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1.  Introduction 

 

Regenerative medicine is an interdisciplinary field that aims to 

restore diseased or injured tissues and organs to their normal functional 

state 1. In order to properly regenerate functional tissue, careful control of 

the behaviour of native cells and of their surrounding is required. One, 

relatively simple and inexpensive approach to achieve this, is the use of 

synthetic biomaterials that can mimic native tissue. In order to be successful, 

materials used in regenerative medicine need to provide temporary support 

to damaged tissue and to exert appropriate cues (e.g. chemical, mechanical, 

topographical) to govern cell behaviour in vivo. Synthetic biomaterials such 

as polymers, metals and ceramics are researched in the context of 

regeneration of various tissues including bone, cartilage and skin. Over the 

past decades, there has been increased interest in incorporating 

nanotechnology in biomaterials design and development, to mimic the 

nanoscale features of tissues and organs. Nanotechnology concerns the 

development of materials in the 5 to 200 nm range in at least one dimension 

2. In the context of regenerative medicine, the development of nanoparticles 

has been of particular interest. Their composition and distinct advantages 

such as low toxicity, high cellular uptake, and large surface area with 

tuneable properties, make them highly versatile for many applications in the 

fields of drug delivery, bio-imaging and theranostics 3 as well as in 

regenerative medicine 2, 4, 5. Several recent reviews summarize their great 

potential for furthering the field of tissue regeneration 6-8. For example, 

nanoparticle’s inherent optical properties have been used to label (stem) 
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cells for real-time monitoring of cell location and fate. Moreover, 

nanoparticles have been applied as carriers for the delivery of drugs and 

signalling molecules such as growth factors or peptides to steer specific 

regenerative processes 8-10. This is advantageous because conventional 

administration of drugs including oral intake or injection often lead to poor 

drug bio-distribution, and bioactive molecules such as growth factors and 

peptides generally have short half-lives in biological fluids. Nanoparticles can 

carry various cargo such as drugs, ions or bioactive molecules within their 

matrix, protecting them from degradation and, in addition, circumventing 

issues with limited drug solubility. Many types of nanoparticles have been 

researched for regenerative medicine applications, including polymeric, 

calcium phosphate, gold and silica based nanoparticles 11. This thesis 

concerns the field of bone regeneration, and for applications in bone, 

especially nanoparticles based on silica and calcium phosphate have been 

investigated.  

 The regeneration of bone defects, resulting from trauma, tumor 

removal, or diseases such as osteoporosis, remains a big challenge in our 

aging population. While bone is capable of natural regeneration, large, 

critical-sized bone defects require intervention, often with use of bone 

(grafts) substitutes. The gold standard treatment involves the use of a 

patient’s own bone from elsewhere in the body (autograft). However, 

autografts have limited availability and complications may occur at the 

harvest site. Therefore, the development of synthetic materials which can 

mimic natural bone is the primary focus of research into biomaterials for 

bone regeneration. Bone is a composite material comprising an organic and 
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an inorganic phase. The inorganic phase of bone consists of calcium 

phosphate (CaP), in the form of carbonated hydroxyapatite. Moreover, CaP 

found in natural bone exists in the form of nano-sized apatite with a calcium-

to-phosphate (Ca/P) ratio close to that of hydroxyapatite 12, 13.  For this 

reason, CaP ceramics are a frequently investigated synthetic biomaterial for 

bone regeneration purposes. In the past decades it has been shown that the 

chemical phase, crystallinity and porosity of CaP ceramics are important 

parameters that influence its ability to bind to bone and stimulate bone 

repair (bioactivity) 14, 15. Several synthetic CaP are used in the clinic in the 

form of bone cement, bone filler or coating of (metallic) implants 16, 17. Pure 

CaP ceramics are, in contrast to natural bone, intrinsically brittle and 

therefore not suitable for load-bearing applications 18. One approach to 

improve the mechanical properties of ceramic materials is to combine them 

with metals or polymers to create composite materials. Using ceramics in 

the nanoparticle size range (e.g. between 20-500 nm), is promising in this 

regard, since they can be easily incorporated into polymeric scaffolds 19, 20, 

owing to their easy handling and small size. Such approaches have resulted 

in the creation of composite materials with improved mechanical properties 

and bioactivity. For example, addition of ceramic nanoparticles to polymer 

scaffolds could promote osteointegration, osteoconduction, and 

osteoinduction processes 21-23.  Indeed, it has been shown that CaP but also 

silica based nanoparticles can efficiently promote stem cell differentiation 

e.g., towards specialised bone cells (i.e., osteogenesis), or promote new 

blood vessel formation (i.e., angiogenesis), both vital processes in bone 

regeneration 24-26.  Due to these favourable properties, CaP nanoparticles 
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have found widespread use in the bone regeneration field. CaP 

nanoparticles have also been used as delivery vehicles for therapeutic 

factors for bone regeneration including antibiotics, anti-inflammatory 

agents, growth factors, and genetic material 24, 27, 28. Next to CaP, also 

mesoporous silica nanoparticles (MSN) and mesoporous bioactive glass 

nanoparticles (MBG) have received a lot of attention in the bone 

regeneration field due to their intrinsic bioactivity and drug delivery 

capabilities. MSN consists of a SiO2 network as the main core structure.  

Over the last decades, the application of MSN in the bone regeneration field 

has increased significantly due to their excellent chemical stability, yet easily 

tuneable surface properties 29. Degraded silica ions from the network can 

stimulate bone regenerative processes, especially enhancing blood vessel 

formation and angiogenesis 30, 31. MSN can be prepared in different sizes and 

shapes such as spheres, disks and needles 32-34. MSN have been used for drug 

delivery purposes due to their unique structure consisting of hundreds of 

mesopores, resulting in high surface area and large cargo loading capacity 

35. This morphology enables MSN to absorb or encapsulate large amounts of 

biomolecules and ions. As such, MSN have been used to deliver a great 

variety of biomolecules, including osteogenic factors such as bone 

morphogenetic protein (BMP) and transforming growth factor-β (TGF-β), 

angiogenic factors such as vascular endothelial growth factor (VEGF), and 

genetic materials such as DNA and RNA 36, 37. Unlike purely silicate-based 

materials, bioactive glasses contain additional calcium and/or phosphorous 

ions within their silicate network 38. Bioactive glass has the unique ability to 

form strong bonds with bone tissue. These occur via interactions with Ca 
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ions within the composite, with an HA layer forming on the glass surface 

upon contact with body fluid 39. Therefore, using bioactive glass for bone 

regeneration has received significant interest over the past decades 40-43. For 

example, addition of bioactive glass nanoparticles to a polymeric scaffold 

can increase its mechanical properties and osteoinductivity 44, 45. The ability 

of bioactive glass to form a strong bond with native bone has also been 

utilized for coating of (metallic) implants used in orthopaedics, dentistry and 

maxillofacial surgery. While the majority of initially developed bioactive 

glass nanoparticles were solid spheres, mesoporous bioactive glass (MBG) 

has been successfully synthesized by adding surfactants during synthesis 

46.The mesoporous structure has resulted in the development of bioactive 

glass nanoparticles for drug and molecule delivery 47.  

 While bioceramic nanoparticles already consist of inorganic 

components which are beneficial for bone regeneration, their biological 

performance can be further improved by incorporating biological additives, 

such as grow factors, peptides or ions. Especially bioinorganic ions are 

interesting additives because they are naturally found in the human body 

and are important for the normal functioning of tissue and organs. In 

addition, due to their low cost and high stability, the clinical use of 

bioinorganic ions can overcome many of the disadvantages associated with 

larger biomolecules such as proteins and growth factors.  Several 

bioinorganic ions such as fluoride, magnesium, strontium, zinc, and copper 

play important roles in bone regeneration, and systemic deficiency of these 

ions can hinder bone development and cause malfunctioning of bone repair 

mechanisms 48-50.  
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Bioinorganic ions can be delivered either systemically, e.g., by oral 

administration, or incorporated into other bone graft substitutes. However, 

proper dose control using these methods is difficult. Bioceramic 

nanoparticles represent a powerful alternative for therapeutic ion 

administration because they allow local ion delivery. Local ion delivery can 

increase therapeutic efficiency and minimize side effects. Moreover, the 

degradation of ceramic nanoparticles can be modulated to allow controlled 

and sustained ion release. This allows a much closer control of the 

therapeutic activity of these ions, which is highly dose-dependent. Due to 

their small size, nanoparticles are intrinsically taken up by cells via 

endocytosis. This enables bioceramic nanoparticles to deliver ions within 

cells rather than in their surrounding environment.  

 

2. Aim and outline for this thesis  

 

The overall aim of this thesis is to study how CaP, MSN and MBG 

nanoparticle design and administration mode affect their ability to promote 

bone processes.   

Following this introduction, chapter 2 of this thesis presents an 

overview of the application of CaP, MSN and MBG nanoparticles in the field 

of bone regeneration. In this review, a summary is given of each of these 

nanoparticles in terms of synthesis and their applications. Furthermore, 

advantages and future perspectives on their (clinical) use in the field of bone 

regeneration, are provided. 
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In chapter 3, we investigated the effect of nanoparticle shape on 

their ability to promote osteogenic differentiation of hMSCs. Specifically, 

round, rice and needle shaped CaP nanoparticles with similar crystallinity 

and chemical composite were synthesized. Their ability to induce 

osteogenesis were evaluated on both gene and protein level. Furthermore, 

their application as nanoparticle suspensions and as nanoparticle based 

films was explored. 

In chapter 4, MSN for multiple ion delivery were developed. CaP 

layers were created onto the MSN surface to allow multiple inorganic ion 

incorporation and pH responsive ion release. The ability of the developed 

MSN to effectively stimulate osteogenesis in hMSCs was assessed and 

compared to direct ion administration in cell culture medium.  

In chapter 5, different modes of ion incorporation in MSN and MBG 

were compared in terms of their ability to induce osteogenesis and 

mineralization of hMSCs. Zinc ions were incorporated in three different 

locations within MSN; within the matrix, on the surface or in the mesopores. 

Ion incorporation efficiency, ion release profiles and their ability to increase 

the ALP activity of hMSCs were investigated.  

In chapter 6, the feasibility of incorporating multiple bioinorganic 

ions into nBGs without changing their morphology and structure via laser-

doping technology, was investigated. The ability of laser doped nBGs to 

stimulate osteogenic differentiation in hMSCs was determined, while their 

ability to induce angiogenesis was analysed using human umbilical vein 

endothelial cells (HUVECs) culture. 
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Chapter 7 discusses the general results obtained from the different 

studies in this thesis. It also provides future perspectives of bioceramic 

nanoparticles in bone regeneration.  In Chapter 8, the impact of the 

main findings of this thesis is discussed. 
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1. Introduction  

 

Traumatic bone defects caused by trauma, or bone cancer removal, 

are a tremendous health burden in the western population. Bone has the 

ability to remodel and an intrinsic capacity to regenerate without the 

formation of scar tissue. However, when a bone defect is larger than 1-2.5 

cm in length, this self-healing can fail and external intervention is required 1-

3. Current treatment options for large bone defects often involve implanting 

patients’ own bone, removed from elsewhere in the body (i.e., autograft), 

to the site of the bone defect. However, there are several complications 

associated with using autografts, including donor site morbidity and limited 

graft availability 4, 5. Therefore, synthetic biomaterials have been proposed 

as off-the-shelf available bone graft substitutes. Many different biomaterials 

are being actively researched for this purpose including metals, polymers 

and ceramic materials or a combination of these materials 4, 6. In order for 

these biomaterials to be effective in load bearing applications, they need to 

provide temporary mechanical support and facilitate new bone formation. 

Bone provides structural support and protection for internal organs 

and serves as a mineral reservoir of the body. It undergoes continuous 

remodelling to meet the changing mechanical demands, and to maintain the 

nutritional balance of the body. The 3D structure and a chemical 

composition with both inorganic and organic components, are responsible 

for its mechanical strength. Specifically, in native bone, nano-sized 

hydroxyapatite (HA) crystals are imbedded periodically along the long axes 

of collagen fibres. These fibres assemble into mineralized collagen fibrils, 
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which are arranged in a staggered array. At the micro level, the fibrils form 

larger structures called osteons. Osteons consist of layers of mineralized 

collagen fibrils surrounding a central canal that contains blood vessels and 

nerves. The bone matrix is populated by several cell types including 

osteoblasts, osteoclasts, bone lining cells and osteocytes. Osteoclasts are 

responsible for resorbing and releasing mineral components, such as 

calcium and phosphate ions from bone matrix, which allows the body to 

maintain a homeostatic balance of ions. Osteoblasts are differentiated from 

osteoprogenitor cells and produce new bone matrix. Osteocytes are mature 

osteoblasts, which can sense mechanical (e.g. changes in mechanical load) 

and chemical stimuli (e.g. cytokines, chemokines and hormones) within 

mineralized bone and can respond by producing signalling molecules that 

regulate bone remodelling. Bone formation in healthy individuals occurs in 

two ways; membranous ossification and endochondral ossification. In 

membranous ossification, or direct ossification, mesenchymal stem cells 

(MSCs) directly differentiate to become osteoblasts. On the other hand, in 

endochondral ossification or indirect ossification, MSCs differentiate into 

cartilage first, and are later slowly mineralized by existing osteoblasts or 

differentiated MSCs. For both routes, the differentiation of MSCs into the 

osteoblast lineage (i.e., osteogenesis), and mineralization of the 

extracellular matrix (ECM), are vital. Formation of new vasculature (i.e., 

angiogenesis) needs to occur simultaneously in order to provide adequate 

nutrients, growth factors, minerals and oxygen to maintain cell viability.  

Thus, the ideal biomaterial should be mechanically strong and have 

the ability to direct both osteogenesis and angiogenesis for successful bone 
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regeneration. Ceramic-based materials, including alumina (Al2O3) and 

zirconia (ZrO2), have been heavily researched as synthetic biomaterial 

alternatives because of their high mechanical strength, which is required for 

load bearing applications. However, these biomaterials are generally 

bioinert and cannot actively stimulate bone formation 7. In contrast, calcium 

phosphate (CaP) ceramics can support the growth of new bone formation by 

providing a scaffold for osteoblasts to adhere to and deposit new bone 

(osteoconductive). Certain compositions of CaP ceramics can also be 

osteoinductive, meaning that they have the ability to stimulate the 

differentiation of stem cells into osteoblasts, leading to the formation of new 

bone tissue. Although CaP ceramics are used for clinical applications, 

including as dental and orthopaedic implants, they typically cannot be used 

for load-bearing applications due to their brittle nature. 

Over the past decades, the development of ceramics at the 

nanoscale has received increased interest because of the same size range as 

CaP apatite found in natural bone 12. Moreover, ceramic nanoparticles 

(CNPs) can show improved bioactivity over macro-sized ceramics by 

providing a larger surface area for cells to interact with. Most frequently 

used CNPs include CaP, mesoporous bioactive glass (MBG), and mesoporous 

silica nanoparticles (MSN). Synthesized CaP can exist in various compositions 

and crystallinity, ranging from highly crystalline hydroxyapatite (HA) to 

amorphous calcium phosphate (ACP), depending on synthesis process used. 

The composition, or calcium to phosphate (Ca/P) ratio, and crystallinity 

effects CaP bioactivity and biodegradation rate.  
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MBG and MSN are silica-based NPs which mainly consist of a Si-O 

network. However, while MBG have an additional Ca-O or P-O bond within 

the Si-O network, MSN consists purely of Si-O bonds. All three CNPs can be 

synthesized in different shapes and sizes, and can also be post-modified to 

allow tissue targeting, imaging or attachment to biomaterial scaffolds. CNPs 

are also often incorporated as fillers in biomaterials, or used as coatings on 

implants to improve their biological and/or mechanical performance. They 

have also shown potential as delivery vehicles for therapeutic agents or 

bioinorganic ions 13, 14. For example, CNPs have been used for the delivery of 

growth factors, including bone morphogenetic protein 2 (BMP2), and 

differentiation supplements, such as dexamethasone (Dex), to promote 

osteogenesis.  Moreover, more recently, CNPs structure have been doped 

with additional bioinorganic ions, which are trace elements in the human 

body that play important roles in facilitating new bone (osteogenesis) and 

new blood vessel (angiogenesis) formation 15, 16.  For example, strontium (Sr) 

promotes osteoblast proliferation and differentiation via activation of the 

calcium sensing receptor in osteoblasts 17-19. Zinc (Zn) and manganese (Mn) 

are able to stimulate osteoblast proliferation, differentiation and 

mineralization 20, 21.  Moreover, several ions are known to stimulate 

angiogenesis such as copper (Cu), magnesium (Mg), cobalt (Co) and boron 

(B) 22-25. CNPs synthesis and structure allow for easy incorporation of ions, 

representing an important advantage for the clinical use of CNPs. 

Incorporating ions into CNPs thus represents a promising alternative to the 

use of therapeutic proteins since they are more cost-effective, and have a 

longer shelf-life. 
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In this review, we provide a comprehensive summary of CNPs and 

their use in the bone regeneration field. A brief introduction to the general 

chemical properties of CaP, MBG, and MSN including their synthesis is 

provided. Furthermore, recent research concerning the application of each 

CNP in bone regeneration, including their role as delivery vehicles of drugs 

and ions, are highlighted. 

 

2. Calcium phosphate nanoparticules (CaPNP) 

 

 As earlier mentioned, CaP are frequently researched ceramics for 

bone regeneration applications because their chemical composition is 

similar to the inorganic phase of bone and teeth. CaP, or more accurately 

calcium orthophosphates, are a family of salts consisting of Ca ions and 

orthophosphoric acid (H3PO4). The Ca/P ratio determines their crystal 

structure and specific physicochemical properties. For example, 

hydroxyapatite (HA), with Ca/P ratio of 1.67, is extensively investigated for 

use in bone repair applications due to their close chemical similarity to nano-

apatite found in bone matrix. Due to the high stability of HA, it is frequently 

used as dental and bone defect filler. In contrast, the highly interconnected 

porous alpha-tricalcium phosphate (TCP) is more soluble in comparison to 

HA, and can act as a source of Ca and P ions when material degradation is 

desirable.  

Nano-sized needle-shaped apatite crystals as found in bone have 

inspired the synthesis of HA NPs but also other CaP phases. CaPNP in 

different sizes, shapes and crystallinity have been synthesized and it has 
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been shown that CaP morphology has a significant effect on their ability to 

promote bone formation, although the mechanisms are often not 

completely understood 26-29. For example, Cai et al. found that human MSCs 

exposed to 20 nm sized CaPNP led to  significantly higher cell proliferation 

compared to exposure to 80 nm sized and micrometer- sized CaP 27. This 

may be due to a more pronounced uptake of smaller NPs, thereby  increasing 

intracellular Ca ion release 29. Also, crystallinity plays an important role in 

the degradation of CaPNP, with lower ion release rates observed from 

particles with higher levels of crystallinity 30. Interestingly, CaPNP with high 

crystallinity but low solubility could promote cell adhesion 31, 32.   

CaPNP can be synthesized using various methods including wet-

chemical precipitation, sol-gel, plasma-spray pyrolysis, and solid-state 

reactions 33-38. Wet precipitation is straightforward and cost-efficient 

because Ca and P salts are highly soluble in water and precipitation occurs 

instantaneously in basic conditions. However, the precise control over 

synthesis parameters such as time, pH, concentration, temperature, and 

precipitation time is required in order to produce CaPNP with consistent size 

and crystallinity 39. The sol–gel method involves precursors to undergo 

hydrolysis and condensation reactions, often in an organic solution. This 

synthesis method allows high control over the chemical composition (Ca/P 

ratio), which is important to control the crystallinity of the NPs. However, 

the particle yield is often low. Plasma-spray pyrolysis is a technique where a 

precursor solution is injected in nano or micro-sized droplets. Particle 

formation occurs as the droplet is passed through a plasma flame at a high 

temperature. The (nano)particle size and crystallinity can be adjusted by 
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modifying synthesis parameters such as type of solvent and temperature. 

However, one disadvantage of this method is that it is difficult to achieve 

homogenously sized particles and specialized equipment is needed. 

Moreover, the high processing temperatures prevent the incorporation of 

organic compounds.  

In solid-state methods, Ca and P precursor salts are mixed and 

ground into fine powder, which then undergoes high temperature 

treatment to form CaPNP. This method usually yields well-crystallised CaPNP 

in large quantities, however, is only suitable for thermally stable CaP phases. 

Moreover, long exposure to high temperatures causes NPs to agglomerate 

and melt together, resulting in sintered micro and macro material as the final 

product 38, 40. Therefore, the addition of a mechanical process such as milling 

or grinding is necessary to achieve nano-sized particles 41. Thus, obtaining 

homogenous NPs via this method remains challenging 42, 43.  

Using the techniques outlined above, CaPNP can be synthesized in 

many sizes, shapes and crystallinities, as demonstrated in Figure 1. The large 

diversity in synthesis methods give scientists the advantage to create CaPNP 

that can be tailored depending on the application. 
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Figure 1: Examples of CaPNP with different morphology and crystallinity: (A)  HA nano-

needles by wet precipitation 44, (B) HA nanorods by wet precipitation at high temperature 

45, (C) nanowires by microwave-assisted hydrothermal method using ATP as phosphorus 

source 46, (D) OCP fibers by urea hydrolysis method47, (E) HA whiskers by hydrothermal 

method using amide as the homogeneous precipitation reagent 48, (F) SrHA whiskers by 

hydrothermal method using amide as the homogeneous precipitation reagent49, 

(G) DCPD whiskers by hydrothermal reactions of Ca-chelated reagent 50, (H) HA nanorods 

by hydrothermal-microemulsion method 51, (I) HA nanorods by liquid-solid-solution (LSS) 52, 

(J) HA nanowires using CS as hard template 53, (K) HA nanowires using xonotlite nanowires 

as precursors 54, (L) millimetre-sized HA whiskers by Cl−–OH− ion exchange 55, (M) HA 

whiskers by solid state method 56 , (N) HA wires by electro-deposition (flux) method 57, and 

(O) HA fibers by electrospinning technique 57. Source: Kaili et al. 58. 
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2.1 Application of CaPNP in the field of bone regeneration 

 

As synthesis methods have improved, the use of CaPNP for bone 

regeneration applications has rapidly increased in the past decade. While 

there is a huge variety of medical applications for nanosized CaP, including 

as bone fillers 59, coatings for dental implants 60, additives in scaffolds for 

cartilage regeneration 61, drug and  gene delivery carriers, and bioimaging 62, 

here we will focus on the application of CaPNP  in thebone regeneration 

field. 

