

to be violated, the data sets were nonlinearly transformed 

to satisfy the assumptions prior to the use of parametric 

statistical methods. For MTT assay, the data were analyzed 

by one-factor analysis of variance (ANOVA), and Tukey 

pairwise comparison procedures at α =0.05.

For qRT-PCR, because the chance of finding one or more 

significant differences in testing six hypotheses (ie, six genes) 

with the same specimens (type I error) is 26.49%, the Dunn–

Sidak correction was used for controlling the familywise error 

rate in multiple comparison procedures. Accordingly, the criti-

cal value (α =0.05) was reduced to 0.0085 for each osteogenic 

marker, so test results with P,0.0085 were only considered 

significantly different from the GADPH endogenous control.

For analysis of ALP enzymatic activity, data from the 

three groups were analyzed with one-factor ANOVA and 

Tukey multiple comparison procedures, with α =0.05.

Figure S1 cytotoxicity of different concentrations of Pah-acP@pMsN on 
hMscs (N=6).
Notes: statistical analysis was performed against the control (0 μg/ml). columns 
labeled with the same color as the control group (blue) are not significantly different 
from the control (P.0.05). Columns labeled with red are not significantly different 
from each other (P.0.05).
Abbreviations: hMscs, human bone marrow mesenchymal stem cells; Pah-
acP@pMsN, poly(allylamine)-stabilized amorphous calcium phosphate-loaded 
expanded-pore mesoporous silica nanoparticles.

Figure S2 mRNA expression profiles of osteogenic target gene markers for 
unexposed hMscs, hMscs exposed to pMsN, and hMscs exposed to Pah-
acP@pMsN. 
Notes: Values are means and standard deviations (N=3). columns within each 
gene marker that are labeled with different designators are significantly different 
(P,0.0085) (uppercase letters for ALP, lowercase letters for DMP-1 and numerals 
for OSX).
Abbreviations: hMscs, human bone marrow mesenchymal stem cells; Pah-
acP@pMsN, poly(allylamine)-stabilized amorphous calcium phosphate-loaded 
expanded-pore mesoporous silica nanoparticles; Runx2, runt-related transcription 
factor 2; ALP, alkaline phosphatase; BSP, bone sialoprotein; DMP-1, dentin matrix 
protein-1; OCN, osteocalcin; OSX, osterix.

Results
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Figure S3 alkaline phosphatase enzyme activities for unexposed hMscs, hMscs 
exposed to pMsN, and hMscs exposed to Pah-acP@pMsN. 
Notes: Values are means and standard deviations (N=6). groups that are labeled 
with different uppercase letters are significantly different (P,0.05).
Abbreviations: hMscs, human bone marrow mesenchymal stem cells; pMsN, 
expanded-pore mesoporous silica nanoparticles; Pah-acP@pMsN, poly(allylamine)-
stabilized amorphous calcium phosphate-loaded pMsN; IU, international unit.
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