 CaPNP coatings on metallic implants is a promising method to 

promote bone integration between an implant surface and native bone. 

Coatings based on CaPNP have been used to improve metal implant fixation. 

Different techniques are currently being used to coat CaPNP onto metallic 

or polymeric implant surface, such as electrochemical deposition 63, plama-

spraying 64 and biomimic deposition 65, 66. Several studies have shown that 

coatings prepared from nano-sized HA can improve bone integration 67-69. 

For example, Aksakal et al. reported better in vivo fixationand 

osteointegration of nano-sized HA coated metallic screws compared to 

those coated with CaP microparticles 70. A few studies have investigated the 

influence of CaPNP shape on their ability to promote bone regeneration 38–

40. It has been shown that cells can sense topographical  cues on 2D surfaces 

via formation of focal adhesions through integrin receptors, which can 

promote cell proliferation and differentiation 71. One such study reported 

higher upregulation of bone-specific protein osteocalcin (OCN) and alkaline 

phosphotase (ALP) osteogenic markers when human MSCs were exposed to 
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needle-shaped CaPNPs surface compared to spherical CaPNP surface 38. 

Needle-shaped CaPNP can also increase osteogenic protein expression (e.g., 

Runx2, OPN and OCN) in osteoblasts compared to spherical CaPNP 72. Also 

our work demonstrated that CaPNP shape played an important role in their 

ability to upregulate markers related to osteogenesis 73. Specifically, Runx2, 

BMP2, OPN and OCN gene levels were significantly increased when human 

MSCs were cultured on surfaces prepared from needle-shaped CaPNPs. In 

contrast, rice- and spherical-shaped CaPNP were less efficient in 

upregulating these genes. 

 Similar to bulk CaP ceramics, CaPNP can be implanted directly into 

the damaged site as bone cement or compressed to form a bulk structure 74-

76. However, bulk materials made by agglomerating CaPNPs often lack the 

mechanical strength required for weight bearing applications. CaPNP can be 

added to other (synthetic) biomaterials such as collagen as filler 

components, which can lead to composite biomaterials with improved 

mechanical properties 77-79. For example, it has been demonstrated that by 

combining collagen with nano-HA, a composite material with high elasticity 

(0.15–20 GPa), similar to bovine cortical bone (3–30 GPa) could be obtained 

80. In a similar study, Gahawar et al. showed that the addition of HA NPs not 

only improved the mechanical strength and elasticity of poly(ethylene 

glycol) (PEG) hydrogels, but also the cell adhesion to the scaffold with 

increasing nano-HA weight percent 81.    

 Due to their small size, CaPNP have also been used as  delivery 

carriers for various cargoes, such as antibiotics and anti-inflammatory drugs 

82,  growth factors and morphologic proteins83. Therapeutic molecules can 
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be incorporated in CaP either via co-precipitation or surface adsorption. 

Since bacterial infections are a major concern in the treatment of bone 

defects, various antibiotics such as tetracycline and gentamicin have been 

successfully combined with CaPNP 82, 84, 85.  

Crucial growth factors for bone regeneration, such as BMP2 which 

stimulates osteogenesis and vascular endothelial growth factor (VEGF) 

which promotes blood vessel formation, have also been incorporated into 

CaPNP to stimulate bone regeneration 83, 86, 87. Moreover, CaPNP are also 

widely used for the delivery of genetic cargo due to the presence of Ca ions, 

which increases the loading volume for genetic material 88-90. An advantage 

of CaPNP over other viral vectors is that they can enhance osteogenesis 

despite their low transfection efficacy (10–20% compared to 40%-50% for 

viral vectors). While the mechanism of CaPNP as transfection carriers is not 

yet fully understood, it has been hypothesized that Ca ions not only 

intrinsically induce osteogenesis but also aid the transcription process of the 

delivered genetic material 91.  An extensive overview on CaPNP used for this 

application can be found in reviews by Bakan 92 and  Levingstone et al. 93.  

Interestingly, the drug loading capacity of CaPNP can also be affected by 

shape, which is probably related to the dependency of surface area on NP 

shape. For example, one study showed that platelet-like CaPNP can adsorb 

1.3 times higher amount of  drugs  compared to needle-like NPs of the same 

weight 94. Moreover, another study showed that spherical CaPNP have 

higher drug loading and drug release capacity compared to flaky, square or 

elongated orthogonal shaped CaPNP 95.  
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 In addition to organic molecules, CaPNP can also be doped with 

inorganic ions to improve their ability to promote osteogenesis or provide 

additional functionalities to the materials such as anti-bacterial or anti-

inflammatory properties. Inorganic ion substitution in CaP material has been 

well studied and applied for bone regeneration purposes 97, 98. Several 

inorganic ions such as Sr, Zn, Cu, and silver (Ag) have been successfully added 

to CaPNP without altering the morphology of the NPs. Scaffolds consisting 

of Sr-CaPNP showed a more pronounced cell adhesion, proliferation, and 

osteogenic differentiation as demonstrated by the ALP activity of 

osteoblasts as compared to plain CaPNP 99, 100. Apart from being doped 

independently, Sr can also be co-doped along with other ions such as Ag for 

additional anti-bacterial capability 101. Zn-doped CaPNP induced higher ALP 

activity in MSCs, but decreased their mineralization ability in comparison to 

pure HA NPs 102. Cu is often used for its antibacterial properties. Cu-doped 

HA NPs have been shown effective against Staphylococcus aureus (S. 

aureus), which is commonly associated with bone device-related infections 

103.  

 

3. Silica-based nanoparticles  

 

The application of silica-based NPs in the field of bone regeneration 

has expanded rapidly over the last decade107.  MBG and MSN have especially 

found widespread use as drug delivery carriers due to their ordered 

mesoporous structure. This mesoporous structure provides a large surface 

area and volume for cargo loading. Moreover, the biocompatibility, easily 
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tuneable porosity, and possibilities for surface functionalization make them 

interesting candidates for controlled and/or targeted delivery of various 

cargo.  

The difference between MBG and MSN lies in their chemical 

composition. While MSN consist of pure SiO2 network, MBG also contain 

CaO and/or P within their structure. The presence of Ca and/or P ions 

facilitates the deposition of CaP on to the MBG surface. This deposited CaP 

layer renders MBG the bone bonding, which is a reason for their name 

bioactive glass. It is known that Si, Ca and P ions released from MBG and 

MSN can positively affect osteogenic differentiation of human MSCs and 

osteoblasts 108-111. Therefore, controlling the amount of these ions and their 

release are of primary importance in developing both MBG and MSN for 

application in the bone regeneration.  

 

3.1 Mesoporous bioactive glass nanoparticles (MBG)  

  

MBG are generally produced using the modified Stöber’s method 112. 

Introduction of Ca, P and other ions into the silica network is done either via 

ion absorption or direct introduction during nucleation of the particles. In 

order to create the mesoporous structure, surfactants such as cetyltrimethyl 

ammonium bromide (CTAB), P123, and F127 are often used as templates to 

form a micelle structure directing NP growth. The hydrophilic parts of 

micelles provide the nucleation sites for siloxane precursors. After the SiO2 

network is formed, the surfactant can be removed, resulting in a NP with a 

mesoporous structure. Surfactant choice affects the pore size, while the ion 
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precursor greatly affects particle shape, size and morphology of the MBG. In 

a study comparing 24 mesoporous bioactive glass compositions, only those 

with at least 60% of SiO2 content could form an ordered mesoporous 

structure 113. Due to the well-known stimulatory effect of Ca on 

osteogenensis, many researchers have attempted to maximize the amount 

of Ca within MBG. However, a Ca ratio of more than 20wt% is difficult to 

achieve, even if high Ca ion concentrations are present during the synthesis 

process. In addition, higher Ca amount increases the overall particle size and 

lowers the overall size homogeneity of MBG 114, 115.  The addition of specific 

ions into the SiO2 matrix can also affect the pore formation and integrity of 

the MBG network. For example, Zn and Cu addition led to an increase of the 

surface area and pore volume 116, 117, while Mg, Zn and Sr doping weakened 

the overall SiO2 network structure by expanding the lattice, which led to 

higher degradation rates 118-120. 

 

3.1.1 Application of MBG in bone regeneration 

  

Thanks to their unique ability to form strong bonds with bone tissue, 

MBG are researched   for bone regeneration applications. The ordered 

mesoporous structure has also been used for drug delivery applications 126-

129. Examples include the use of MBG for delivery of antibiotic drugs  such as  

vancomycin 130, anti-inflammatory drug ibuprofen 131, but also several 

examples of gene delivery exist 132-134. For example, Li et al. demonstrated 

that amine modified MBG could successfully transfect cells with a green 

fluorescent protein fusion plasmid 132.  In a study by Kim et al., enlarged pore 
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MBG were used to transfect rat MSCs with BMP2-pDNA, which  significantly 

improved localized bone regeneration when collagen gels containing the 

MBG were implanted into a bone defect site 135. In a similar study it was 

shown that MBG containing osteogenic growth peptide incorporated within 

polymer scaffolds led to improved scaffold mineralization, where Ca release 

from MBG could aid gene transfection 136.  

While MBG in their original form can stimulate osteogenesis and 

angiogenesis, the addition of inorganic ions into MBG (i.e., ion doping) is a 

popular approach to further enhance their bioactivity such as their 

osteogenic potential, or add other functionalities, such as anti-bacterial and 

anti-inflammatory properties 137.  For example, several ions such as Ag, 

Manganese (Mn), Cerium (Ce), and Cu with known antibacterial properties 

have been incorporated into MBG. Ag is the most popular ion for this 

purpose as it is effective against both gram-positive and gram-negative 

bacteria. Ag can induce reactive oxygen species (ROS) such as OH−, O2−, and 

H2O2 production which causes cell damage 138, 139. While Ag has been 

successfully incorporated into solid BG particles, there are limited studies 

using MBG 140-142.  One such study reported co-doping of Ag and Mn in MBG, 

which led to reduced S. carnosus and E. coli growth, while enhancing human 

osteoblast-like cells (MG-63) proliferation in vitro 142. In contrast to Ag, Ce 

can be both anti-bacterial and anti-inflammatory, depending on its oxidation 

state (Ce3+ or Ce4+). At high pH, Ce3+ acts as an antioxidant 143, 144, while at 

low pH, Ce4+ becomes a pro-oxidant and can induce ROS, leading to anti-

bacterial activity 144. Kurtuldu et al. tested the anti-inflammatory and anti-

bacterial activity of Ce containing MBG on RAW 264.7 cells (pro-
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inflammatory macrophage cells). The study found that RAW 264.7 cells 

exposed to Ce containing MBG,  resulted in decreased nitric oxide release, 

indicating an anti-inflammatory response and also a reduction in biofilm 

formation was observed 145. Han et al., demonstrated that Cu- doped MBG 

exhibited an antibacterial effect against porphyromonas gingivalis while also 

promoting migration of human umbilical vein endothelial cells (HUVECs) 146. 

In order to achieve successful bone regeneration, the formation of 

blood vessels to replenish nutrients and oxygen to cells is critical. In addition 

to Si, several inorganic ions that are known to stimulate angiogenesis such 

as Cu, magnesium (Mg) and cobalt (Co) have been incorporated into MBG. 

For example,  zebra fish embryos exposed to Cu-MBG led to increased 

vascularization in comparison with Cu-free MBG 147. 

MBG ion doping with bivalent ions such as Sr, Zn, and B can further 

enhance their osteogenic potential. For example, incorporation of Sr in MBG 

led to the upregulation of osteogenic gene expression including ALP, 

osteoprotegerin (OPG) and collagen I (Col I) in osteoblast-like SAOS-2 cells 

148. Zn containing MBG (Zn-MBG) could enhance in vitro mineralization, ALP 

activity, and the production of intracellular protein osteocalcin in rat MSCs 

in comparison to MBG without Zn 110. The choice of ion to be incorporated 

into MBG requires careful consideration, because it may also stimulate other 

biological processes. For example, B is known to play an important role in 

bone homeostasis 150. However, one study showed that B-doped MBG  (B-

MBG)  also reduced the inflammatory response of macrophages in addition 

lowered formation of osteoblasts compared to non-doped MBG 125, 151. 

Moreover, Zheng et al., showed that B-MBG downregulated the expression 
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of pro-inflammatory cytokine expression of IL-1β and IL-6 in comparison to 

bare MBG. 

 

3.2 Mesoporous silica nanoparticles (MSN) 

   

Unlike MBG, MSN consists of pure silica (Si-O) bonds without 

additional network modifiers. Generally, MSN synthesis follows the modified 

Stöber’s method, using surfactants as the templating agent similar to that of 

MBG synthesis 112, 152, 153. MSN have made a large impact in the drug delivery 

field, and have been used to carry diverse cargo such as hydrophobic drugs, 

peptides, proteins, and other nanoparticles within its mesopores 154. MSN 

synthesis is very flexible; NP size, mesopore size and internal structure (e.g., 

hollow or core shell structure) can be adjusted to improve their drug delivery 

capabilities.  For example, hollow MSN exhibited higher loading capacity of 

antibiotic tetracycline drug and slower release compared to traditional MSN 

155. Moreover, the MSN surface can be further modified for tissue targeting 

or to allow controlled drug release by using pore gatekeepers. Gatekeepers 

prevent premature drug release and can be functionalised to be responsive 

to specific stimuli, such as pH, temperature, light, redox agent or enzymes. 

The use of gatekeepers for controlled drug delivery from MSN have been 

comprehensively reviewed by Aznar et al 156.  

Another approach to control the release of incorporated cargo is by 

controlling the degradation of MSN themselves. One method is to dope the 

silica matrix with metal ions such as Fe, Mn, Mg or Cu. The addition of these 

ions can accelerate MSN degradation when exposed to specific 
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environments 157-159. For instance, Fe doped MSN resulted in two-times 

increased degradation rate compared to that of non-doped MSN in serum-

rich environments 157, 160. Mn-doped hollow MSN (Mn-HMSN) rapidly 

dissolved in the presence of high concentrations of glutathione (GSH), 

compared to their non-doped counterpart 158.  

Degradation of MSN can also be achieved by incorporation of disulphide 

bonds (S-S) into the silica network 161,162.  S-S bond cleavage could be 

triggered by an intracellular redox reaction. Several studies reported the 

synthesis of MSN with disulphide-bonds to achieve desirable 

biodegradability without affecting the overall shape of the NPs 163-165. In one 

study, S-S MSN was used to improve the delivery of chemotherapeutic drug 

temozolomide to glioblastoma cancer cells by doubling the amount of drug 

released 164. 

 

3.2.1 Application of MSN in bone regeneration 

 

Within the field of bone regeneration, MSN have been used for the 

delivery of several types of molecules to stimulate bone formation including 

Dex, a corticosteroid drug that stimulates osteogenesis in bone cells, and 

growth factors such as BMP2 that are important for bone formation. For 

example, in one study, Dex was loaded within the mesoporous structure and 

the surface was further modified with chitosan to allow controlled drug 

release. The NPs were then incorporated into a poly-l-lactic acid scaffold and 

adipose tissue-derived human MSCs were seeded inside the scaffold. The 

scaffold with Dex-loaded MSN showed improvement in cell proliferation, 
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osteogenic differentiation and mineralization compared to scaffolds without 

MSN and scaffolds with non-loaded MSN 166.   

Due to their large size, growth factors such as BMP2 cannot be 

incorporated in the mesoporous system. However, several studies showed 

successful BMP2 delivery by immobilization on MSN surface 167, 168. Dual or 

multiple factor delivery, e.g., by loading both in the mesopores and on the 

surface, can lead to improved therapeutic outcomes 168, 169. For example, in 

one study, a BMP2 peptide was covalently grafted onto the surface of MSN 

and Dex was loaded into the mesopores. This dual delivery system could 

significantly increase ALP activity levels, osteogenic proteins expression 

(RUNX2, OCN) and mineralization in human MSCs in comparison to both 

control group (bare MSN) and MSN that contained only Dex or only BMP2. 

Ectopic bone formation in rats was used to evaluate the osteoinductive 

potential of bare MSN, BMP2-grafted MSN and BMP2-grafted/Dex-loaded 

MSN. The dual system showed a higher ability to induce ectopic bone 

formation compared to bare MSN and BMP2-grafted MSN 134. In a similar 

study, Sun et al. developed MSN loaded with Dex and surface coated with 

chitosan and QK peptide, a VEGF mimicking peptide. This dual system 

improved differentiation of both human MSCs and HUVECs in vitro and 

induced the formation of blood vesicles in chicken embryos (chorioallantoic 

test) 170. New bone formation in vivo was shown in a rat bone defect model 

using micro-CT imaging after 8 weeks of treatment, while 

immunofluorescence staining showed increased expression of CD31 marker 

in endothelial cells.  
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Figure 2: A Schematic illustration of the synthesis method for aminated mesoporous MSN; 

(B, C) TEM images of mesoporous MSN and BMP2-loaded NPs; (D) the size distribution of 

SNPs before (black) and after (red) the modification process. (Bottom) The progress of new 

bone (NB) formation after 3 weeks for unmodified (left), after loading BMP2 growth factor 

(middle), and after simultaneous loading of both Dex and BMP2 in mesoporous SNPs (right). 

Figure adapted with permission from 168. 

 

Besides delivery of drugs and small therapeutic molecules, MSN have also 

been used to effectively deliver genetic materials such as DNA and RNA 171, 

172. For example, Kim et al. incorporated siRNA in hollow MSN to knockdown 
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the Pelkho-1 gene in osteoblast cells.  Similarly, Raimundo et al. used MSN 

coated with poly (ethylenimine) to deliver SOST gene siRNA and osteostatin 

in an osteoporosis mouse model. They successfully showed SOST gene 

expression reduction and increased RUNX2 and ALP gene expression and 

new bone formation in vivo 173. Although not as widely studied as MBG, MSN 

have also been used for bioinorganic ion delivery. Several reports have 

demonstrated doping of MSN with ions such as Sr and Zn for bone 

regeneration 174-176. Liu et al. showed that MSN containing 6wt% Sr could 

efficiently promote in vitro mineralization and new bone formation in vivo 

compared to non-doped MSN 174. In our recent study, we showed that MSN 

containing multiple ions is significantly more efficient in promoting hMSC 

osteogenesis compared to single ion delivery using MSN 177.  
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4. Future outlook 

 

CNPs have high potential for use in the bone regeneration field due 

to their excellent biocompatibity and intrinsic ability to promote bone 

growth. CNPs have been used to improve the mechanical properties of 

scaffolds made of other biomaterials, but also as delivery vehicles aiding 

processes relevant for bone regeneration, such as osteogenesis and 

angiogenesis. In the past decades, there have been many advancements in 

their synthesis and (surface) modification methods, offering fine control 

over material and surface properties. Several studies have shown how 

material properties such as size, shape and crystallinity, play important roles 

in CNP ability to promote bone regenerative processes. Moreover, we and 

others have shown that also their application mode (e.g., as coatings or as 

injectables) are important for their ability to induce and facilitate tissue 

regenerative processes. However, the mechanisms that lie behind these 

observations are currently poorly understood. Future efforts should focus 

on understanding the role different material parameters including shape, 

composition and ion release profiles, play in relevant biological processes. 

This knowledge will help scientists in the field to design better performing 

nanomaterials capable of efficiently guiding bone formation processes.  

Ion doping of CNPs is a promising strategy to improve CNPs biological 

performance. Incorporating multiple ions could lead to CNPs that are more 

bioactive or can promote multiple biological processes simultaneously. 

Indeed, several studies demonstrate that combining multiple ions in one 

CNP can significantly improve their in vitro performance. However, 
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incorporating multiple ions into CNP is often difficult due to interference 

between ions which can negatively impact particle formation and 

morphology.  Some successful attempts of multiple ion doping into MBG 

have been demonstrated, albeit in low concentrations. Research into MSN 

for ion delivery is still in its infancy, however, several papers have shown that 

MSN surface can be modified with a CaP surface layer for drug delivery 

purposes 178. More research is needed to investigate good synthesis 

methods that allow efficient multiple ion doping, but also what ion 

combinations aid bone regenerative processes. 

For CaPNP in particular, a lot of research has focused on developing 

methods to control ion doping, crystallinity, and particle degradation. 

Furthermore, their use as biocompatible gene carriers has been established 

and validated both in in vitro and in vivo models. Although much progress 

has been made, precise control over morphological properties such as shape 

and size as well as homogeneity in their chemical synthesis, remains a 

challenge in the synthesis of these NPs. As a consequence, relatively little is 

known about the importance of these structural properties on their ability 

to promote de novo bone formation, which is important to understand their 

mode of action, and to increase their impact in the field.  

BG has evolved a long way from simple solid glass composites to the 

structurally more complex MBG, both in synthesis methods and in their 

application. MBG have shown higher bioactivity than their solid counterpart 

due to an increased surface area and porosity. Moreover, MBG are 

biodegradable and the ionic dissolution products of MBG are known to 

benefit new bone formation, but have also been reported to e.g., induce 
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angiogenesis or prevent bacterial infection. More importantly, their porous 

structure makes them suitable for drug delivery purposes. Recent years have 

demonstrated MBG as versatile materials for the delivery and co-delivery of 

ions, growth factors and small molecules. Therefore, MBG hold great 

promise as multipurpose tools in bone regeneration and other tissue 

regeneration fields. To maximize their use as multifunctional drug delivery 

tools, methods that allow surface modification to provide controlled drug 

delivery will likely further increase the clinical potential of MBG, but also 

their use in other fields such as soft tissue regeneration should be more 

actively explored. 

MSN have been extensively used as nanocarriers, particularly for 

small molecule-, peptide- and gene delivery. Thanks to advancement in silica 

chemistry, MSN surface and core network can be modified with relative ease 

in comparison to other CNPs. However, their application in bone 

regenerative is relatively limited and mainly focuses on establishing their use 

as drug delivery tools. Research on how ions could be incorporated into MSN 

to increase their bioactivity and biodegradability is however limited, while 

successful incorporation of ions could lead to more bioactive MSN. 

Moreover, their use in other areas, such as in imaging tools, or as 

components in composites could be explored further to maximally exploit 

their potential.  
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Abstract 

 

Calcium phosphates (CaPs) in the form of hydroxyapatite (HA) have 

been extensively studied in the context of bone regeneration due to their 

chemical similarity to natural bone mineral. While HA is known to promote 

osteogenic differentiation, the structural properties of the ceramic have 

been shown to affect the extent of this effect; several studies have 

suggested that nanostructured HA can improve the bioactivity. However, 

the role shape plays in the osteogenic potential is more elusive. Here we 

studied the effect of HA nanoparticle shape on the ability to induce 

osteogenesis in human mesenchymal stromal cells (hMSCs) by developing 

nanoparticle films using needle-, rice- and spherical-shaped HA. We showed 

that the HA films made from all three shapes of nanoparticles induced 

increased levels of osteogenic markers (i.e. runt-related transcription factor 

2 (RUNX2), bone morphogenetic protein 2 (BMP2), alkaline phosphatase 

(ALP), osteopontin (OPN), osteocalcin (OCN) on protein and gene level in 

comparison to hMSCs cultured on cover glass slides. Furthermore, their 

expression levels and profiles differed significantly as a function of 

nanoparticle shape. We also showed that nanoparticle films were more 

efficient in inducing osteogenic gene expression in hMSCs compared to 

adding nanoparticles to hMSCs in culture media. Finally, we demonstrated 

that hMSCs morphology upon adhesion to the HA nanoparticle films is 

dependent on nanoparticle shape, with hMSCs exhibiting a more spread 

morphology on needle-shaped nanoparticle films compared to hMSCs 

seeded on rice- and spherical-shaped nanoparticle films. Our data suggests 
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that HA nanoparticle films are efficient in inducing hMSC osteogenesis in 

basic cell culture conditions and that nanoparticle shape plays a vital role in 

cell adhesion and morphology and extent of induction of osteogenic 

differentiation. 
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1. Introduction 

 

Calcium phosphate (CaP) ceramics are extensively used materials in 

the field of bone regeneration due to their inherent ability to stimulate and 

facilitate bone formation in vivo 1-6. CaP ceramics are chemically similar to 

the inorganic component of human bone, which is composed of nano-sized 

CaP crystals in the form of hydroxyapatite (HA). To circumvent the 

drawbacks associated with autologous bone grafts, which include limited 

availability and donor site complications, researchers have focused on 

developing synthetic HA-based bone graft substitutes. Synthetic HA 

ceramics have demonstrated excellent biocompatibility and bioactivity in 

terms of osteoconductivity and bone-bonding potential 7-15. Amongst other 

applications, HA ceramics have gained interest for use as coatings on 

(metallic) implants to improve cell adhesion and increase bone-to-implant 

contact in vivo 16-19. While HA is generally accepted as a bioactive material in 

a bony environment, the chemical and structural characteristics of the HA 

surface highly affect the extent and the type of interactions between the 

material and the local (cellular) environment. For example, the chemical 

composition influences cellular interactions with the surface and can be 

employed to tune protein adsorption on a material, a pre-requisite for cell 

attachment 20, 21. Additionally, the ceramic itself can affect the dynamics of 

calcium and phosphate ions exchange with the microenvironment, which in 

turn may favour the deposition of new bone matrix 22-24. The HA surface 

structure, the so-called surface topography, can also modulate cellular 

behaviour where it has been shown that especially structural features at 
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nanoscale can positively influence cell adhesion and subsequent hMSC 

proliferation and differentiation 25-28. 

A popular way to create nanostructured HA coatings is by depositing 

nano-sized HA particles on implant surfaces 29-31. Driven by the popularity 

and potential of HA nanoparticles (nHA) in the field of bone regeneration 

but also in the field of drug delivery 32, 33, many methods have been reported 

to chemically synthesize nHA including various wet and dry synthesis 

method 30, 33-37. However, obtaining nHA with homogeneous shape and size 

remains challenging. This is especially true for wet chemical precipitation 

methods as calcium and phosphate ions can spontaneously precipitate and 

crystallize above pH 7. As a result, the effect of nHA shape on the ability to 

induce osteogenic differentiation in hMSCs is much less studied, although 

several studies hint that nHA shape plays an important role in their 

osteogenic effect. For example, Xu et al showed that osteoblasts cultured 

with needle-shaped nHA increased cell proliferation and upregulated 

alkaline phosphatase (ALP) and osteocalcin (OCN) expression after 4 days, 

compared to osteoblasts exposed to spherical nHA 38. Another study 

reported that HA nanospheres triggered a stronger osteogenic effect in 

hMSCs compared to HA nanorods 39. In contrast, Liu et al. reported a 

relatively limited effect of spherical nHA on its ability to promote osteogenic 

differentiation in hMSCs under standard culture conditions 40. Importantly, 

these studies were performed under conditions where HA nanoparticles 

were directly added to the cell culture media of hMSCs adhered to the 

surface, and their osteogenic effect was related to hMSCs cellular uptake of 

nHA. The effect of different nanoparticle shapes on their osteogenic 
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potential when deposited in the form of stable coatings has, to our 

knowledge, not yet been studied.   

Here we synthesized needle-, rice- and spherical-shaped nHA and 

used these to deposit homogeneous films on glass slides. We investigated 

the effect of nanoparticle shape on the expression profiles of different stage 

osteogenic markers in primary hMSCs. Specifically, we investigated the 

effect of nanoparticle shape on bone morphogenetic protein 2 (BMP2), and 

runt-related transcription factor 2 (RUNX2) which are important markers in 

the first stage of bone formation where mesenchymal precursors commit to 

osteoblast differentiation lineage. In addition, we investigated the effect of 

nHA shape on ALP, osteopontin (OPN), and OCN, which are good indicators 

of middle to later stage bone formation where there is an increase of 

metabolic activity and bone cells deposit and mineralize matrix 41. In 

addition, the morphology and adhesion of hMSCs on the different 

nanoparticle films were analysed. Finally, the ability of nanoparticles to 

induce osteogenic differentiation when added as single particles to the cell 

culture medium and nanoparticle conditioned media was compared to 

osteogenic marker expression of hMSCs cultured on the nHA films. 

 

2. Experimental Methods 

 

2.1. Materials  

 

Tetraethyl orthosilicate (TEOS),3-mercaptopropyl triethylsilane 

(MPTES), triethanolamine (TEA), 3-aminopropyl triethoxysilane (APTES), 
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cetyltrimethylammonium chloride (CTAC), cetyltrimethylammonium 

bromide (CTAB), ammonium fluoride, hydrochloric acid (37%), ammonium 

nitrate, N,N-dimethylformamide (DMF), phosphate-buffered saline (PBS), 

foetal bovine serum, ascorbic acid, bis[N,N-

bis(carboxymethyl)aminomethyl] were purchased from Sigma Aldrich GmbH 

(Germany). Absolute ethanol, paraformaldehyde (PFA), Triton X-100, bovine 

serum albumin (BSA), Tween-20 and Alizarin Red S (sodium alizarin 

sulphonate) were purchased from VWR (US). Minimum essential medium 

alpha (αMEM), L-glutamine, and trypsin were purchased from Fisher 

Scientific (The Netherlands). Penicillin and streptomycin were purchased 

from Gibco Life Technologies (US).  

 

2.2. Synthesis of needle-shaped HA nanoparticles 

 

To produce needle-shaped nanoparticles, 0.6 mM calcium nitrate 

and 0.4 mM potassium phosphate salt solutions in milliQ water (40 ml) were 

prepared. Both salt solutions were slowly added drop wise via a syringe 

pump at 2 ml per min into a reactor containing 100 ml milliQ water under 

rigorous stirring. The reaction was kept at pH 10 by adding ammonium 

nitrate. After 20 minutes, 1 ml of a 6 µM calcium nitrate solution was added 

to the mixture. To stop crystal growth, 1 ml 4 µM phosphate– polyethylene 

glycol (phosphate-PEG) solution was added to the reactor immediately after 

addition of calcium nitrate solution. Afterwards the mixture was washed 

three times with absolute ethanol using centrifugation. The slurry was then 
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dried overnight before sintering at 800 οC for 12 hours to remove PEG-chain 

from the surface.  

 

2.3. Synthesis of rice-shaped HA nanoparticles  

 

In order to achieve rice shape HA nanoparticles, CTAB was used as a 

template. 0.6 mM calcium nitrate and 0.4 mM potassium phosphate 

solutions were slowly added drop wise via a syringe pump at 2 ml per min 

into 1 mM of CTAB in milliQ water under the rigorous stirring. After washing 

with absolute ethanol three times, the CTAB template was removed via ion 

exchange reactions under basic conditions: nanoparticles were resuspended 

in 100 ml absolute ethanol with 100 mg of NH4NO3 for 45 minutes at 90 οC 

under reflux conditions. The rice nanoparticles were then washed again with 

absolute ethanol before further use. 

 

2.4. Synthesis of spherical nanoparticles 

 

Mesoporous silica nanoparticles (MSN) were used as hard templates 

for calcium and phosphate ion deposition. MSN with amine surface 

functionalization were synthesized via modified co-condensation methods 

as reported previously 42. The amine groups on the MSN’ surface were 

further modified to obtain carboxylic acid groups, which allowed positive ion 

deposition. Carboxyl-functionalized MSN nanoparticles (MSN-COOH) were 

obtained as follows: 3 g of succinic anhydride was added in 20 ml DMF, and 

allowed to fully dissolve for 30 minutes at room temperature (solution 1). 
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Subsequently, 0.2 g of MSN were dispersed in 30 ml DMF, and the 

suspension was added into solution 1 under magnetic stirring. The reaction 

was kept at 60 οC for 48 h. Afterwards, the suspension was collected by 

centrifugation and extensively washed with absolute ethanol. MSN-COOHs 

were resuspended in milliQ water adjusted to pH 10 by NH4NO3. Afterwards, 

200 µl 6 µM calcium nitrate solution was added to the mixture and allowed 

to react for 30 mins. The mixture was then washed with milliQ water once 

before adding 200 µl 4 µM of (NH4)3PO4 solution, and subsequently washed 

with absolute ethanol. The process of calcium ions and phosphate ions 

addition was repeated two more times. 

 

2.5. Characterization of the nanoparticles 

 

Zeta potential and polydispersity index (pdi) of all nanoparticles were 

measured on a Malvern Zetasizer Nano (Malvern Panalytical, UK). For the 

analysis, nanoparticles were suspended in ethanol at a concentration of 0.3 

µg/ml. Morphology of all nanoparticles was further visualized by scanning 

electron microscopy (SEM; Teneo, FEI, US). For SEM-analysis, dry 

nanoparticle powder was suspended in absolute ethanol, a drop was placed 

on an aluminium SEM stub and allowed to dry overnight. The samples were 

sputtered with a 2-nm layer of iridium before imaging. X-ray diffractograms 

(XRD) of all HA nanoparticles were collected using a Bruker D2 Phaser 

diffractometer (Bruker) using Cu Kα radiation (λ = 1.542 Å) in the range of 6 

≤ 2Θ ≤ 60° in increments of 0.02° and an integration time of 0.5 s. 
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2.6 Thin film formation and characterization  

 

Prior to spinning, cover slips were surface-activated with O2 plasma 

treatment (Plasma Cleaner, Diener Electronics Femto PCCE) at 0.4 bar, 5 

sscm O2, 70 W, 1.5 min. All nanoparticles were collected by centrifugation 

(14000 rpm, 20°C, 10 min) and dispersed in absolute ethanol at a 

concentration of 50 µg/ml. A volume of 20 µl of the suspension was pipetted 

centrally on a cover slip and spun at 2000 rpm for 20 sec and then at 7000 

rpm for 30 sec on a tabletop spin coater. The obtained films were stored dry 

at room temperature in the dark. To characterize the films, three-

dimensional laser scanning microscopy (Keyence VR-200 3D Profilometer, 

Keyence, Japan) was used to estimate film thickness and surface roughness.  

 

2.7 Thin film stability  

 

To investigate the stability of nanoparticles thin films in aqueous 

environment and cell culture medium, nHA films were immersed in either 2 

ml PBS at pH 7.4 or cell culture medium (αMEM with 10% v/v 100x penicillin 

and streptomycin) and incubated at room temperature.  20 µl of solution 

were taken for analysis at 1, 3, 6, 24, 72 and 144 hours upon nHA film 

immersion. The concentration of calcium and phosphorus was quantitatively 

studied by inductively coupled plasma mass spectroscopy (ICP-MS, iCaP Q, 

Thermo Scientific). To this end, aliquots were diluted 1:200 in aqueous 1% 

HNO3 containing 20 ppb Sc as internal standard and analysed using He as 
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collision gas in standard mode. Element quantification was based on 

calibrations with element standards of calcium and phosphorus. 

 

2.8 In vitro cell culture 

 

hMSCs of one donor, obtained with  written consent, were expanded 

in αMEM with addition of 10% FBS, 2 mM L-glutamine, 0.2 mM ascorbic acid, 

100 U/ml penicillin and 100 mg/ml streptomycin at 37 °C, 5% CO2 in a 

humidified atmosphere. Cells of passage 4 were used for experiments. The 

cells were seeded at a density of cells/cm2. For cell seeding, 250 µl of cell 

suspension was carefully pipetted on the all nanoparticle films, or uncoated 

glass cover slips, and cells were left to adhere for 6-8 h before addition of 

2 ml medium. 

 

2.9 Quantitative polymerase chain reaction (qPCR) 

 

The effect of nanoparticle shape on osteogenic differentiation of 

hMSCs was evaluated by measuring expression of osteogenic markers 

(RUNX2, BMP2, ALP, OPN, OCN) after 7, 14 and 21 of culture, respectively. 

hMSCs expanded in basic medium were detached at a confluence of 70–80% 

and seeded on nanoparticles films. Cells grown on uncoated, O2 plasma 

surface-activated cover slips were used as control. hMSCs basic medium 

were refreshed every 3 days.  

Total RNA was isolated from hMSCs cultured on thin films via the 

Trizol method. RNA was further purified using RNA isolation kit (Bioline 
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ISOLATE II RNA Mini Kit) and the total concentration was measured using the 

nanodrop method (Thermo Scientific NanoDrop). The cDNA was then 

prepared using an iScript kit (Bio-Rad) according to the manufacturer’s 

protocol and kept in RNAse free water to be used for qPCR (Bio-Rad) using 

Syber Green I master mix (Invitrogen). The primer sequences (Sigma) are 

listed in Table 1. Expression of osteogenic marker genes were normalized to 

GAPDH levels and basic fold indications were calculated by using ΔΔCT 

method. hMSCs cultured on plasma cleaned cover slides in basic medium for 

7 days were used as calibrator. Two independent experiments with n = 3 for 

each condition were performed for the qPCR analysis and the results of one 

representative experiment are presented here. 

 

Table 1: Primer sequence of the osteogenic genes investigated 

Gene Primer sequences 

Glyceraldehyde3-phosphate 

dehydrogenase  

(GAPDH ,housekeeping gene) 

5’-CCATGGTGTCTGAGCGATGT 

5’-CGCTCTCTGCTCCTCCTGTT 

Runt-related transcription factor 2 

(RUNX 2) 

5′-GGAGTGGACGAGGCAAGAGTTT 

5′-AGCTTCTGTCTGTGCCTTCTGG 

Bone morphogenetic protein 2 ( BMP2) 5’-GCATCTGTTCTCGGAAAACCT 

5’-ACTACCAGAAACGAGTGGGAA 

Alkaline phosphatase (ALP) 5’-TTCAGCTCGTACTGCATGTC 

5’-ACAAGCACTCCCACTTCATC 

Osteopontin (OPN) 5’-CCAAGTAAGTCCAACGAAAG 

5’-GGTGATGTCCTCGTCTGTA 

Osteocalcin (OCN) 5’-CGCCTGGGTCTCTTCACTAC 

5’-TGAGAGCCCTCACACTCCTC 
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2.10 Nanoparticle suspension experiments  

 

The osteogenic effect of the nHA applied as film, as suspensions in 

the cell culture medium, and nanoparticle-conditioned medium (containing 

ions released from nanoparticles) was determined. For this, 3 osteogenic 

markers; ALP, OPN and OCN were quantified using qPCR analysis after 21 

days of culture. Two types of nanoparticles, needle and spherical nHA were 

chosen for this comparison. hMSCs were detached at a confluence of 70–

80% and seeded on nanoparticles films. Cells grown on uncoated, O2 plasma 

surface-activated cover slips were used for the other two groups. The same 

amount of nHA in weight that was used to coat the films was added to the 

cell culture medium (32 ug/ml for needle nanoparticles and 43 ug/ml for 

spherical nanoparticles) to create suspension medium and divided over the 

duration of the experiment. To create the conditioned medium, the cell 

culture medium was incubated with spherical or needle shaped 

nanoparticles overnight. This was then centrifuged at 3000 rcf and the 

supernatant was used in the cell culture experiments. For all conditions, the 

medium was refreshed every 3 days for the duration of the experiment. 

qPCR analysis was performed as described in 2.9. 

 

2.11 Western blot 

 

Proteins were isolated from cells cultured on films in RIPA buffer 

(Sigma-Aldrich), supplemented with cOmplete™, Mini, EDTA-free Protease 

Inhibitor Cocktail (Sigma-Aldrich). To obtain sufficient protein amounts, cells 
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from two films were mixed into 400 μl lysis buffer for a single protein 

isolation. Experiments were repeated three times for biological triplicates. 

Film surfaces were scraped with cell scrapers and samples were centrifuged. 

Protein quantification was done using the Pierce BCA protein assay kit 

(Thermo Fisher Scientific). Twenty micrograms of protein was incubated 

with laemmli loading buffer (Bio-Rad) and 10% 2-mercaptoethanol (Sigma-

Aldrich) for 5 min at 95 °C and loaded into a 4–15% polyacrylamide gel (Bio-

Rad). Proteins were transferred to a 0.45 μm PVDF membrane (Bio-Rad) 

using the semi-dry transfer method. Membranes were blocked for 1 h with 

5% fat free milk powder (Bio-Rad) in TBS + 0.05% tween-20 (Sigma-Aldrich). 

OPN and GAPDH antibody incubations were performed overnight at 4 °C in 

blocking buffer. All antibodies were ordered from Abcam and diluted 

1/1000, except for RUNX2 which was diluted 1/500. Blots were subsequently 

incubated with 0.33 μg/ml goat-anti-rabbit or mouse horseradish 

peroxidase (Bio-Rad) in blocking buffer for 1 h at room temperature. Protein 

bands were then visualized using Clarity Western ECL (Bio-Rad). 

 

2.12 Cell morphology analysis 

 

To conserve cells for morphological analysis, hMSCs were fixed using 

4% PFA in PBS, 3 days after cell seeding. Samples were stored in PBS at 4 °C 

until staining. After fixation, hMSCs were  permeabilized with 0.2% Triton X-

100 in PBS solution for 1 h. Cells were washed with PBS and subsequently 

stained with phalloidin Alexa Flour 647 antibody (Invitrogen) at room 

temperature in the dark for 2 h. After incubation, cells were washed with 
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PBS twice and stained with DAPI antibody (Sigma-Aldrich/Fluka) for 15 

minutes. The cells were then washed with PBS and imagined using a Nikon 

Eclipse Ti-E microscope (Nikon Instruments Europe BV, the Netherlands) at 

40× magnification. Images were acquired with a Zyla sCMOS (Andor 

Technology Ltd, UK) and a Nikon DS-Ri2 camera (Nikon Instruments Europe 

BV, the Netherlands). Cells stained with phalloidin and DAPI were used for 

quantitative analysis of cell morphology. The data was analysed in 

CellProfiler software. Cell morphology was quantified in terms of cell area 

(measured by the number of pixels occupied) and cell perimeter (total 

number of pixels (2D) around the boundary of each object in the image), 

eccentricity (morphological elongation expressed as the deviation from a 

circle with values between 0 and 1, where 0 is a circle and 1 is a line 

segment), and compactness (mean squared distance of the object pixels 

from the centroid divided by the area. A filled circle will have a compactness 

of 1, with irregular objects or objects with holes having a value greater than 

1). A schematic of this data analysis process is shown in supplementary 

Figure S5. 

 

2.13 Cell adhesion experiments 

 

Cellular adhesion on nanoparticle films was analyzed by 

immunohistochemical staining of the focal adhesion protein vinculin. hMSCs 

were seeded on at a density of 3000 cells/cm2. After 3-day culture, cells were 

fixed with 4% PFA. Prior to staining, cells were washed once with PBS and 

permeabilized with Triton X-100 (0.01% (vol/vol) in PBS) for 10 min at room 
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temperature followed by washing three times with PBS. Samples were then 

incubated for 60 min in blocking buffer (4% BSA and 0.05% (vol/vol) Tween-

20 in PBS) at room temperature. Mouse monoclonal IgG1 anti-vinculin 

antibody (SPM227, 1:500; Abcam) was used as the primary antibody and 

incubated with the cells overnight at 4 °C in the dark. The samples were then 

washed with washing buffer (blocking buffer diluted 1:5 in PBS) and 

incubated overnight at 4 °C with the secondary antibody, biotin-conjugated, 

rabbit anti-mouse IgG1 (1:1000; Sigma Aldrich). After washing, samples were 

incubated for 1 h with streptavidin Alexa FluorTM 647 conjugate (1:200; 

Fisher Scientific), followed by washing 3 times with washing buffer. All 

antibody dilutions were prepared with washing buffer (blocking buffer 

diluted 1:5 in PBS). To visualize actin bundles, cells were stained with Alexa 

FluorTM 488 phalloidin (1:200 in PBS; Thermo Fisher Scientific) for 30 min at 

room temperature, followed by washing three times with PBS. To visualize 

cell nuclei, samples were incubated for 6 min with 4’,6-Diamidin-2-

phenylindol (DAPI, 1:70 in PBS; Sigma Aldrich) at room temperature, washed 

three times with PBS and mounted with Dako® (Sigma Aldrich). Cells were 

imaged with a Nikon Eclipse Ti-E microscope (Nikon Instruments Europe BV, 

the Netherlands) using an oil objective. Images were further processed and 

merged using ImageJ. 

 

2.14 Statistical analysis 

 

Statistical comparisons were performed using one-way analysis of 

variance (ANOVA) followed by a Turkey’s multiple comparison post-hoc test. 
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Error bars indicate one standard deviation. For all figures the following p-

values apply: *p < 0.01; **p < 0.01; ***p < 0.001. 

 

3. Results and discussion 

 

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

characterization 

 

Three types of nHA (needle-, rice- and spherical-shaped) were 

successfully synthesized (Figure 1a). To develop the needle-shaped nHA 

(Figure 1a, left panel), calcium and phosphate ions were precipitated while 

maintaining the pH at 10 using an ammonium solution. To synthesize the 

rice-shaped nanoparticles, structure-directing agent CTAB was used to form 

micelles which restricted the crystal growth by surrounding the particles. 

This closure caused thickening of the particles in comparison to needle-

shaped nHA, resulting in formation of rice-shaped nanoparticles (Figure1a, 

middle panel). After nanoparticle synthesis, CTAB was removed using ion 

exchange in a basic environment. To develop spherical CaP nanoparticles, 

MSN were used as a template for calcium and phosphate ion deposition. 

MSN with amine surface functionalization were synthesized via modified co-

condensation methods as reported previously 42, 43. The amine groups on the 

MSN surface were further modified to obtain carboxylic acid groups to allow 

positive ion deposition. Calcium and phosphate sources were added 

alternately to create a CaP layer on the MSN surface (Figure 1a, right panel). 

The hydrodynamic size of the nHA and their pdi in an ethanol solution were 
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measured using dynamic light scattering (DLS). All three nanoparticle types 

were similar in size, with hydrodynamic sizes of 240±40 nm, 230±20nm and 

250± 10 for needle-, rice- and spherical-shaped nanoparticles, respectively 

(Figure 1b). The nanoparticles were monodispersed with pdi indices of 0.31 

(needle-shaped), 0.26 (rice-shaped) and 0.30 (sphere-shaped). Thus, all 

three methods enabled the formation of nanoparticles that were 

homogenous in both size and shape. X-ray diffraction analysis showed that 

the three types of nanoparticles showed patterns typical of HA (Figure 1c). 

All particles, and in particular needle shaped nHA showed a low crystallinity. 

The HA nanoparticle shape strongly depends on the synthesis 

method and the parameters of the synthesis process. In general, HA crystals 

found in natural tissues such as bone and teeth, and HA microparticles 

precipitated using conventional methods 44, 45, have the shape of needles, 

rods, fibers, or thin plates because of the preferred orientation for growth 

along the c-axis of HA crystals 46. Needle-shaped HA particles are the most 

commonly reported and can be achieved via different approaches such as 

hydrothermal processing 47, microwave-assisted deposition 48 and wet 

chemical precipitation 49-54. The latter method is the most widely used due 

to low cost, simple setup and low temperature required for the synthesis. 

However, by using the wet chemical precipitation, it remains challenging to 

obtain nanoparticles with homogenous size and shape, because calcium and 

phosphate ions can spontaneously precipitate and crystallize above pH 7. To 

overcome this problem, in the current study, a combination of slow addition 

of calcium and phosphate ion precursors and phosphate-PEG, an inhibitor of 
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crystal growth, were used to create needle-shaped nHA with homogenous 

size and shape. 

Wet chemical precipitation also allows the addition of surfactants to 

the reaction mixture that act as directing agents to develop nanoparticles 

with different shapes, including rice-shaped and spherical HA particles. Here 

we used CTAB as a surfactant to yield rice-shaped nanoparticles 55. Finally, 

to synthesize spherical-shaped nanoparticles, we used MSN as a template. 

MSN are commonly used as delivery vehicles because of their mesoporous 

structure and, in addition, can be easily surface modified for e.g., controlled 

drug delivery 56. In particular, deposition of a CaP layer on the MSN surface 

has been reported for pH-responsive gating of the pores for controlled drug 

delivery 57, 58. In our study, MSN were first surface modified to contain 

carboxylic acid groups (MSN-COOH) and subsequently calcium and 

phosphate ions were alternately deposited on the MSN-COOH leading to 

homogeneous-size spherically shaped nanoparticles. Importantly, the MSN-

COOH provided a preferred surface for ion deposition, preventing unspecific 

precipitation of CaP in solution. 
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Figure 1: Needle-, rice- and spherical-shaped nHA were characterized for their morphology, 

size and crystallinity. a) SEM images show distinct needle-, rice- and spherical-shaped nHA 

particles. Scale bar for SEM images is 1 µm. b) Size of the nHA in ethanol measured by DLS. 

c) Crystallinity of nHA: X-ray diffraction patterns of needle, rice and spherical shaped nHA 

in comparison to commercially bought sintered HA powder. nHA showed diffraction 

patterns typical of poorly crystalline HA. 

 

3.2 nHA film synthesis and characterization 

 

To construct the films, nHA were deposited onto surface-activated 

glass cover slips by spin-coating of nanoparticle suspensions in ethanol, as 

reported previously 43. SEM imaging revealed the deposition of continuous 

layers of nanoparticles with a homogeneous surface structure, independent 

of the nanoparticle shape used (Figure 2a). The overall roughness and 

arithmetic average roughness (Ra) were measured using a profilomete. 
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Needle nHA films had the highest Ra value (79 ± 4), followed by rice nHA 

films (69 ± 3), and spherical nHA films (38 ± 2). An example of this Ra 

calculation process is shown in supplementary data (Figure S1). 

Next, nHA film stability by immersion in PBS (pH 7.4) and cell culture 

medium was followed over a period of 6 days, and calcium and phosphorus 

concentrations were measured using ICP-MS (Figure 2b and c). In PBS, 

phosphate depletion from the PBS was observed for all nHA films, with no 

significant difference observed as a function of nHA shape. Furthermore, the 

same phosphate depletion from the PBS was observed for the plasma 

treated control glass slides. In contrast, some calcium release from the films 

was observed in PBS for all three nHA films. This release was immediate, and 

remained stable over the 6-day period (Figure 2c). Needle-shaped nHA films 

showed higher calcium release, followed by rice- and spherical-shaped nHA 

films. However, the overall amount of calcium release was limited compared 

to total amount present on the films (less than 1% for each film). In contrast, 

when the nHA films were immersed in cell culture medium, calcium and 

phosphate depletion from the cell culture media was observed for all three 

nHA films as well as for the plasma treated glass slide (Figure 2d). The 

calcium depletion from the medium was nHA shape dependent after 24 

hours, with needle nHA films showing least calcium depletion, followed by 

spherical- and rice-shaped nHA films. However, at later time-points calcium 

depletion was similar for all nHA films as well as for plasma treated glass 

slides. We also investigated the long-term stability of the needle, sphere, 

and rice nanoparticle based films over 21 days in media that was exchanged 

every 3 days to simulate our cell culture conditions. A continuous reduction 
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of calcium and phosphorous from the cell culture media could be observed 

indicating calcium and phosphate deposition on the films (Figure S2). 

Indeed, calcium and phosphate deposition on the films in the form of 

brushite crystals could be observed on the nanoparticle films as well as on 

the glass control slides after 6 days of incubation using SEM imaging (Figure 

2d). Calcium and phosphate ion deposition on the glass slides may be due to 

its negative charge inferred by the plasma treatment, triggering calcium and 

phosphate deposition. 

The dissolution of HA coatings in non-cellular environments depends 

on the coating characteristics (including roughness, crystallinity, porosity) 

and on the buffer conditions (e.g. pH, ion concentrations) 59, 60. In addition, 

next to the dissolution of HA there is another competing process; re-

precipitation of HA. The precipitation mechanism is mainly dominated by the 

concentration of calcium and phosphate ions as well as the overall ionic 

strength of the solution 59, 61, 62. The observed differences for calcium 

between the two conditions may thus be explained by the presence (cell 

culture medium) and absence (PBS) of calcium in the buffers.  

Next, the spherical nanoparticles were labelled with a fluorescent 

dye in their core (without affecting the surface chemistry of the 

nanoparticles) and nanoparticle release in media was followed over 7, 14 

and 21 days to further investigate nanoparticle film stability. No significant 

nanoparticle release could be observed (Figure S3), further proving the 

stability of the films. 
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Figure 2: Characterization of nHA films. (a) Scanning electron microscopy (SEM) images of 

films deposited using needle-, rice- and spherical-nHA. Scale bars are 5 µm. Calcium and 

phosphorus concentration profiles after immersion of the nHA films in (c) PBS and (d) cell 

culture medium. (d) SEM images of needle-, rice- , spherical-nHA film and plasma treated 

control glass slides after incubated in cell culture media for 6 days. Scale bar is 10 µm. 

 

3.3 Effect of nHA shape on hMSCs osteogenic gene and protein expression 

 

To study the effect of nHA shape on the osteogenic differentiation, 

hMSCs were cultured on films deposited using nHA of different shape and 

the expression of osteogenic markers RUNX2, BMP2, ALP, OPN, OCN was 

quantified using qPCR analysis after 7, 14 and 21 days of culture in basic cell 
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culture medium, thus without stimulators of osteogenic differentiation 

(Figure 3). Cells cultured on glass slides without nanoparticle coating served 

as a control. hMSCs cultured on films of needle- and rice-shaped nHA could 

significantly induce RUNX2, an early-stage marker of osteoblast 

differentiation 63, after 14 days of culture. After 21 days, a significantly 

upregulated expression of RUNX2 was observed for hMSCs cultured on rice- 

and spherical-shaped nHA films compared to the control (Figure 3a).  

 Rice-shaped nHA-based films also induced early expression (day 7) of 

BMP2, which plays an important role in MSC differentiation 64. BMP2 

expression remained high even after 21 days of culture. In contrast, needle 

nHA films only induced significant BMP2 expression after 14 days, which 

decreased after 21 days, whereas spherical nHA films did not induce any 

significant BMP2 expression at any of the time-points (Figure 3b).  

ALP is an enzyme which acts as a mineralization promoter, and is 

usually expressed after 14 and 21 days of culture 65. On all three films, ALP 

expression was upregulated only after 21 days of culture, with the highest 

expression observed on needle nHA films, followed by rice- and spherical 

nHA films, respectively (Figure 3c). Needle- and rice nHA films also induced 

late osteogenic marker OPN 41 in hMSCs after 14 days, whereas hMSCs 

cultured on spherical nHA films only showed a significant upregulation of 

this marker after 21 days of culture. Interestingly, where needle- and rice 

nHA films induced similar OPN expression after 14 days, after 21 days, 

needle nHA films showed a significantly higher OPN expression (Figure 3d). 

The expression of osteocalcin (OCN), a calcium binding protein 

involved in bone mineralization 66, 67, of hMSCs cultured on needle- and rice 
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nHA films was significantly expressed after 14 and 21 days, whereas 

spherical nHA films only significantly induced OCN after 21 days of culture 

(Figure 3e). To confirm that the observed effect on the gene level was also 

translated to protein level, the effect of nanoparticle shape on hMSCs 

osteogenic protein expression was investigated for RUNX2 and OPN using 

Western blot analysis (Figure 3f). RUNX2 protein expression followed a 

similar trend as was observed for gene expression. This was also the case for 

OPN protein expression, with needle-shaped and rice-shaped nanoparticle 

films showing similar OPN levels after 14 days (Figure S4), whereas after 21 

days, the OPN expression levels followed the trend needle> rice> sphere 

(Figure 3f). Taken together, overall, all three nHA coated films could induce 

the expression of osteogenic markers in basic culture conditions. Even 

though all nHA films showed the ability to induce osteogenic differentiation 

in hMSCs, we observed that the expression profile and the expression extent 

was dependent on the shape of the HA nanoparticles used to deposit the 

films. Regarding differences amongst the three shapes, overall, needle nHA 

films were most effective in inducing osteogenic gene expression and 

spherical nHA films least effective. However, for RUNX2, BMP2 and OCN at 

certain time-points rice nHA films showed higher gene induction compared 

to spherical and needle nHA films. In addition, needle nHA films showed a 

different expression pattern for the early markers (RUNX2, BMP2) which 

were significantly induced after 14 days of hMSCs culture and reduced after 

21 days of culture. In contrast, no significant induction of BMP2 was 

observed in hMSCs cultured on spherical nHA films, and hMSCs cultured on 

rice nHA films resulted in the prolonged expression of RUNX2 and BMP2 



76 

 

even after 21 days of hMSCs culture. It has been shown that RUNX2 protein 

levels are maximal in preosteoblasts and early mature osteoblasts, following 

a gradual increase during the process of commitment. RUNX2 levels are then 

decreased significantly in mature osteoblasts and osteocytes, which is in line 

with our observations of hMSCs osteogenic marker expression on needle 

shaped nHA films. In addition, all three nHA films induced high expression of 

middle to late osteogenic markers (ALP, OPN and OCN) after 14 and 21 days 

of hMSCs culture which followed the order needle> rice> sphere nHA films.  

The presence of brushite precipitation shown in Fig.2d would 

contribute to osteogenic behaviour of hMSCs. However, precipitation 

occurred in all the films and control group under cell culture condition as 

evidence in calcium depletion from media (Figure 2c), change in all the 

osteogenic markers were measured in the relative to the control, therefore 

the increase in relative expression of markers then would have resulted 

primary from the different shape of the nanoparticles presented on the 

nanoparticles film. Furthermore, hMSCs cells would have grew to cover most 

of the surface after culturing for 7 days. Cells coverage of the surface could 

prevent further precipitation of these brushite phase on to the surface and 

minimize brushite contribution to osteogenic potential of the film. 

Previous studies have shown that stem cells can sense 

nanotopographies leading to increased osteogenic marker levels 68-71. 

Furthermore, it has been shown that nHA, when added directly to the cell 

culture medium, can induce osteogenesis in hMSCs 38-40, 67. However, there 

are only a limited amount of studies investigating the effect of HA 

nanoparticle shape on their ability to induce hMSCs osteogenesis 38-40. One 
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of these studies reported increased upregulation of OCN and ALP markers in 

hMSCs when exposed to nHA needles compared to spherical nHA. In a 

similar study it was shown that 50 nm sized HA spheres and nanorods were 

both osteogenic, however higher upregulation of late osteogenic markers 

OCN and OPN was observed in hMSCs when exposed to spherical nHA 39. 

Although these results highlight that nHA shape is an important factor in 

their osteogenic capabilities, these studies were performed by adding nHA 

directly to the medium and not as coated films as studied here.  

In summary, all three nanoparticle films studied here induced 

increased levels of a selection of early, middle and late osteogenic markers 

at basic culture conditions. However, their expression levels and profiles 

over time differed significantly as a function of nanoparticle shape, with 

needle-shaped nanoparticles-based films generally showing highest 

expression of all tested osteogenic markers. 



78 

 

 

 

Figure 3: mRNA expression of (a) RUNX2, (b) BMP2, (c) ALP, (d) OPN, (e) OCN of hMSCs 

cultured on needle- (black), rice- (pink), spherical-shaped (green) nHA films. The results 

were normalized to GAPDH as housekeeping gene and calibrated to to gene expression of 

hMSCs cultured on plasma cleaned glass slides (controls, purple). All samples were cultured 

in basic medium for 7, 14 and 21 days. The significant differences were indicated as follows: 

*p < 0.01; **p < 0.01; ***p < 0.001. (f) western blot analysis of RUNX2 and OPN protein 

expression after 21 days of hMSC culture on needle-, rice-, spherical-shaped nHA films or 

control glass slides. 
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3.4 nHA coated films versus nHA added directly to the cell culture 

medium  

 

To further investigate the osteogenic effect of the nHA, a new set of 

experiments was run. Suspension and conditioned medium were compared 

to the osteogenic capabilities of the nHA films (film) in basic conditions. The 

needle- and spherical-shaped nanoparticles were added directly to the cell 

culture medium (32 ug/ml for needle nanoparticles and 43 ug/ml for 

spherical nanoparticle) to create the suspension medium. Conditioned 

media was created by incubating cell culture media with the nanoparticles 

overnight, and removing the nanoparticle using centrifugation before 

addition of the media to the hMSCs. Cells cultured on glass slides again 

served as a control and basic cell culture medium was used for all groups. 

Intermediate- and late osteogenic markers expression (ALP, OPN and OCN) 

were quantified using qPCR analysis after 21 days of culture (Figure 4).  

In accordance to the first set of experiments, hMSCs cultured on both 

needle- and spherical-shaped nanoparticle films induced significantly higher 

expression of ALP, OPN and OCN compared to the control. Interestingly, 

when needle and spherical nHA were added to the cell culture medium as a 

suspension, no upregulation of ALP and OCN expression was observed. The 

OPN expression was upregulated, although to a lower extent compared to 

hMSCs seeded on the nHA films. Cell culture medium conditioned with nHA 

did not show significant ALP, OPN and OCN expression compared to the 

control. Thus, nHA films had a higher capacity to induce osteogenic 
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differentiation in hMSCs compared to nHA added as suspension or the nHA 

conditioned medium. 

To our knowledge, a direct comparison of the osteogenic marker 

expression in hMSCs between surface-immobilized and ‘free” nHA has not 

been done previously. Several studies have reported the osteogenic effect 

of supplementation of cell culture medium with CaP nanoparticles or with 

calcium and/or phosphate ions 41, 72-78. While adding nHA as a suspension 

resulted in a significant increase of OPN compared to the control, this was 

much lower compared to nHA coated films. Interestingly, also in suspension 

conditions, needle nHA resulted in higher OPN expression in hMSCs 

compared to spherical nanoparticles. It should be noted that the 

concentration of the nanoparticles in suspension used here was 32 - 43 µg 

/ml in basic media, whereas in an earlier study, the amount ranged from 10 

µg/ml - 3 mg/ml in osteogenic media 79. The chosen concentration in this 

study was calculated such that the total amount of nHA the hMSCs were 

exposed to, remained constant across the film and suspension groups. 

Conditioned media did not lead to any significant upregulation of osteogenic 

markers, likely because studies that looked into the effect of calcium and 

phosphate ions on cell behaviour used relatively high ion concentrations in 

the range of 1.8 - 50 mM to induce osteogenesis 73-76. 

The osteogenic effects of nHA added to cell culture medium involves 

their internalization by hMSCs, where cell internalization rate and 

concentration is highly dependent on shape and size of the nHA 39, 79.  In our 

study, the films were stable under cell culture conditions, and no ions were 

released from the coatings under cell culture conditions (Figure 2d), 
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indicating that osteogenic induction of hMSCs via nHA coatings occurs via 

different pathways compared to adding nHA directly to the medium. In 

addition, although we kept the total amount of nHA the same across both 

conditions, in the case of the nanoparticle-based films; the MSCs experience 

the contribution of the nHA already from day one. These considerations 

makes it difficult to do direct comparisons between the two administration 

routes. Our results do suggest that adding nHA at relatively low 

concentrations does not effectively induce osteogenic differentiation of 

hMSCs in basic conditions, where immobilizing an equal amount of 

nanoparticles on a surface in the form of a film resulted in significant 

osteogenic gene expression of hMSCs for both needle- and spherical-shaped 

nHA (Figure 4). 

 

Figure 4: hMSCs mRNA expression of (a)ALP, (b) OPN and (c) OCN after 21 days of culture 

in basic cell culture medium on nHA films (black), exposed to medium containing 

nanoparticles (pink), exposed to medium conditioned with nanoparticles (green).  The 

results were normalized for GAPDHmRNA level (housekeeping gene) and calibrated to the 

mRNA levels of hMSCs cultured on plasma cleaned glass slides (control; blue). The 

statistically significant differences are indicated as follows: *p < 0.01; **p < 0.01; 

***p < 0.001. 
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3.5 Cell morphology on nanoparticle-based films  

 

To investigate the effect of the nHA shape on cell attachment and 

morphology, hMSCs were cultured for 3 days on needle, rice and spherical 

nHA films. Following immunofluorescence staining of cell nuclei, 

cytoskeleton and focal adhesions, their morphology was characterized in 

terms of cell area, perimeter, and compactness of cell (irregularity of shape) 

(see Figure S5 for image analysis workflow). HMSCs grown on needle nHA 

films exhibited a significantly larger cell area than the cells cultured on the 

other two films. The cell area of hMSCs cultured on needle nHA films was 

175% and 59 % larger compared to hMSCs cultured on rice and spherical 

nHA films, respectively (Figure 5a). Also the cell perimeter of hMSCs on 

needle nHA films was 120% and 76% larger in comparison to hMSCs grown 

on rice and spherical nHA films, respectively (Figure 5b). hMSCs cultured on 

spherical nHA films were overall more irregularly shaped as indicated by a 

compactness that was 11% and 13.7% higher compared to needle and rice 

nHA films, respectively (Figure 5c).  

Stem cell attachment mainly occurs through bundling of focal 

adhesion proteins such as vinculin 80, 81. Therefore, the formation of focal 

adhesions of hMSCs on the nanoparticle films was observed using 

fluorescence microscopy imaging of vinculin staining. A typical hMSCs 

morphology with extended filopodia could be observed for hMSCs grown on 

needle nHA films (Figure 5d) that was very similar to hMSCs grown on glass 

slides exposed to osteogenic media (Figure S6b). In comparison, hMSCs 

grown on rice and spherical nHA films showed less extended filopodia. 
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Especially in the case of spherical-shaped nanoparticle films, hMSCs showed 

elongation in one or two directions (Figure 5d) which showed similar 

morphology to hMSCs grown on glass slides in basic conditions (Figure S6a). 

In summary, we observed a larger cell area and perimeter of hMSCs 

cultured on needle-shaped nHA films, indicating a more pronounced 

spreading compared to hMSCs cultured on rice and spherical nHA films. 

hMSCs spreading has been correlated to enhanced osteogenic 

differentiation of hMSCs 82-85, mediated by intracellular tension and 

mechanical changes in the cytoskeleton sending signals via contractile forces 

to the nucleus 86, 87. Here, hMSCs cultured on needle-shaped nanoparticle 

films showed increased cell spreading which correlated with the 

upregulation of markers of osteogenic differentiation. However, even 

though hMSCs cultured on rice nHA showed less cell spreading, rice nHA 

films were effective in inducing osteogenic differentiation. 

Higher compactness and elongation was observed for hMSCs seeded 

on spherical nHA films in comparison to needle and rice nHA films. Higher 

hMSC compactness suggests a less pronounced formation of filopodia in 

hMSCs seeded on spherical nHA films. Similar to our findings, Zhao et al 88 

showed that osteoblast cultured on spherical nHA exhibited an elongated 

morphology, while osteoblasts cultured on rod shaped nHA showed an 

increased number of filopodia. 
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Figure 5: Box plots showing the (a) area, (b) perimeter and (c) compactness of hMSCs grown 

on needle-, rice- and spherical-shaped nHA films for 3 days. The statistically significant 

differences are indicated as follows: *p < 0.01; **p < 0.01; ***p < 0.001. Upper border and 

lower border of the boxes are third quartile and first quartile respectively. + indicates the 

mean of each data group.  (d) Fluorescence microscopy images of focal adhesions of hMSCs 

cultured on HA nanoparticle films of different shape at day 3 of culture ; green represents 

actin (phalloidin), red represents focal adhesions (vinculin) and blue represents nuclei 

(DAPI) staining.
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4. Conclusions 

 

Here we showed that hMSCs cultured on needle, rice and spherical 

nHA films could efficiently induce the expression of osteogenic markers in 

the absence of other osteogenic stimulators. Although all three nHA films 

had a stimulatory effect, differences in their potential to promote 

osteogenesis in vitro was observed. In particular, needle nHA films induced 

the expression of early osteogenic markers RUNX2 and BMP2 after 14 days, 

whereas rice nHA induced late induction of BMP2 and RUNX2 in hMSCs. In 

addition, needle nHA films showed a higher induction of late markers (ALP, 

OCN and OPN) compared to spherical and rice-shaped nanoparticle films. 

Spherical nHA films were least efficient in inducing osteogenesis in hMSCs in 

vitro.  

Previously it has been shown that nHA can induce osteogenesis in 

hMSCs when added directly to cell culture media in high concentrations. 

Here we showed that nHA in the form of stable films can efficiently promote 

osteogenic marker expression in hMSCs. The pronounced positive effect of 

nHA films on osteogenic differentiation of hMSCs, particularly the needle 

nHA films, is plausibly related to the initial adhesion and spreading of the 

hMSCs on these films. We observed that hMSCs seeded on needle nHA films 

showed a typical hMSC morphology with extended filopodia.  

The results of this study suggest that the coatings based on 

homogeneously synthesized needle-shaped nHA may be a promising 

strategy for improving bioactivity of biomedical implants, like the 

biocompatible but bioinert metallic implants used in orthopedics and 

maxillofacial surgery. Indeed, nHA have been used as coatings to promote 
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bone ingrowth and enhance osteointegration 89, 90. Additional understanding 

of how (nano)particle shape influences the bioactivity of these coatings will 

enhance their efficiency and potentially expand their applicability. 
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Supplementary data 

 

Synthesis of MSN 

 

To synthesise MSN with amines on the surface a mixture of 1.63 g 

TEOS (7.82 mmol) and 14.3 g TEA (95.6 mmol) was heated to 90 °C under 

static conditions (Solution 1). Solution 2 included 100 mg ammonium 

fluoride (2.70 mmol) dissolved in a solution of 2.41 ml CTAC (1.83 mmol, 25% 

(wt) in H2O) and 21.7 ml bi-distilled water (1.21 mmol) by heating to 60 °C. 

Solution 2 was rapidly added to solution 1, and the mixture was stirred 

vigorously at 700 rpm for 20 min while left to cool. Then, 138.2 mg TEOS 

(0.922 mmol) was added in four equal increments (34.55 mg each) every 3 

min, and the mixture was stirred for another 30 min. Thereafter, 19.3 mg 

TEOS (92.5 µmol) and 20.5 mg APTES (92.5 µmol) were added, and the 

solution was stirred overnight at room temperature. The next day, particles 

were collected by centrifugation at 7800 rpm for 20 min and washed once 

with ethanol. Template extraction was performed by dispersion into an 

ammonium nitrate in ethanol solution (2 g NH4NO3 in100 ml ethanol) and 

refluxed for 45 min at 90 °C. MSN were collected by centrifugation and 

washed with ethanol before further template extraction in 100 ml of a 3.7% 

hydrochloric acid solution in ethanol for 45 min at 90 °C. MSN were collected 

by centrifugation, washed twice with ethanol and stored in suspension at -

20 °C. 
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Spherical nHA films stability using particle labelling. 

 

To investigate whether nanoparticles could dislodge from film upon 

immersion to cell culture media, spherical nanoparticles were labelled with 

a fluorescent dye (ATTO 647) in their core and spin coated on plasma cover 

glass slide to create nanoparticles film. Core-labelled nHA films were 

immersed in cell culture medium (αMEM with 10% v/v 100x penicillin and 

streptomycin) and incubated at 37 °C, 5% CO2 in a humidified atmosphere 

in the dark. Supernatantsolution were taken for analysis at 7, 14, 21 days 

upon nHA film immersion. Media without nanoparticles and media 

containing same amount of labelled nanoparticles as film were keep in the 

same condition and used as negative and positive control respectively. 

 

Long-term nHA Films stability using ICP-MS. 

 

To investigate the stability of nanoparticles thin films under cell 

culture condition, nHA films were immersed in cell culture medium (αMEM 

with 10% v/v 100x penicillin and streptomycin) and incubated at 37 °C, 5% 

CO2 in a humidified atmosphere. Media were taken for analysis every 3 days 

after nHA film immersion. New cell culture media were then refreshed. The 

concentration of calcium and phosphorus was quantitatively studied by 

inductively coupled plasma mass spectroscopy (ICP-MS, iCaP Q, Thermo 

Scientific). To this end, aliquots were diluted 1:200 in aqueous 1% HNO3 

containing 20 ppb Sc as internal standard and analysed using He as collision 

gas in standard mode. Element quantification was based on calibrations with 

element standards of calcium and phosphorus. 
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Figure S1: Film thickness and roughness profile. (a) Example of nHA film (b) Film thickness 

measured at centre of the cover slip by 3D laser scanning microscopy. A scratch was made 

and the minimal point of scratched area was used as a reference. The difference in height 

shown in this example is 0.129 µm. c) Arithmetic average roughness (Ra) of each 

nanoparticles films was calculated using the Multiprofiler program from 3D laser scanning 

microscopy images. Ra is the squared root of the mean squared distance between peak and 

valley within the measuring length. 
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Figure S2: (a) Calcium and (b) phosphorus concentration profiles in cell culture media after 

immersion of the nHA films at 37 degrees celsius. Cell culture media were exchanged every 

3 days and the amount of calcium and phosphorous within the incubated cell culture media 

was quantified using ICP-MS analysis. 

 

 

 

Figure S3: Spherical nHA films stability using particle labelling. Spherical nanoparticles were 

labelled with a fluorescent dye (ATTO 647) in their core and spin coated on plasma cover 

glass slide to create nanoparticles film. Nanoparticle release in media was followed over 7, 
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14 and 21 days. Low fluorescence signal in supernatant in comparison to negative control 

(media without nanoparticles) and positive control (media with labelled nanoparticles) 

indicated no major dislocation of labelled nanoparticles from film. 

 

 

 

Figure S4: The protein expression of Runx2 protein and OPN protein of hMSCs cultured on 

needle-, rice-, sphere-shaped nanoparticles films and control group after 14 days of 

culturing  in basic medium. 
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Figure S5: Image analysis workflow including: segmentation (identification of objects, 

measurements and tracking) in multiple frames; assembly of data in tables; and final merge 

of the data into groups representing cell morphology measurements as a function cell area, 

cell perimeter and compactness. 
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Figure S6: Fluorescence microscopy images of hMSCs cultured on plasma treated control 

slides after 3days of culture with (a) basic media and (b) osteogenic media; green 

represents actin (phalloidin), red represents focal adhesions (vinculin) and blue represents 

nuclei (DAPI) staining.  
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Abstract 
 

Ceramic (nano) materials are promising materials for bone 

regeneration applications. The addition of bioinorganics such as strontium 

and zinc is a popular approach to further improve their biological 

performance. However, control over ion delivery is important to prevent off‐

target effects. Mesoporous silica nanoparticles (MSN) are popular 

nanomaterials that can be designed to incorporate and controllably deliver 

multiple ions to steer specific regenerative processes. In this work, we 

developed MSN loaded with strontium (MSNSr) and surface coated with a pH 

sensitive calcium phosphate (MSNSr‐CaP) or calcium phosphate zinc layer 

(MSNSr‐CaZnP). The ability of the MSN to promote osteogenesis in hMSCs 

under basic cell culture conditions was explored and compared to ion 

administration directly to the cell culture media. Here we show that MSN‐

CaPs can effectively induce ALP levels and osteogenic gene expression in the 

absence of other osteogenic stimulants, where an improved effect was 

observed for MSN surface coated with multiple ions. Moreover, 

comparatively lower ion doses were needed when using MSN as delivery 

vehicles compared to direct ion administration in the medium, likely due to 

their different uptake mechanisms. In summary, the MSN developed here 

represent promising vehicles to deliver (multiple) bioinorganics and promote 

hMSC osteogenesis in basic conditions. 
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1. Introduction 

 

There is a high demand for bone substitutes due to traumatic injury, 

bone disease, and an increasingly ageing population. The gold standard 

treatment is the use of patients own bone (i.e., autografts). However, 

drawbacks associated with autografts including limited availability have led 

to the development of synthetic bone substitutes. Inorganic materials 

prepared from calcium (Ca), phosphate (P), and silica (Si), such as ceramics 

and bioactive glasses, are considered promising candidates for bone 

regeneration applications due to their inherent bioactivity and chemical 

similarity to natural bone 1-3. The biological performance of ceramic 

materials can be further improved by using additives such as growth factors, 

small molecules, and bioinorganic ions 4-8. Especially, bioinorganic ions are 

considered interesting candidates as they are known to play important roles 

in bone formation processes 9, 10. 

For example, strontium (Sr), chemically and physically similar to Ca, 

is known to promote the activity of osteoblastic cells, while inhibiting 

osteoclast activity 11-13. Another example of a popular additive is zinc (Zn), 

which is an essential trace element important in many cellular processes, 

including bone remodelling by supporting both pre-osteoblast 

differentiation and suppressing osteoclast differentiation 14-16. The 

therapeutic use of bioinorganics such as Sr and Zn is promising as they are 

biocompatible, non-immunogenic, and are easily taken up by cells via ion 

channels and membrane diffusion. However, this capability to be rapidly 

processed by cells can also lead to nonspecific adverse effects if distributed 

systemically without dosage control. For example, in a study by Yu et al. it 
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was demonstrated that Zn can have a double-edged effect; Zn doses 

between 2 and 5 μg mL−1 stimulated mesenchymal stromal cell (MSC) 

adhesion and proliferation, however, higher Zn doses of 15 μg mL−1 led to 

inhibition of osteogenic differentiation and induced MSCs apoptosis 17. As 

such, the route of administration and dosage scheme are important 

parameters to be taken into account when considering the therapeutic use 

of bioinorganics. Ion substitution within the main network of ceramics is a 

popular method to incorporate and release bioinorganic ions and resulted 

in scaffolds with improved bone regenerative performance 18-20. Although 

the effect of combining ions in a single construct has only limitedly been 

explored, several studies have shown that incorporating multiple ions into 

calcium phosphate scaffolds improves their bone formation capabilities 

compared to scaffolds without additional ions 21-23. However, ion 

substitution within ceramics can alter the mechanical properties and 

degradation rates, which compromises their structure and in addition makes 

it difficult to precisely control ion release. 

Mesoporous silica nanoparticles (MSN) are popular carriers for 

biomolecule delivery, and have emerged as promising materials for use in 

bone regeneration applications 24, 25. MSN unique characteristics such as 

high drug-loading capacity, large surface area, and high pore volume as well 

as tuneable pore and particle size make them flexible tools to optimize cargo 

delivery. Many approaches have been reported where MSN have been used 

for the effective delivery of growth factors, ions, genetic material, and 

antibiotics 26. MSN surface chemistry can, in addition, be easily modified 

with capping agents to allow controlled cargo delivery, e.g., in response to 

pH, temperature, or light 27. MSN represent a particularly interesting 
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alternative strategy for bioinorganic ion delivery because multiple 

therapeutic ions can be integrated in one nanoparticle construct, e.g., within 

the silica matrix, mesopores, or grafted onto the surface, resulting in unique 

ion release profiles. Moreover, MSN can easily be incorporated in other 

biomaterials and scaffolds 28-30, and as such are a promising strategy to 

improve ion delivery without impairing material characteristics. Finally, MSN 

are processed differently by cells compared to inorganic ions; where ions are 

taken up via ion channels present on the cell membrane, MSN are 

internalized via endocytotic pathways 31, 32. We hypothesize that ion delivery 

using MSN is more efficient compared to direct bioinorganic ion 

administration in cell culture media. 

In this work, we developed MSN loaded with Sr and coated with CaP 

or CaZnP layer as efficient and versatile carrier systems for multiple 

bioinorganic ion delivery to human mesenchymal stromal cells (hMSCs). 

Here, Zn and Sr were chosen due to their known positive effects on the 

osteogenic differentiation of hMSCs, however the design allows facile 

encapsulation of other ions. CaP surface functionalization was chosen as 

both a pH-sensitive gating system and to simultaneously deliver Ca and P to 

hMSCs, which play important roles in stimulating bone formation 1-3. Cell 

internalization and the ability of the synthesized MSN to promote 

osteogenesis in hMSCs under basic cell culture conditions was explored and 

compared to ion administration directly to the cell culture media. 

Here, we show that MSN incorporating Sr, and coated with Ca, P, and 

Zn can effectively induce osteogenic marker expression in the absence of 

other osteogenic stimulants, where an improved effect was observed for 

MSN functionalized with multiple ions. Moreover, comparatively lower ion 



107 

 

doses were needed when using MSN as delivery vehicles compared to direct 

ion administration in the cell culture media. In summary, the MSN developed 

here represent promising vehicles to efficiently and locally deliver 

bioinorganics and promote hMSCs osteogenesis in basic conditions. 

 

  



108 

 

2. Experimental Methods 

 

2.1 Materials 

  

Tetraethyl orthosilicate (TEOS), 3-merCaPi topropyl triethylsilane 

(MPTES), triethanolamine (TEA), 3-aminopropyl triethoxysilane (APTES), 

cetyltrimethylammonium chloride (CTAC), ammonium fluoride, 

hydrochloric acid (37 V/V%), ammonium nitrate, N,N-dimethylformamide 

(DMF), phosphate-buffered saline (PBS), foetal bovine serum (FBS), ascorbic 

acid, bis[N,N-bis(carboxymethyl)aminomethyl] were purchased from Sigma 

Aldrich GmbH (Germany). Absolute ethanol, paraformaldehyde (PFA), Triton 

X-100, bovine serum albumin (BSA), Tween-20 and Alizarin Red S (sodium 

alizarin sulphonate) Minimum essential medium alpha (αMEM), L-glutamine 

and trypsin were purchased from Fisher Scientific (The Netherlands). 

Penicillin and streptomycin were purchased from Gibco Life Technologies 

(US). Concentrated Nitric acid 60 V/V% (HNO3), hydrochrolic acid 37 V/V% 

(HCL) element standards of Ca, Si, P, Sr, Zn and scandium (Sc) for ICP-MS 

were also purchased from VWR (US).  

 

2.2 Synthesis of Mesoporous silica nanoparticles (MSN)  

 

Synthesis of MSN with thiol functional groups in the particles’ core 

and functional amine groups at the particles’ surface was based on the co-

condensation method as previously reported 33, 34. Further details on MSN 

synthesis and characterization can be found in the supporting information 

(S1). The amine groups in the MSN pores and surface were further modified 
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to obtain carboxylic acid groups, which allowed positive ion deposition. 

Carboxyl-functionalized MSN nanoparticles (MSN-COOH) were obtained as 

follows; 3 g of succinic anhydride was added in 20 mL DMF, and allowed to 

fully dissolve for 30 minutes at room temperature. Subsequently, 0.2 g of 

MSN were dispersed in 30 mL DMF, and the suspension was added into the 

above solution under magnetic stirring. The reaction was kept at 60 οC. After 

stirring for 48 hours, the suspension was collected by centrifugation and 

extensively washed with absolute ethanol. MSN were stored at -20 °C until 

further use. 

 

2.3 Strontium ion loading and calcium, phosphate, zinc composite layer 

formation  

 

To create MSN containing Sr ions (MSNSr), MSN-COOHs were 

suspended in 10 µM SrNO3 in milliQ water overnight.  The suspension was 

collected by centrifugation and washed once with milliQ water. To 

synthesize calcium phosphate coated MSN (MSNSr-CaP) and calcium 

phosphate, zinc coated MSN (MSNSr-CaZnP), 100 mg of MSNSr were re-

suspended in 100 ml milliQ water adjusted to pH 10 by NH4NO3. 200 µl of 4 

µM (NH4)3PO4 were added to the mixture and allowed to react for 30 

minutes. After 30 minutes, 200 µl of 6 µM calcium nitrate for MSNSr-CaP or 

6 µM calcium nitrate and zinc (10:1 molar ratio) solution for MSNSr-CaZnP 

was added and allowed to react for 30 minutes. Calcium and phosphate ion 

addition was repeated two more times to achieve nanoparticle sizes of 

roughly 100 nm. The nanoparticles were then collected by centrifugation 
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and washed with absolute ethanol. MSNSr-CaP and MSNSr-CaZnP were 

stored at -20 °C until further use. 

 

2.4 Characterization of the MSN 

 

The MSN were characterized for their morphology and size using 

transmission electron microscopy (TEM FEI Tennai G2 Spirit BioTWIN iCorr 

(G0.201)). For this, 5 µL of 0.3 µg/mL MSN suspended in ethanol were 

dropped onto the gold TEM grids and dried overnight before imaging.  

The total ion composition in the composite nanoparticles were 

determined by inductively coupled plasma mass spectrometry (ICP-MS, iCaP 

Q, Thermo Scientific). For this, MSNSr, MSNSr-CaP and MSNSr-CaZnP were 

digested with aqua regia (nitric acid: hydrochloric acid in a molar ratio of 1:3) 

until completely dissolved. Digested MSN were diluted 1:10 in aqueous 1% 

HNO3 containing 20 ppb Sc as internal standard and analyzed using He as 

collision gas in normal mode. Element quantification was based on 

calibration with element standards of Ca, Si, P, Sr and Zn. Results are 

expressed as percentage of the total element presented for each type of 

nanoparticle. X-ray diffraction (XRD) of all synthesized MSN were collected 

using a Bruker D2 Phaser diffractometer (Bruker) using Cu Kα radiation (λ = 

1.5406 Å) in the range of 60 ≤ 2Θ ≤ 500 in increments of 0.020 and an 

integration time of 0.5 s. 
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2.5 Degradation study 

 

The degradation of MSNSr, MSNSr-CaP, MSNSr-CaZnP was studied for 

up to 6 days at pH 5 and pH 7.4 at a concentration of 1 mg/ml in cacodylate 

buffer.  After 1, 3, 6, 24, 72 and 144 hours, leftover solid and supernatants 

were separated by centrifugation and stored at -20 °C for subsequent 

elemental analysis. The content of Ca, P and Si of was assessed by ICP-MS 

(Thermo Scientific). None-degraded solid were digested with aqua regia 

until completely dissolved. Both digested and supernatant were diluted 1:10 

in aqueous 1% HNO3 containing 20 ppb Sc as internal standard and analyzed 

using He as collision gas in normal mode. Element quantification was based 

on calibration with element standards of Ca, Si, P, Sr and Zn. Results are 

expressed as percentage of the total element presented in each type of 

nanoparticles.  

   

2.6 In vitro cell culture 

 

Human mesenchymal stromal cells (hMSCs, PromoCell) of passage 3 

were expanded in αMEM with addition of 10% FBS, 2 mM L-glutamine, 

0.2 mM ascorbic acid, and 100 U/mL penicillin and 100 mg/mL streptomycin 

at 37  ° C, 5% CO2 in a humidified atmosphere. Cells of passage 4 were used 

for the experiments. 1 ml of cells suspended in medium (5000 cells per cm2) 

were seeded in each well of 12-well cell culture plates. Cells were left to 

adhere for 24 hours before change of media. 
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2.7 Cell uptake of nanoparticles  

 

Flow cytometry was performed to quantitatively assess the uptake of 

the MSN by hMSCs. For short-term flow cytometry uptake study, hMSCs 

were seeded in 12-well plates at 5000 cells per cm2 density. ATTO633-

maleimide labeled MSN (labeling procedure can be found in SI) were 

suspended in cell culture media at a concentration of 70 µg/mL and exposed 

to the hMSCs when they had reached 80-90% confluence. Flow cytometry 

was performed after 6 and 24 hours of MSN exposure. To prepare the 

samples, cells were washed with PBS, trypsinized, and re-dispersed in 

culture medium. Cell suspensions were then centrifuged and re-dispersed in 

300 µL PBS and kept on ice for flow cytometry analysis (BD Accuri C6). A total 

of 10000 cells (gated) were collected for each measurement. FlowJo version 

10 was used for data analysis.  

Cellular uptake of MSN was also analyzed by immunohistochemical 

staining. hMSCs were seeded at a density of 3000 cells/cm2 on a plasma 

treated cover slide. At 80-90% confluency, hMSCs were exposed to 

ATTO647-maleimide labeled MSN for 6 and 24 hours. After exposure, cells 

were fixed with 4% paraformaldehyde (PFA). Prior to staining, cells were 

washed once with PBS and permeabilized with Triton X-100 (0.01% (vol/vol) 

in PBS) for 10 minutes at room temperature followed by washing three times 

with PBS. Samples were then incubated for 60 minutes in blocking buffer 

(4% BSA and 0.05% (vol/vol) Tween-20 in PBS) at room temperature. To 

visualize actin bundles, cells were stained with Alexa FluorTM 488 phalloidin 

(1:200 in PBS; Thermo Fisher Scientific) for 30 minutes at room temperature, 

followed by washing three times with PBS. To visualize cell nuclei, samples 
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were incubated for 6 minutes with 4’,6-Diamidin-2-phenylindol (DAPI, 1:70 

in PBS; Sigma Aldrich) at room temperature, washed three times with PBS 

and mounted with Dako® (Sigma Aldrich). Cells were imaged with a Nikon 

Eclipse Ti-E microscope (Nikon Instruments Europe BV, the Netherlands) 

using an oil objective. To further visualize internalization of MSN without 

membrane permeabilization, cellular uptake of MSN was analysed by laser 

scanning confocal microscope. hMSCs were seeded at a density of 

2000 cells/cm2 on a 6 cm2 glass bottom cell culture well. At 80-90% 

confluency, hMSCs were exposed to ATTO488-maleimide labeled MSN for 6 

hours. Cells were stained with CellMask™ Deep Red Plasma membrane Stain 

(1:800 in PBS; Thermo Fisher Scientific) and 4’,6-Diamidin-2-phenylindol 

(DAPI, 1:100 in PBS; Sigma Aldrich. Images were captured by Nikon A1R+ 

laser scanning confocal microscope (Nikon, Japan). Z-stack scan were used 

to end sure internalization of MSN. Images were further processed and 

merged using ImageJ. 

For long-term flow cytometry uptake study, hMSCs were cultured 

and exposed to MSN similar to short-term experiments. However, 140 

µg/mL of labelled MSN in media were used and media were refreshed every 

3 days. MSN were freshly added into the media just before the media 

change. At 1, 3, 7, 14 and 21 days of culturing, samples were collected for 

flow cytometry analysis.  

 

2.8 Cytotoxicity  

 

The cytotoxicity of MSNSr, MSNSr-CaP, MSNSr-CaZnP at 

concentrations ranging from 70-1000 µg/mL, was determined using the MTT 
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(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay 

according to manufacturer’s protocol (Sigma-Aldrich). hMSCs were seeded 

in 12-well plates at 5000 cells per cm2 density. As hMSCs reached 80-90% 

confluence, they were exposed toMSN at concentrations ranging from 35 to 

1000 μg/mL. Cytotoxicity was assessed after 24 and 72 hours of exposure. 

Amount of dissolved formazan was determined immediately using a 

microplate reader (BIO-RAD microplate reader-550) at absorbance 

wavelength of 570 nm. Wells with complete medium, MSN and MTT 

reagent, without cells were used as blanks.  

 

2.9 Alkaline phosphatase assay 

 

Osteogenic differentiation was evaluated by measuring alkaline 

phosphatase (ALP) levels at days 14 and 21 of culture. CyQuant® Cell 

Proliferation Assay Kit (Thermo Fisher Scientific) was used to measure DNA 

content for normalization of ALP levels. To measure ALP levels and DNA 

content, cells were lysed with cell-lysis buffer (provided with the kit, 1:20 in 

PBS) containing 0.1% (vol/vol) RNAse A (Thermo Fisher Scientific) and three 

cycles of freezing-thawing at -80 °C. First, medium was discarded, and cell 

layers were washed once with PBS. After freezing-thawing for 30 minutes, 

RNAse lysis buffer was added to each well, and samples were frozen-thawed 

for two cycles of 30 minutes each. Once thawed, more RNAse lysis buffer 

was added, and samples were sonicated for 5 minutes. To assure complete 

lysis of the cells, samples were then incubated for 60 min at room 

temperature. 



115 

 

ALP activity was quantified using CDP-star solution (ready-to-use, 

Sigma Aldrich). Cell lysate was incubated 1:5 with the reagent for 30 min in 

the dark at room temperature in a white-bottom, 96-well plate. Using a 

microplate reader (BIO-RAD microplate reader-550) ALP values were 

normalized with total DNA content per sample and expressed as an x-fold 

increase compared to hMSCs cultured on plastic with non-osteogenic 

medium. For the quantification of total DNA content, cell lysate was mixed 

with GR-dye solution (provided in the CyQuant kit, 1:200 in lysis buffer) 

according to the supplier’s instructions. After 15 min, the fluorescent signal 

was measured with a spectrophotometer at 520 nm. Absolute DNA amounts 

were calculated using the standard curve prepared following the supplier’s 

instructions. 

 

2.10 RNA extraction and gene expression (qPCR) assay 

 

Total RNA was isolated from hMSCs via the Trizol method. RNA was 

further purified using RNA isolation kit (Bioline ISOLATE II RNA Mini Kit). RNA 

was collected in RNAse–free water and the total concentration was 

measured using nano-drop (Thermo Scientific NanoDrop). The cDNA of the 

cultures were then prepared using an iScript kit (Bio-Rad) according to the 

manufacturer’s protocol and kept in RNAse-free water to be used for 

quantitative real time PCR (qPCR). The qPCR measurement (Bio-Rad 

equipment) was performed using Syber Green I master mix (Invitrogen) 

using primer sequences (Sigma) as listed in Table 1. Expression of osteogenic 

marker genes were normalized to GAPDH levels as housekeeping gene and 

basic fold indications were calculated by using ΔΔCT method. hMSCs not 
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exposed to nanoparticles were used as controls. All the conditions were 

done with biological triplicate (n = 3).   

 

Table 1: Primer sequence of the osteogenic genes investigated 

 

Gene Primer sequences 

GAPDH (housekeeping gene) 5’-CCATGGTGTCTGAGCGATGT 

5’-CGCTCTCTGCTCCTCCTGTT 

RUNX 2 5′-GGAGTGGACGAGGCAAGAGTTT 

5′-AGCTTCTGTCTGTGCCTTCTGG 

Bone morphogenetic protein 2 (BMP2) 5’-GCATCTGTTCTCGGAAAACCT 

5’-ACTACCAGAAACGAGTGGGAA 

Osteopontin (OPN) 5’-CCAAGTAAGTCCAACGAAAG 

5’-GGTGATGTCCTCGTCTGTA 

Osteocalcin (OCN) 5’-CGCCTGGGTCTCTTCACTAC 

5’-TGAGAGCCCTCACACTCCTC 

Collagen I (COL I) 5’-GATTCCCTGGACCTAAAGGTGC 

5’-AGCCTCTCCATCTTTGCCAGCA 

Podoplanin (E11) 5’-GTGTAACAGGCATTCGCATCG 

5’-TGTGGCGCTTGGACTTTGT 

 

2.11 Mineralization assay 

 

Calcium deposition of hMSCs was assessed by Alizarin Red S (sodium 

alizarin sulphonate) staining to visualize mineralization. After 28 days of 

culture, cells were fixed with 4% PFA, and calcium deposits were made 

visible by Alizarin Red S staining. Alizarin Red S was dissolved in bi-distilled 

water at a concentration of 22 mg/ml. Once the solid was completely 
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dissolved, pH was adjusted to 4.2 with ammonium hydroxide. Prior to 

staining, cells were rinsed once with PBS followed by washing twice with bi-

distilled water. Alizarin Red solution were added to samples were incubated 

for 15 minutes at room temperature followed by washing thrice with bi-

distilled water. Staining was assessed by visual inspection. 

A quantification method was carried out using a de-staining method 

with 10 % (w/v) cetylpyridinium chloride (CPC) (Sigma) in 10 mM sodium 

phosphate (pH 7.0), adding 1 ml of CPC solution/well. After incubating for 15 

minutes at room temperature under constant shaking, 10 μl from the 

extracted stain were transferred to a 96-well plate and diluted 10 folds with 

CPC solution. The violet colored supernatant was read with a microplate 

reader (CLARIOstar Multimode Microplate Reader) at 555 nm. 

 

2.12 Statistical analysis 

 

For statistical comparisons for biocompatibility and ALP activity 

analyses, a two-way analysis of variance (2-way ANOVA) were used followed 

by Turkey’s multiple comparison. For gene expression analysis, a 2-way 

ANOVA was performed followed by Dunnett’s multiple comparison post-hoc 

test. For all figures, error bars indicate one standard deviation and for the p-

values, the following applies: *p < 0.033; **p < 0.02; ***p < 0.001. 

 

 

 

 

 

 



118 

 

3. Results 

 

3.1 Synthesis and characterization of Sr loaded and Ca, P, Zn surface 

coated MSN  

 

MSN functionalized with thiols in the core structure, were 

synthesized via hydrolysis and condensation of silica precursors in the 

presence of a micelle template, as we have reported previously 33, 34. The 

presence of the thiol groups was confirmed by labelling with a thiol reactive 

fluorescent dye (ATTO-647-Maleimide; Figure S1). The surface and 

mesopores of the MSN were then further modified with amine groups using 

APTES post grafting to create MSN-NH2. Spherical, evenly shaped MSN with 

a mesoporous structure were obtained (Figure S2a). In addition, the surface 

zeta potential changed from negative (-20.6±0.1 for MSN) to a positive zeta 

potential (19.6±0.3 for MSN-NH2), after amine surface grafting (Table S1). 

The surface grafted amines could then be modified by reaction with succinic 

anhydride to carboxylic acid groups (MSN-COOH), to allow Ca and P 

deposition on the surface of MSN, as we reported previously 35. The surface 

modification resulted in another surface potential change to -17.7±0.2, 

indicating that the modification from positively charged amine groups to 

negatively charged carboxylic acid groups was successful (Table S1). The 

carboxylic acid group modification was further confirmed by FTIR with an 

observable peak of around 1627 1/cm (COOH stretch, Figure S2c). Two types 

of MSN-COOH particles were created; one with COOH groups only on the 

nanoparticle surface and one where COOH groups were incorporated on the 

surface and in the mesopores. The COOH modified MSN were then soaked 
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in a Sr solution to create MSNr. The MSN containing COOH in the mesopores 

showed increased uptake of Sr ions compared to the MSN which only had 

COOH groups on the surface (Figure  S1), and were used for the remainder 

of the study. Sr incorporation did not alter the morphology of the MSN 

(Figure 1a).  

To graft the CaP layer on the surface of the MSN (MSNSr-CaP), Ca and 

P precursors in solution were added alternately on MSNSr until a thin layer 

of CaP was obtained (Figure 1b). Zn were added to the CaP layer, Zn 

precursors were added along with Ca precursors during layer formation at 

10% molar equivalent, to create MSN with a thin layer of Zn doped CaP 

(MSNSr-CaZnP, Figure 1c). The X-ray diffraction (XRD) pattern of MSN grafted 

with calcium and phosphate in the absence of Sr and Zn ions (MSN-CaP) 

showed only broad peaks, suggesting the formation of a rather amorphous 

CaP layer using this method. Similarly, the XRD analysis indicated that the 

CaP layer on MSNSr-CaP was amorphous and that MSNSr-CaZnP had a low of 

crystallinity (Figure S3). ICP-MS analysis of the dissolved nanoparticles 

confirmed the presence of Ca, P, Sr and Zn in the MSN (Table 2). 

Furthermore, MSNSr, MSNSr-CaP and MSNSr-CaZnP were similar in size, with 

hydrodynamic sizes of 203±5 nm, 218±14 nm and 223±10 nm, respectively 

(Table 3). The nanoparticles were monodisperse with polydispersity indexes 

(Pdi) of 0.1 (MSNSr), 0.33 (MSNSr -CaP) and 0.27 (MSNSr-CaZnP) and had a 

negative surface potential (Table 3). In summary, our layer-by-layer method 

enabled the formation of MSN incorporating Sr and coated with Ca, P, and 

Zn, which were homogenous in both size and shape. 
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Figure 1: Characterization of a) MSN, b)MSNSr, c) MSNSr-CaP and d) MSNSr-CaZnP by TEM. 

Scale bar is 50 nm. 

Table 2: Ion composition of MSNSr, MSNSr-CaP and MSNSr-CaZnP (in 100 mg) using ICP-MS 
analysis. 

Sample Si 
(mg) 

Ca 
(mg) 

P 
(mg) 

Zn 
(mg) 

Sr 
(mg) 

MSN
Sr

 99.97613 - - - 0.03856 

MSN
Sr

-CaP  95.57849 2.759965 1.652674 - 0.04526 

MSN
Sr

-

CaZnP 
95.41935 2.700724 1.626942 0.248765 0.04222 

 

Table 3: hydrodynamic size, Pdi and surface zeta potential of MSNSr, MSNSr-CaP and 
MSNSr-CaZnP in ethanol measured by DLS. 

Sample 
Hydrodynamic 
size in ethanol 

(nm) 
Pdi Zeta potential 

MSN
Sr

 203±5 0.1 -5.34 

MSN
Sr

-CaP  218±14 0.33 -20.43 

MSN
Sr

-CaZnP 223±10 0.27 -20.56 

 

 

 

 



121 

 

3.2 ion release from MSN at neutral and acidic pH  

 

To assess ion release at different pH found in extracellular (pH 7.4) 

and intracellular (endosomes; pH 5) environments, MSNSr, MSNSr-CaP and 

MSNSr-CaZnP were incubated in cacodylate buffer (does not contain Ca, P, 

Zn, Sr or Si), at pH 5 and 7.4 for 0, 1, 3, 6, 24, 72 and 144 hours, and ion 

release was quantified using ICP-MS (Figure 2). 

 

Figure 2:  MSN ion release in neutral and acidic pH. Ion release profiles of a) Ca, b) P, c) Zn 

and d) Sr from MSNSr (black), MSNSr-CaP (red) and MSNSr-CaZnP (blue) in cacodylate buffer 
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pH 5 (solid lines) and pH 7.4 (dashed lines) analysed by ICP-MS. The percentage of each 

element present in the supernatant compared to total amount is shown. 

 MSNSr-CaP and MSNSr-CaZnP were stable at neutral pH as no significant Si, 

Ca, P or Zn release could be observed after 6 days of incubation (Figure 2). 

Also no Sr release was observed from MSNSr-CaP or MSNSr-CaZnP at pH 7.4. 

In contrast, Sr diffused out rapidly from non-gated nanoparticles (MSNSr) 

with 43.6% release after 6 hours in neutral pH.  

At pH 5, rapid dissolution of the CaP layer was observed. Specifically, 

the calcium phosphate layer of MSNSr-CaP and MSNSr-CaZnP showed total 

dissolution of P within 6 hours (Figure 2a, b). Interestingly, Ca and Zn release 

was slower than that of P (Figure 2c). Since P readily dissolved within 24 

hours, the slower release of the Ca and Zn might be due to ion adsorption 

on to the MSN. Sr release at pH 5 was similar for all three nanoparticles, and 

slower compared to Zn and Ca degradation, this may be due to increased 

affinity of Sr towards carboxylic acid groups present in the MSN mesopores 

(Figure 2a, c). The MSN matrix remained stable for all nanoparticles at both 

pH 7.4 and pH 5 (Figure S4).  

  In summary, here we showed that the CaP surface coating on MSN 

prevented release of encapsulated and surface coated ions when in neutral 

(extracellular) pH. The CaP and CaZnP surface coatings could rapidly degrade 

at acidic pH values like those found in endosomes/lysosomes, triggering ion 

release of the surface coated and encapsulated ions, where the mesoporous 

silica matrix remained intact.  
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3.3 Biocompatibility and cell internalization  

 

Next, the biocompatibility of MSNSr, MSNSr-CaP and MSNSr-CaZnP at 

concentrations ranging from 35 to 1000 μg/mL was assessed in hMSCs using 

the MTT assay. Only relatively high nanoparticle concentrations of 500 and 

1000 μg/mL MSNSr, MSNSr-CaP and MSNSr-CaZnP led to a significant decrease 

in hMSCs cell metabolism after 24 hours of exposure compared to control 

cells cultured in the absence of MSN (Figure 3a). After 3 days of exposure, 

also the lower concentration of 280 μg/mL resulted in a significant decrease 

in cell metabolism for all three tested MSN (Figure 3b). There was no 

statistical difference between the MSN groups after 24 hours, however, 

after 72 hours; MSNSr was significantly more toxic than MSNSr-CaP and 

MSNSr-CaZnP at the higher concentration range (280-1000 μg/mL). In 

conclusion, MSN concentrations lower or equal to 140 μg/mL did not affect 

hMSCs viability for any of the MSN tested. Based on these results, 70 and 

140 μg/mL were selected for further studies.   

 

 

 

Figure 3: hMSCs metabolic activity of MSNSr, MSNSr-CaP and MSNSr-CaZnP at concentrations 

ranging from 35-1000 µg/mL after a) 24 and b) 72 hours of exposure using the MTT assay. 
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Cell viability is shown as % compared to control cells (not incubated with MSN). Significant 

differences between sample groups and control groups are shown by * representing p-

values as follows; *p < 0.033; **p < 0.02; ***p < 0.001. 

 

Next, hMSCs internalization of fluorescently core labeled MSNSr, 

MSNSr-CaP and MSNSr-CaZnP was visualized using fluorescent and confocal 

microscopy (Figure 4a, Figure S5). Nanoparticles could be observed within 

hMSCs, where hMSC morphology remained intact (Figure 4a). Moreover, 

orthogonal sectioning using confocal microscopy revealed that the 

nanoparticles spread throughout the hMSCs and were internalized (Figure 

S5). hMSCs uptake of MSNSr, MSNSr-CaP and MSNSr-CaZnP after 6 and 24 

hours were further quantitatively analyzed using flow cytometry. All three 

types of MSN were internalized relatively fast after 6 hours of exposure; over 

95 % of hMSCs were positive for nanoparticle uptake (Figure 4b, left panel). 

Furthermore, MSNSr-CaP and MSNSr-CaZnP showed higher uptake compared 

to MSNSr, indicating that the CaP coating positively affected nanoparticle cell 

uptake. After 24 hours, 83.6% (MSNSr), 89% (MSNSr-CaP) and 79.5% (MSNSr-

CaZnP) of hMSCs had internalized nanoparticles (Figure 4b, right panel).  
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Figure 4: MSN internalization in hMSCs. a) Fluorescence microscopy images of hMSCs 

exposed to MSNSr, MSNSr-CaP and MSNSr-CaZnP at 140 μg/ml for 6 h. Cells stained for nuclei 

(dapi; blue) and actin (phalloidin 488; green). MSN are shown in red. Scale bars are 50 μm. 

b) flow cytometry histograms of hMSCs exposed to MSNSr, MSNSr-CaP and MSNSr-CaZnP 

at140 μg/ml for 6 and 24 h. c) Fluorescence intensity of labelled MSNSr-CaZnP in supernatant 

after 3, 7, 14 and 21 days of culture measured by a microplate reader. Positive control (Pos. 

ctrl) is cell culture media with 140 μg/mL labelled MSNSr-CaZnP. d) Flow cytometry 

histograms of MSNSr-CaZnP uptake, by hMSCs exposed to single dose and multiple doses 

after 3, 7, 14 and 21 days of cell culture.  

 



126 

 

Next, we set out to investigate how long-term nanoparticle exposure, 

matching our hMSC osteogenic differentiation protocols of 21 days, affected 

hMSCs nanoparticle uptake. Since similar uptake for all three nanoparticle 

types was observed, MSNSr-CaZnP were chosen for this experiment. The 

effect of single and multiple doses (media change every 3 days) of 140 µg/ml 

MSNSr-CaZnP (termed MSNSr-CaZnP(s) and MSNSr-CaZnP (m), respectively) 

on their uptake efficiency in hMSCs was investigated using flow cytometry. 

The amount of MSNSr-CaZnP present in the cell culture media was also 

measured, and remained steady over-time even after multiple dose 

exposures (Figure 4c). This indicates that the cells did not excrete the 

nanoparticles.  

After 3 days of exposure, no significant difference in nanoparticle uptake 

after single or multiple dose administration could be observed (86.6% for 

MSNSr-CaZnP(s), and 91.5% for MSNSr-CaZnP (m)). However, after 7 days, 

single dose exposure resulted in a lower signal and after 14 days no 

significant signal could be detected using flow cytometry (Figure 4d). In 

contrast, hMSCs exposed to MSNSr-CaZnP every three days maintained a 

similar nanoparticle uptake signal over time (Figure 4d).  

In summary, here we showed that MSNs and CaP coated MSN are 

efficiently and rapidly taken up by hMSCs and that exposure every 3 days 

could maintain the nanoparticle uptake levels as observed by flow 

cytometry.  
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3.4 Alkaline Phosphatase (ALP) activity  

 

Next, we assessed the ability of MSNSr, MSNSr-CaP and MSNSr-CaZnP 

to induce enzymatic ALP activity. ALP plays a critical role in hard tissue 

formation by facilitating mineralization and reducing pyrophosphate 

concentrations, a mineralization inhibitor 36. hMSCs were exposed to single 

and multiple doses (70 and 140 µg/mL) of the three nanoparticles in basic 

media (no osteogenic stimulants) and ALP activity was measured after 14 

and 21 days (Figure  5). In addition, hMSCs cultured in osteogenic media (OS) 

were included as positive control. The data was normalized for DNA content 

and expressed relative to ALP activity of hMSCs in basic medium. 

After 14 days, a significant change in ALP activity was observed in 

hMSCs exposed to multiple doses of 140 µg/mL of MSNSr-CaP and MSNSr-

CaZnP. In contrast, multiple dose administrations of MSNSr only led to a 1.59 

fold upregulation of ALP activity (Fig 5a).  

After 21 days, hMSCs exposure to multiple doses of 140 µg/mL of all three 

MSN led to a significant increase in ALP activity, (3.5, 3.4, and 3.5 fold for 

MSNSr, MSNSr-CaP and MSNSr-CaZnP, respectively). Although no significant 

increase in ALP activity could be observed for single administrations for the 

three tested MSN after 14 days, a single dose of MSNSr-CaZnP was sufficient 

to significantly increase ALP levels (2.58-fold) after 21 days of exposure. In 

addition, multiple doses at a lower concentration (70 µg/mL) of MSNSr-

CaZnP also resulted in significant increased ALP activity after 21 days (2.66-

fold; Figure 5b). Overall, all three MSN were able to induce ALP enzyme 

expression in hMSCs, where MSNSr-CaZnP were most effective also when 

applied at single and multiple lower doses.  
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Next, we assessed the ability of multiple doses of Ca, P, Zn and Sr ions 

dissolved directly in the cell culture media to induce ALP activity in hMSCs, 

in order to compare its effectiveness to the nanoparticles. Similar to MSN 

multiple dose exposure experiments, the media was refreshed every 3 days. 

Three different concentrations were chosen based on our experimental 

settings and values found in literature. Specifically, ion concentration set [1] 

consisted of bioinorganics present in the same concentrations as found in 

140 µg/mL of MSN. Concentration set [2] and [3] corresponded to ion 

concentrations found in literature that are known to increase ALP activity in 

hMSCs (Table 4) 6, 16, 37-42.  

Addition of Sr or Ca and P at the highest tested concentration [3] 

resulted in increased ALP activity after 7, 14 and 21 days (Figure 5). 

Interestingly, when Sr, Ca, P or Sr, Ca, P and Zn were presented together in 

cell medium, significant ALP induction was also observed at lower 

concentrations [1] and [2], albeit significantly lower (below 2-fold) than what 

was observed after exposure to the nanoparticles. 

No significant ALP induction was observed when hMSCs were 

exposed to the concentrations as found in the MSN (concentration [1]) 

(Figure 5). This indicates that the concentration of ions required to increase 

ALP activity in hMSCs are much lower when administered via MSN 

constructs compared to dissolving ions directly in the medium (Table. 4). In 

fact, the effective concentrations required for direct ion supplementation 

were significantly higher compared to administration using MSN 

(specifically; 276 times for Sr, 207 times for Ca, 66 times for P, and 1073 

times for Zn). Thus, multiple ions administered via MSN appear to be more 



129 

 

effective in inducing ALP expression than multiple administration of the 

same ions dissolved within medium.  

 

 

Figure 5: Relative ALP activity in hMSCs after exposure to MSN (a, b) or ions directly 

dissolved in media (c-f). hMSCs were exposed to a single dose (s) or multiple doses (m) of 
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70 µg/mL or 140 µg/mL of MSNSr, MSNSr-CaP and MSNSr-CaZnP and ALP activity assayed 

after (a) 14 and (b) 21 days. hMSCs were further exposed to three concentrations sets of (c) 

Sr, (d) Ca and P, (e) Sr, Ca and P and  (f) Sr, Ca, Zn and P dissolved in cell culture media. 

Concentration set [1] consisted of ion concentration as present in multiple doses 140 µg/mL 

of MSNSr, MSNSr-CaP or MSNSr-CaZnP, while concentration sets [2] and [3] corresponded to 

ion concentrations found in literature that are known to induce osteogenic markers 

expression in hMSCs. The data was normalized to hMSC DNA content. For all figures, error 

bars indicate one standard deviation among the triplicate. Significant difference compared 

to the controls are shown by * representing p-values as follows; *p < 0.033; **p < 0.02; 

***p < 0.001. 

 

Table 4: Sr, Ca, P and Zn ions concentrations dissolved in cell culture medium 

 

Sample code 
Concentration 

[1] 
Concentration 

[2] 
Concentration 

[3] 

Sr 0.723 µM 25 µM 200 µM 

CaP  
Ca 96.25 µM 
P 74.637µM 

1.8 mM  
 0.09 mM 

20 mM 
5 mM 

SrCaP 
Sr 0.723 µM 
Ca 96.25 µM 
P 74.637 µM 

25 µM 
1.8 mM 

0.09 mM 

200 µM 
20 mM 
5 mM 

SrCaZnP 

Sr 0.723 µM 
Ca 96.25 µM 
P 74.637 µM 

Zn 9.31478 µM 

25 µM 
1.8 mM  

 0.09 mM 

200 µM 
20 mM 
5 mM 

10 mM  

 

3.5 Osteogenic gene expression and mineralization  

 

Next, the effect of the MSN on known early, middle and late 

osteogenic markers were tested using qPCR and compared to ions directly 

dissolved in the medium. Specifically, early osteogenic marker expression 
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(BMP2 and RUNX2) were quantified after 7 and 14 days. RUNX2 is effective 

in the first stage of bone formation where mesenchymal precursors commit 

to the osteoblast differentiation lineage, and BMP2 is related to regulating 

the bone marrow matrix microenvironment and promoting osteogenic 

differentiation of hMSCs 43. Intermediate osteogenic marker (OPN), which 

participates in bone remodelling via promoting osteoclastogenesis and 

osteoclast activity 44, was quantified after 14 days. Finally, late osteogenic 

and mineralization marker (OCN) 45, and matrix production (Col1) 46 marker 

expression were quantified after 21 days. Similar to the ALP assay, hMSCs 

were exposed to 140 µg/ml MSN, where a media change took place every 3 

days (labelled as MSNSr (m), MSNSr-CaP (m) and MSNSr-CaZnP (m)). A single 

dose of 140 µg/ml MSNSr-CaZnP was also included (labelled as MSNSr-

CaZnP(s)), and cells in OS medium were included as positive control. Based 

on our previous results, we selected Sr, SrCaP and SrCaZnP ions dissolved in 

the medium at the highest concentration [3] for these experiments. 

Importantly, basic media (without addition of osteogenic molecules) was 

used for all of our sample conditions. 

PCR analysis showed that all tested MSN, and their respective ions 

dissolved in medium at concentration [3] (Table 4) could significantly induce 

the expression of several osteogenic markers in hMSCs relative to the 

controls (Figure 6a-h). Interestingly, an increased effect on osteogenic gene 

expression could be observed when ions were used in combination, 

independent of how the ions were administered. 

Specifically, after 7 and 14 days, hMSCs exposed to MSNSr-CaP (m) 

and MSNSr-CaZnP (m) showed significantly increased RUNX2 expression 
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(Figure 6a,b). Ion concentrations Sr[3], SrCaP[3] and SrCaZnP[3] resulted in 

significantly increased RUNX2 expression only after 14 days of exposure.  

After 7 days of exposure, BMP2 expression was significantly 

upregulated for hMSCs exposed to MSNSr-CaP and MSNSr-CaZnP. After 14 

days, all MSN significantly induced BMP2 expression. Similarly, the addition 

for individual ions resulted in increased BMP2 expression after 14 days, 

except for Sr[3] (Figure  6c,d).  

After 14 days of exposure, MSNSr-CaP (m) and MSNSr-CaZnP (m) also 

significantly induced OPN expression. While hMSCs exposed to MSNSr (m) 

also showed an increase in OPN expression, the upregulation was relatively 

low compared to the other groups (1.86 fold). After 21 days, all MSN 

conditions significantly increased OPN expression, where MSNSr-CaP (m) and 

MSNSr-CaZnP (m) resulted in the highest induction. Similarly, medium 

containing combinations of ions (i.e. SrCaP[3] and SrCaZnP[3]) resulted in 

increased OPN expression already after 14 days (Figure  6e), and all ion 

conditions led to upregulated OPN after 21 days of exposure (Figure  6f).  

After 21 days of exposure, OCN was significantly expressed after 

exposure to MSN with the exception of single administration of MSNSr-

CaZnP(s). Also with this marker, increased levels were observed when a CaP 

layer on the MSN was present (Fig 6g). Similarly, all conditions using ions 

dissolved in media led to increased OCN expression after 21 days exposure. 

Finally, all MSN conditions, except for single administration of MSNSr-

CaZnP, led to increased expression of Col1 (Figure 6h). Significantly, 
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increased Col1 gene expression was also observed for conditions when 

multiple ions were used.  

To assess whether our nanoparticles could also induce the transition 

from osteoblast to osteocyte, gene expression of osteocyte marker 

podoplanin (E11) was evaluated. Podoplanin is a known marker that is 

upregulated during the embedding of osteocytes in a mineralized matrix 47-

50.  We compared podoplanin induction to RUNX2 expression after 14 and 21 

days (Figure 7). Significantly increased podoplanin expression could be 

observed after 21 days of exposure to MSNSr-CaP (m), MSNSr-CaZnP(m) and 

SrCaZnP[3]. Conversely, a trend towards a lower expression of Runx2 was 

observed after 21 days of culture, although not significant. This data 

indicates that the overall population is transitioning to osteocytes in 

conditions when multiple ions are present and after longer exposure times. 

Next, we investigated the effect of the nanoparticles and dissolved 

ions on hMSCs mineralization using Alizarin red staining. hMSCs cultured in 

basic and mineralization media were used as negative and positive controls, 

respectively. hMSCs cultured in basic media did not show any signs of 

mineralization (Figure  8a). In contrast, hMSCs exposed to multiple doses of 

the three types of MSN showed high mineralization (Figure 8b-i). All three 

ion conditions also resulted in significant mineralization. Exposure to a single 

dose of MSNSr-CaZnP was not sufficient to promote significant 

mineralization in hMSCs (Figure 8e, j).  

Furthermore, the amount of calcium deposited by hMSCs exposed to 

MSNSr(m) and  MSNSr-CaP(m) was similar (0.445 mM and 0.467 mM 

respectively), while hMSCs cultured with MSNSr-CaZnP(m) showed highest 

amount of calcium deposition (0.823 mM; Figure 8j). In contrast, single 
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administration of MSNSr-CaZnP resulted in only 0.0388 mM of calcium 

deposition. Thus, multiple exposures to MSNSr, MSNSr-CaP and MSNSr-CaZnP 

promoted the mineralization process during osteogenesis of hMSCs, where 

MSNs with a CaP and CaZnP layer showed the highest effect. This was also 

observed for the hMSCs exposed to ions dissolved in medium, where high 

mineral deposition was observed for SrCaP[3] and SrCaZnP[3] (0.722 mM 

and 0.869 mM, respectively) and relatively low mineral deposition for hMSCs 

exposed to Sr[3] (0.237 mM).  
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Figure 6:  hMSCs mRNA expression of RUNX2 at (a) 7 and 14 (b) days;  BMP2 at 7 (c) and 14 

(d) days;  OPN at (e) 14 and (f) 21 days, OCN at (g) 21 days, and Col I at (h) 21 days after 

exposure to MSN (MSNSr(m), MSNSr-CaP(m) MSNSr-CaZnP(m), and MSNSr-CaZnP(s)) and 
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medium dissolved ions (Sr[3], SrCaP[3] and SrCaZnP[3]) in basic conditions. The results were 

normalized to GAPDH as housekeeping gene and calibrated to mRNA level of the respective 

markers in hMSCs cultured with basic media as the control. hMSCs cultured with osteogenic 

medium (OM) were used as positive control. Significant difference between sample and 

basic control groups are shown by * representing p-values as follows; *p < 0.033; 

**p < 0.02; ***p < 0.001. 

 

Figure 7: hMSCs mRNA expression of (a) Runx2 and  (b) E11 at 14  and 21 days after exposure 

to nanoparticles composites (red) and ions (blue). All condition were cultured in basic cell 

culture media. The results were normalized to GAPDH as housekeeping gene and calibrated 

to mRNA level of the respective markers in hMSCs cultured with basic media as the control. 

hMSCs cultured with osteogenic medium (OM) were used as positive control (grey). 

Significant difference between day 14 and day 21 samples are shown by * representing p-

values as follows; *p < 0.033; **p < 0.02; ***p < 0.001. 
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Figure 8: Light microscopy images of mineral formation by hMSCs (n=3) when cultured in 

(a) basic medium, (b) medium containing MSNSr(m), (c) MSNSr-CaP(m), (d) MSNSr-CaZnP(m),  

(e) MSNSr-CaZnP(s), (f) Sr[3],  (g) SrCaP[3], and (h) SrCaZnP[3] compared to (i) osteogenic 

medium (OM). Calcium minerals were stained with Alizarin Red S. (j) Quantification of 

calcium content at day 28 was performed using a de-staining method. Significant difference 

between samples and control groups are shown by * representing p-values as follows; 

*p < 0.033; **p < 0.02; ***p < 0.001, ns means non-significant. 

4. Discussion 

 

In this work we developed MSN incorporating Sr and coated with a 

pH sensitive CaP or CaZnP layer. Doping ceramic nanoparticles and scaffolds 

with different bioactive ions is a popular strategy in the field to further 

improve their bone regenerative capabilities. Many examples are known 

especially in the bioactive glass field where doping with strontium, zinc, 

copper amongst others has resulted in nanoparticles with improved bone 

regenerative capabilities 4-6. While there are several studies using MSN to 

deliver known osteogenic stimulants such as dexamethasone and BMP-2 51, 

the use of MSN for ion delivery is still limited explored. There are only several 
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reports where MSN were used to deliver therapeutic ions for bone 

regeneration purposes 52-54. In these studies the ions are doped within the 

silica matrix, where particle degradation is needed to allow ion release. 

There are no studies looking into using MSN as stable carriers for multiple 

ion delivery as we have presented here. To facilitate their delivery, we 

surface grafted CaP onto MSN to act both as pH sensitive gating system to 

prevent Sr release and to facilitate delivery of CaP ions upon nanoparticle 

uptake in hMSCs. Previously it has been reported that MSN are actively 

taken up by MSCs via endocytosis 31, 32, which involves the formation of 

acidic endosomal vesicles containing an average pH of 5. CaP solubility is 

dependent on its crystallinity and pH and CaP solubility dramatically 

increases below pH 6.0 55. Several other examples exist where CaP surface 

modified MSN have been used for pH responsive drug delivery of anticancer 

drugs 56-58. Our method used direct CaP precipitation on carboxylic acid 

surface modified MSN, similar to a previously published method 56-58. We 

modified the procedure to also create carboxyl group within the mesopores 

to increase Sr ion loading capacity of the MSN. In addition, we modified the 

protocol to also introduce Zn on the CaP surface coating, as zinc is a popular 

additive to promote bone regeneration in dentistry and orthopedic 

applications 59.  

The developed MSN were efficiently taken up by hMSCs. Our results 

further showed that CaP coating of MSN increases their uptake. This is in line 

with other studies showing that various nanoparticle structural features 

including size, shape, and surface chemistry and charge effect nanoparticle 

cell internalization 60. Several studies suggest that the majority of MSN 

uptake by hMSCs goes via clathrin‐mediated endocytosis but also involves 
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unknown pathways 31, 32. The MSC uptake mechanism of CaP nanoparticles 

seems to involve not only clathrin-mediated endocytosis but also ATP-

dependent endocytosis 61. 

After single dose exposure, the nanoparticle signal disappeared 

within 7 days, however, there was no increase in fluorescence in the cell 

culture media indicating that the cells did not excrete the nanoparticles. 

Although there are only a few studies that have looked into the long-term 

uptake of MSN in MSCs, our data is in line with what others and we have 

previously reported. Huang et al. demonstrated that FITC-labelled MSN 

could still be observed by confocal microscope 21 days after single exposure 

to hMSCs. However the percentage of positively labelled hMSCs could only 

be detected up to 7 days via flow cytometry indicating that the particle 

number per cell reduced over-time due to the cell proliferation 62. In our 

previous study, we observed that the MSN signal was halved after every cell 

passage, resulting in the loss of signal in flow cytometry after about 15 days 

33, 34. Here we showed that when we expose the hMSCs to multiple doses in 

3 day intervals, the level of nanoparticle uptake can be maintained over 21 

days when observed using FACS analysis. Moreover, although we did not test 

this condition, our data indicates that administration every 7 days would also 

be sufficient to maintain nanoparticle levels. 

Taken together, our ALP activity, gene expression and mineralization 

data demonstrated that MSN incorporating Sr and coated with CaZnP layer 

(MSNSr-CaZnP) were most osteogenic. MSNSr-CaZnP could significantly 

induce early, middle and late osteogenic markers in hMSCs at all tested time 

points and led to pronounced mineralization. MSN containing only Sr ions 

(MSNSr) were least effective, indicating that there is an additive effect when 
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using multiple ions within a single nanoparticle construct. This additive 

effect was also observed in the conditions where ions were added directly 

to the cell culture media; also here Sr[3] was the least effective condition, 

whereas SrCaZnP[3] showed the strongest osteogenic gene induction and 

most pronounced mineralization. The effects of combining bioinorganic ions 

have only limitedly been explored. Several studies have shown that 

incorporating Sr, Si or Zn ions into CaP scaffolds improves bone formation 

capabilities compared to scaffolds without additional ions 21-23. Mao et al. 

compared the effect of Sr and Si media extract from β-TCP to Sr and Si ions 

alone in similar concentrations on osteoblast cells. It was found that Sr and 

Si ions possessed synergistic effects by upregulating the expression of 

osteogenic gene OCN and angiogenic gene VEGF in rBMSCs-OVX cells 21. Jia 

et. al. has previously shown that ALP, OCN and Col I were upregulated when 

mouse osteoblasts were exposed to a combination of Zn and Sr released 

from Zn-Sr alloy submerged in media compared to pure Zn 22. To our 

knowledge, our study is the first to use a single nanoparticle construct to 

deliver a combination of SrCaP and SrCaZnP ions to hMSCs, and to 

demonstrate that this has positive effects on osteogenic marker expression.  

Although the ions dissolved in the medium had a similar effect on the 

osteogenic gene expression in hMSCs as the ion incoprorated MSN, the 

concentrations required to obtain this effect by directly dissolving ions in the 

medium was significantly higher. Indeed, the cumulative ion concentration 

present in the nanoparticles was 134 (P), 208 (Ca), 277 (Sr) and 538 (Zn) 

times lower compared to respective ions when dissolved in the cell culture 

medium (Table 4). When exposing hMSCs to the same effective ion dose in 

the cell culture medium as was present in the ions-functionalized MSN, no 
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significant ALP activity was observed (Figure 5). This difference may be due 

to different uptake routes: where nanoparticle internalization in hMSCs is 

known to involve endocytosis, ions are generally taken up via ion channels. 

By surface-coating the particles with a CaP coating that is degradable only at 

lower pH, the ion dissolution only takes place at low pH values such as those 

found in endosomes, while they remain stable at pH 7. This pH responsive 

mechanism likely decreased their effective dose by preventing unwanted 

release of ions when not internalized. Importantly, our MSN could induce 

osteogenesis in hMSCs without the presence of any other osteogenic 

stimulants in the media (e.g. under basic conditions). Another advantage of 

using our MSN composites is that the administration dose and frequency can 

potentially be reduced. Even though we did not test other conditions, our 

flow cytometry data suggests that administering the nanoparticles every 7 

days should also be effective. This advantage combined with lower effective 

doses, make our developed MSN-CaP promising constructs for use in bone 

regeneration applications.  
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5. Conclusions 

 

Bioinorganic ions are promising additives in bone regenerative 

biomaterial based strategies to stimulate bone and blood vessel formation. 

However, local ion release and dosage control are critical to prevent adverse 

side effects. In this study, we demonstrated that silica based nanoparticles 

(MSN) incorporating Sr ions and coated with CaP or CaZnP layers are 

promising ion carriers for bone regenerative strategies. The CaP or CaZnP 

coat acted as a pH-sensitive gating system with rapid ion release when in 

acidic conditions.  

Our developed MSN could efficiently induce the expression of early, 

middle and late osteogenic markers in the absence of other stimulators of 

osteogenic differentiation. While all the MSN tested here had a stimulatory 

effect, MSN containing CaZnP surface coating were most osteogenic while 

MSN without CaP coat (MSNSr) were least effective, indicating an additive 

effect when delivering multiple bioinorganic ions using MSN. To our 

knowledge, our study is the first to use a single nanoparticle construct to 

deliver a combination of Sr, Ca, Zn, P ions, and to demonstrate that this has 

positive effects on osteogenic marker expression in hMSCs. Furthermore, 

our MSN promoted osteogenic marker expression in hMSCs at a much lower 

dose compared to adding the same ions but directly dissolved in the cell 

culture media, likely due to different cell internalisation uptake routes. As 

such, the developed MSN represent a promising strategy to decrease ion 

dosage and effectively induce hMSCs osteogenesis. A further in-depth 

understanding of how ion dosing and possible synergy influences not only 
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osteogenesis but also other regenerative processes such as angiogenesis 

could potentially maximize their use in bone regeneration approaches. 

The type of MSN developed here could be easily applied in injectable 

biomaterials and printable scaffolds used for bone regeneration purposes 

without impairing their mechanical properties. Additional advantages of 

using MSN is that they allow ion release and dosage control, and they can 

be surface modified to target cells. Considering these advantages combined 

with lower effective and less required administration doses, the MSN 

developed here represent promising constructs for use in bone regeneration 

applications. 
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Supplementary data 

 

 S.1 Synthesis of core-labelled MSN  

 

To synthesize MSN with amines on the surface, a mixture of 1.63 g 

TEOS (7.82 mmol), MPTES (112 mg, 0.48 mmol) and 14.3 g TEA (95.6 mmol) 

was heated to 90 °C under static conditions (Solution 1). Solution 2 included 

100 mg ammonium fluoride (2.70 mmol) dissolved in a solution of 2.41 ml 

CTAC (1.83 mmol, 25% (wt) in H2O) and 21.7 ml bi-distilled water (1.21 

mmol) by heating to 60 °C. Solution 2 was rapidly added to solution 1, and 

the mixture was stirred vigorously at 700 rpm for 20 min while left to cool. 

Then, 138.2 mg TEOS (0.922 mmol) was added in four equal increments 

(34.55 mg each) every 3 minutes. The solution was then left stirred overnight 

at room temperature. The particles were then collected by centrifugation at 

7800 rpm for 20 min and washed once with ethanol. Template extraction 

was performed by dispersion into an ammonium nitrate in ethanol solution 

(2 g NH4NO3 in 100 ml ethanol) and refluxed for 45 minutes at 90 °C. MSN 

were collected by centrifugation and washed with ethanol before further 

template extraction in 100 ml of a 3.7% hydrochloric acid solution in ethanol 

for 45 minutes at 90 °C. MSN were collected by centrifugation, washed twice 

with ethanol and stored in suspension at -20 °C. The thiol groups 

functionalized core of the MSN were labelled with ATTO-647-Maleimide to 

create fluorescent core labeled MSN. 
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Figure S1: Synthesis scheme of core-labelled MSN.  Thiol groups core functionalization MSN 

were further confirmed by labelled with ATTO-647-Maleimide and measured in a 

microplate reader (BIO-RAD) at 647 nm. 
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Figure S2: Characterization of MSN, MSN-NH2 and MSN-COOH. a) TEM images show 

spherical-shaped porous structure for all nanoparticles. b) FTIR spectra of MSN, MSN-NH2 

and MSN-COOH. 
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Table S1: Hydrodynamic size, polydispersity index (Pdi) and zeta potential of MSN, MSN-

NH2 and MSN-COOH in ethanol measured by DLS. 

 

Sample Hydrodynamic size 

in ethanol (nm) Pdi Zeta potential 

MSN-OH 188±1.47 0.107 -20.6±0.13 

MSN-NH2 195.8±0.56 0.09 +19.6±0.31 

MSN-COOH 203±2.1 0.27 -17.7±0.2 
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Figure S3: XRD patterns of MSNSr, MSNSr-CaP and MSNSr-CaZnP displayed amorphous non- 

crystallization of all nanoparticles. 

 

 

Figure S4: Silica ions release profiles of MSNSr (black), MSNSr-CaP  (blue) and MSNSr-CaZnP 

(red) in cacodylate buffer with pH 5 (solid lines) and 7.4 (dashed lines) analysed by ICP-MS. 
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Figure S5: Confocal microscopy images of hMSCs exposed to 140 μg/ml (a) MSNSr, (b) MSNSr-

CaP and (c) MSNSr-CaZnP for 6 hours. Cells were washed with PBS 3 times to remove non-

internalized MSNs. Cell bodies were labelled with CellMask (in purple). Core labelled MSN 

are shown in green. Arrows in orthogonal sections indicate the MSN located within the cell 

body and not on the surface of cell membrane. Lower panel illustrates a magnification of 

the cells showing nanoparticle distribution in the cells.  
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Abstract  
 

Nanoparticles such as mesoporous bioactive glasses (MBG) and 

mesoporous silica nanoparticles (MSN) are promising for use in bone 

regeneration applications due to their inherent bioactivity. Doping silica 

nanoparticles with bioinorganic ions could further enhance their biological 

performance. For example, zinc (Zn) is often used as an additive because it 

plays an important role in bone formation and development. Local delivery 

and dose control are important aspects of its therapeutic application. In this 

work, we investigated how Zn incorporation in MSN and MBG nanoparticles 

impacts their ability to promote human mesenchymal stem cell (hMSCs) 

osteogenesis and mineralization in vitro. Zn ions were incorporated in three 

different ways; within the matrix, on the surface or in the mesopores. The 

nanoparticles were further coated with a calcium phosphate (CaP) layer to 

allow pH-responsive delivery of the ions. We demonstrate that the Zn 

incorporation amount and ion release profile affect the nanoparticle’s ability 

to stimulate osteogenesis in hMSCs. Specifically, we show that the 

nanoparticles that contain rapid Zn release profiles and a degradable silica 

matrix were most effective in inducing hMSCs differentiation. Moreover, 

cells cultured in the presence of nanoparticle-containing media resulted in 

the highest induction of alkaline phosphate (ALP) activity, followed by 

culturing hMSCs on nanoparticles immobilized on the surface as films. 

Exposure to nanoparticle-conditioned media did not increase ALP activity in 

hMSCs. In summary, Zn incorporation mode and nanoparticle application 

play an important role in determining the bioactivity of ion-doped silica 

nanoparticles.
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1. Introduction 

 

Bone defects caused by trauma, tumour removal and infections are 

a tremendous burden on western healthcare systems. While autografts 

remain the gold standard for the treatment of bone defects in patients, 

issues such as limited availability and complications at the harvest site gave 

rise to the development of synthetic alternatives 1. Biomaterials such as 

calcium phosphate ceramics and bioactive glasses are considered promising 

biomaterials for bone regeneration since they are inherently bioactive and 

are cost efficient to produce 2-4. Nevertheless, the regenerative capabilities 

of synthetic biomaterials are considered inferior to natural bone. Doping 

ceramic biomaterials with bioinorganic ions is an attractive approach to 

further improve their biological performance since ions are cheap, stable 

and play vital roles in bone regeneration processes 5, 6. One such example is 

zinc (Zn), which is an essential trace element found in bones where it plays 

an important role in bone development, formation and maintenance 7, 8. 

Lack of Zn is associated with devastating diseases such as osteoporosis, 

dwarfism and inhibited bone development 9. In vitro studies have shown 

that the stimulatory effect of Zn is highly dose dependent. Specifically, Zn 

Ions applied in the range of 2-5 μg mL−1 can stimulate hMSCs’ adhesion and 

proliferation, whereas higher Zn doses of 15 μg mL−1 negatively affect 

osteogenic differentiation and can lead to cell apoptosis 10. While ion 

delivery and dose control is an important aspect in the therapeutic 

application of Zn, the same is true for other ions as well. To date, several 

methods have been explored to allow controlled and localised ion delivery 

to guide bone regenerative processes while limiting harmful side effects, 
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including the use of nano and microparticles 11, 12. In this regard, mesoporous 

silica (MSN) and mesoporous bioactive glass (MBG) nanoparticles gained 

interest for use in bone applications as they are inherently bioactive 13. For 

example, MBG are known to promote calcium phosphate mineralization 

when in the presence of high calcium and phosphate containing buffers. 

Moreover, their ordered mesoporous structure makes these nanoparticles 

promising tools for drug delivery purposes in various biomedical fields 14, 15.  

Bioinorganic ion delivery using MBG is well established in the field 16, 

and there are also several examples regarding the use of MSN for ion 

delivery. MSN and MBG are both synthesized using sol-gel processes where 

micelles act as structure directing agents (templates) creating the 

mesoporous structure. While the MSN network consists solely of Si-O bonds, 

MBG contain network modifiers such as CaO, creating an open glass 

structure 17, 18. Generally, in biological fluids, MSN are relatively stable 

towards biodegradation when no other network modifiers are present 19, 

whereas MBG are biodegradable in physiological conditions due to their 

open glass structure. MSN and MBG can be modified to carry multiple 

bioinorganic ions via incorporation within the silica network or loading in the 

2-6 nm wide mesopores. Moreover, ions can be deposited on the 

nanoparticle surface 20, 21.  

Considering the dependency of Zn dose on its biological efficacy, we set out 

to investigate how different ion incorporation methods influence MSN and 

MBG ability to promote hMSCs osteogenic differentiation. Recently, we 

have shown that MSN coated with a CaP layer can be used to efficiently 

deliver multiple ions to hMSCs and that multiple ion delivery is beneficial in 

stimulating in vitro osteogenesis 21. In these systems, the CaP layer can act 
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as a pH sensitive coat, triggering fast ion release at acidic pH (~pH 5) like 

those found in endocytic vesicles, while remaining stable at neutral pH.  

In this work, we hypothesize that the ion incorporation mode within 

the mesoporous nanoparticles and nanoparticle degradability affects their 

ability to promote osteogenesis in vitro. To investigate this, four 

nanoparticle groups were created containing a CaP surface layer and 

incorporating Zn ions either in the mesopores, on the surface or within the 

matrix. Specifically, Zn was incorporated within the mesopores of the MSN 

and coated with a CaP surface layer to create MSNZn-CaP nanoparticles. The 

second group also contained Zn in the mesopores, and in addition contained 

an impurity within the silica network resulting in degradable MSN in neutral 

aqueous conditions (DMSNZn-CaP). In the third group, the Zn was deposited 

together with CaP on the surface to create MSN-CaZnP. The fourth group 

consisted of MBG containing Zn within the silica network and surface 

modified with a CaP layer to create MBGZn-CaP. Using these four 

nanoparticle constructs, we aimed to investigate how Zn incorporation 

amount and release from MSN-CaP and MBG-CaP nanoparticles impacts 

their ability to promote ALP activity as a marker for hMSCs osteogenesis and 

mineralization to assess matrix deposition. We tested three nanoparticle 

administration routes; exposure of cultured hMSCs to nanoparticle-

containing media, hMSCs cultured on top of nanoparticle films or hMSCs 

exposed to nanoparticle-conditioned media. 
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2. Experimental Methods 

 

2.1. Materials 

 

Cetyltrimethylammonium chloride (CTAC), triethanolamine (TEA), 

tetraethyl orthosilicate (TEOS), (3-Mercaptopropyl) trimethoxysilane 

(MPTES), 3-aminopropyl triethoxysilane (APTES), ammonium fluoride, 

phosphate-buffered saline (PBS), foetal bovine serum (FBS), ammonium 

nitrate (NH4NO3 ), N,N-dimethylformamide (DMF), ascorbic acid, MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), anhydrous 

toluene and N,N-bis(carboxymethyl)aminomethyl were purchased from 

Sigma Aldrich GmbH (Germany). Sodium alizarin sulphonate (Alizarin Red S), 

Triton X-100, paraformaldehyde (PFA), Tween-20, Bovine serum albumin 

(BSA), L-glutamine, Trypsin and minimum essential medium alpha (αMEM) 

were purchased from Fisher Scientific (The Netherlands). Penicillin and 

streptomycin were purchased from Gibco Life Technologies (US). Absolute, 

ethanol, ICP-MS graded 60 V/V% Nitric acid (HNO3) and ICP-MS graded 37 

V/V% hydrochloric acid (HCl), were purchased from VWR (US).  

 

2.2. Synthesis of MSN DMSN and MBGZn  

 

Thiol core-functionalized MSN were synthesized based on a co-

condensation method (Figure S1) similar to what was reported previously 22. 

Degradable MSN were synthesized by incorporating a network impurity 

within the silica network similar to what was reported by Muller and Bein 23. 

Zn doped mesoporous bioactive glass nanoparticles (MBGZn) were 
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synthesized by using a sol-gel with microemulsion-assisted approach 24. 

Further details of synthesis and characterization for MSN, DMSN and MBGZn 

can be found in the supporting information (SI).  

 

2.3. Synthesis of COOH modified MSN and MBGZn (MSN-COOH and MBG-

COOH, respectively)  

 

MSN and MBG were first surface modified by post grafting with 

amine groups; 100 mg of each nanoparticle was added into 200 mL 

anhydrous toluene and the mixture was heated to 110 ℃. Under reflux 

conditions, 1 mL of APTES was introduced under vigorous stirring and left 

stirring for 24 hours. The nanoparticles were collected via centrifugation and 

washed with absolute ethanol three times. The amine groups were modified 

to carboxylic acid groups using our previously reported method 25. In short, 

3 grams of succinic anhydride was dissolved in 20 mL DMF and left stirring 

for 30 minutes at room temperature to allow complete dissolution of 

succinic anhydride. 0.2 g of MSN re-suspended in 30 mL DMF and was added 

to the succinic anhydride solution and mixed under vigorous stirring at 60 οC 

for 48 hours. The nanoparticles were collected via centrifugation and 

washed three times with absolute ethanol. The nanoparticles were stored at 

-20 °C in absolute ethanol for future use. 
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2.4. Zn ion loading in mesopores and calcium phosphate layer coating w/o 

zinc on MSN and MBG  

 

To create MSN containing Zn ions (MSNZn), 100 mg of MSN-COOHs 

were immersed in 10 mM Zn (NO3)2 in milliQ water for 12 hours. The 

nanoparticles were collected via centrifugation and the pellets were washed 

with milliQ water. To create calcium phosphate coating, 100 mg of Zn loaded 

MSN were re-suspended in 100 ml milliQ water at pH 9 (adjusted by 

NH4NO)3. Then, 200 µl of 4 µM (NH4)3PO4 were immediately added into the 

solution and allowed to react for 30 minutes. Next, 200 µl of a 10:1 molar 

ratio 6 µM CaNO3 to ZnNO3 solution were added to the mixture and stirred 

for another 30 minutes. Alternating phosphate and calcium ion addition was 

repeated for two more times. The nanoparticles were collected by 

centrifugation and washed with absolute ethanol three times. Both MSNZn-

CaP and MSN-CaZnP were stored in ethanol at -20 °C. 

 

2.5. Characterization of the inorganic nanoparticles 

 

Nanoparticle size and zeta potential were measured at a 

concentration of 0.3 µg/ml in ethanol using a Zetasizer Nano (Malvern 

Panalytical, UK). Their morphology and size were further confirmed using 

transmission electron microscopy (TEM, FEI Tennai G2 Spirit BioTWIN iCorr 

(G0.201)). To prepare the samples for TEM analysis, 5 µL of 0.3 µg/mL 

nanoparticles in absolute ethanol were pipetted onto gold TEM grids and left 

to dry at room temperature for at least 6 hours before imaging. The total 

element composition of the nanoparticles was measured using inductively 
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coupled plasma mass spectrometry (ICP-MS, iCaP Q, Thermo Scientific). All 

inorganic nanoparticles were completely dissolved by aqua regia (nitric acid 

and hydrochloric acid mixture in a molar ratio of 1:3) overnight. Standard 

matrix for ICP-MS analysis consisted of aqueous 1% HNO3 containing 20 ppb 

Sc as internal standard. Digested MSN and MBG were diluted 1:10 in 

standard matrix and analyzed in normal mode using He as collision gas. 

Element amount presented in each analysis was based on calculation in 

comparison to known concentration curve of standard Si, Zn, Ca and P ions 

solution in standard matrix.  

 

2.6. Creating and characterization nanoparticles thin film formation 

 

Spin-coating was used to create thin nanoparticle based films. Glass 

cover slides were first surface-activated with O2 plasma treatment at 0.4 bar 

at 70 W for 1.5 min (Plasma Cleaner, Diener Electronics Femto PCCE). Then, 

20 µl of a nanoparticle suspension (50 µg/ml in absolute ethanol) was 

pipetted onto central area of the coverslip and immediately spun at 2000 

rpm for 20 sec followed by 7000 rpm for 30 sec forming a thin film on the 

glass slide. Nanoparticle based films were dried and stored in the dark at 

room temperature.  

 

2.7. Degradation of nanoparticles in cacodylate buffer and cell culture 

media 

 

MSN and MBG degradation in aqueous solutions with pH 5 or pH 7.4 

was studied over 6 day period. 1 mg nanoparticles were incubated in 1 ml 
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cacodylate buffer (4.3 g sodium cacodylate (Na (CH3)2AsO2) in MilliQ water; 

adjusted for pH with 0.2 M HCl). The degradation of MSN and MBG in basic 

medium under the cell culture environment (5% CO2 in a humidified 

atmosphere at 37 °C) was also studied after 1, 3, 6, 24, 72 and 144 hours. 

The amount of Si, Zn, Ca and P released from nanoparticles was determined 

using ICP-MS analysis.  

  

2.8. In vitro cell culture 

 

hMSCs (PromoCell) were expanded in basic cell culture media 

(αMEM supplemented with 0.2 mM ascorbic acid, 2 mM L-glutamine, 

100 U/ml penicillin, 100 mg/ml streptomycin and 10% FBS) and the cultures 

kept at 5% CO2 in a humidified atmosphere at 37 °C. hMSCs at passage 4 

were seeded in 12-well cell culture plates at 5000 cells per cm2. For 

experiments on nanoparticles films, hMSCs were seeded at the same 

seeding density in non-treated 6 well culture plate. hMSCs were allowed to 

adhere for 24 hours. Human osteoblast cell (FOB) were purchased from 

ATCC (hFOB 1.19). Frozen cells were thawed and expanded in specific media 

consisting of 1:1 mixture of Ha’'s F12 Medium Dulbecc’'s Modified Eagl’'s 

Medium and 2.5 mM L-glutamine along with 10% of G418 fetal bovine serum 

(ATCC) and the cultures kept at 5% CO2 in a humidified atmosphere at 37 °C. 

Human umbilical vein endothelial cells (HUVEC) purchased from Bio-connect 

were expanded in endothelial cell growth medium 211-500 (Sigma-Aldrich) 

and the cultures kept at 5% CO2 in a humidified atmosphere at 37 °C. FOB 

at passage 4 and HUVEC at passage 6 were seeded in 96 well plate at 5000 
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cells per cm2. Both FOB and HUVEC were allowed to adhere for 24 hours 

before toxicity experiment. 

 

2.9. Cytotoxicity  

 

The cytotoxicity of MSN-CaZnP, MSNZn-CaP, DMSNZn-CaP and 

MBGZn-CaP in concentrations ranging from 70 to 500 µg/mL, was tested 

using the MTT assay according to manufacturer’s protocol. In short; at 80-

90% cells’ confluency, freshly prepared media with MSN at different 

concentrations was added to the cells. Cytotoxicity after 24 and 72 hours 

exposure to MSN was analysed. At each time point, 10 μL MTT reagent was 

added to each well and incubated for 4 hours. Formed formazan crystals 

were dissolved by adding 150 μL of acidified isopropanol (Triton-X 100 with 

isopropanol in the ratio 1:9). Dissolved crystals were quantified immediately 

by a microplate reader (BIO-RAD microplate reader-550) at absorbance 

wavelength of 570 nm. A standard curve of known formazan concentration 

was used to calculated average formazan concentration in each condition.  

 

2.10. Alkaline phosphatase (ALP) assay 

 

To evaluate ALP activity in hMSCs cells, nanoparticles were added at 

a concentration of 70 µg/mL in basic medium (no osteogenic stimulants 

added). Cell culture medium was refreshed every 3 days. To prepare the 

conditioned media, nanoparticles were immersed in basic culture medium 

at 70 µg/ml for 3 days. Centrifugation of the media was then performed to 

separate nanoparticles from the media and the conditioned media was 
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added to hMSCs and refreshed every 3 days. The ALP activity was measured 

after 7, 14 and 21 days for all conditions. hMSCs cultured with osteogenic 

media were included as positive control for all samples. Osteogenic 

differentiation was evaluated by measuring alkaline phosphatase (ALP) 

levels at days 7, 14 and 21 of culture. ALP activity was quantified using the 

CyQuant® Cell Proliferation Assay Kit (Thermo Fisher Scientific) and 

normalized to DNA similar to what we reported previously 21. Cells were 

lysed using cell-lysis buffer (provided with the kit, 1:20 in PBS) containing 

0.1% (vol/vol) RNAse A (Thermo Fisher Scientific), and then freeze-thawing 

cycles. ALP activity was measured by incubating cell lysates at a 1:5 ratio 

(volume) with the CDP-star solution (Sigma Aldrich) in a white-bottom 96-

well plate for 30 min in the dark at room temperature. Relative absorbance 

was determined by microplate reader (BIO-RAD microplate reader-550). 

Partial cell lysates were used for the quantifying total DNA content via GR-

dye solution according to the supplier’s instructions. The fluorescent signal 

was measured with a spectrophotometer at 520 nm. DNA concentration was 

calculated using a standard curve according to the manufacturers protocol. 

ALP values were normalized to total DNA content per sample. For evaluating 

ALP activity of hMSCs cells seeded on top nanoparticles films a similar 

protocol was performed with only alteration in the initial volume RNAse lysis 

buffer that was used was increased to 1000 µL to ensure full submersion the 

films and complete lysis of the cells. 
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2.11. Mineralization  

 

Calcium deposition of hMSCs was assessed using Alizarin Red S 

(sodium alizarin sulphonate) stainin. After 28 days of culture, cells were fixed 

with 4% PFA. Alizarin Red S was dissolved in bi-distilled water at a 

concentration of 22 mg/ml and pH adjusted to 4.2 with ammonium 

hydroxide. Prior to staining, cells were rinsed once with PBS followed by 

washing twice with bi-distilled water. Alizarin Red solution was added to the 

samples and incubated for 15 minutes at room temperature, followed by 

washing thrice with bi-distilled water. Quantification was carried out by 

using a destaining method by adding 1 ml of 10 % (w/v) cetylpyridinium 

chloride (CPC) (Sigma) in 10 mM sodium phosphate (pH 7.0) solution to each 

well. After 15 minutes incubation at room temperature, 10 μl from the 

extracted stain was transferred to a 96-well plate and diluted 10 folds with 

CPC solution. The violet colored supernatant was recorded with a microplate 

reader (CLARIOstar Multimode Microplate Reader) at 555 nm. 

 

2.12 Statistical analysis 

 

Statistical analysis was conducted using one- or two-way analysis of 

variance (2 way ANOVA) followed by Turkey’s multiple comparison. For all 

figures, error bars indicate one standard deviation with p-values: *p < 0.033; 

**p < 0.02; ***p < 0.001 unless stated otherwise. 
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3. Results 

 

3.1. Synthesis and characterization of Zn incorporated MSN and MBG  

 

In this study, non-degradable MSN surface coated with a CaPZn 

surface layer, nondegradable MSN containing Zn ions in the mesopores and 

a CaP surface layer, biodegradable MSN containing Zn ions in the mesopores 

and a CaP surface layer, and MBG containing Zn in the silica matrix and 

surface coated with a CaP layer were developed   (Scheme 1). DMSN were 

synthesized by creating an imperfection within the silica network using an 

adopted co-condensation method, which was first reported by Moller and 

Bein 23. Our synthesized DMSN degraded up to 80% of its total mass in an 

aqueous solution with neutral pH within 6 days (Figure S2). MBGZn synthesis 

was performed as reported previously 26. To allow Ca, P and Zn ion 

deposition on the surface and within mesopores, the MSN, DMSN and 

MBGZn were first aminated by postgrafting using APTES. The surface grafted 

amines were subsequently modified to carboxylic acid groups by reaction 

with succinic anhydride, which we reported recently 25. Zn ions were then 

incorporated into the mesopores of modified MSN and DMSN by physical 

diffusion to create Zn loaded MSN and Zn loaded DMSN (MSNZn and DMSNZn, 

respectively). The CaP layer was created immediately afterwards to 

encapsulate the ions within the structure to yield MSNZn-CaP and DMSNZn-

CaP by adding Ca and P precursors alternately until a thin layer of CaP was 

obtained, as we reported previously 21. In similar fashion, Zn doped CaP 

surface coated was created by adding Zn precursors to Ca precursors at a 

10% molar ratio during layer formation. 
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Scheme 1:  Schematic representation of synthesized nanoparticles and location of Si, Ca, P 

and Zn ions within the nanoparticles; blue represents Si network, green represents calcium 

phosphate layer and red represents Zn ions. 

 

Spherical nanoparticles with ordered mesoporous structure were 

obtained (Figure 1). CaP modification resulted in less visible mesoporous 

structure compared to MSN and MBG before CaP coating (Figure S3). 

Dynamic light scattering (DLS) analysis showed that MSN-CaZnP, MSNZn-CaP 

and DMSNZn-CaP were similar in hydrodynamic size while MBGZn-CaP were 

slightly larger than their original size (Table 1). Polydispersity indexes (Pdi) 

lesser than 0.3 indicted that all synthesised nanoparticles were 

monodisperse. All nanoparticles had similar surface potential charge as 

shown in Table 1. Crystallinity analysis (XRD) indicated that calcium 

phosphate layer on MSNZn-CaP, DMSNZn-CaP and MBGZn-CaP were 
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amorphous and that MSN-CaZnP had a certain level of crystallinity (Figure 

S4), albeit it lower than what is normally observed for crystallized CaP 

layers27.  ICP-MS analysis of the digested nanoparticles confirmed the 

presence of Ca, P, and Zn in all nanoparticles, however their dose varied 

(Table 2). In particular, MBGZn had the highest Zn content per mg of 

nanoparticle, while Zn inside the CaP surface coating was relatively low. 

Moreover, CaP deposition was much higher on MBG nanoparticles 

compared to the MSN, explaining their increased size. In summary, Zn 

incorporation and CaP layer surface formation were successful, creating four 

unique nanoparticle constructs.  

 

Figure 1: TEM images showing mesoporous structure and nanoparticle size of a) MSN-

CaZnP, b) MSNZn-CaP, c) DMSNZn-CaP and d) MBGZn-CaP.  
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Table 1: Hydrodynamic size, Pdi and surface potential of MSN-CaZnP, MSNZn-CaP, DMSNZn-

CaP and MBGZn-CaP measured by dynamic light scatting. All nanoparticles were measured 

in distillled water. 

 

 

Table 2: Ion composition of 100 mg/L of MSN-CaZnP, MSNZn-CaP, DMSNZn-CaP and MBGZn-

CaP using ICP-MS analysis. 

 

 

 

 

 

 

 

 

 

Sample Size (nm) Pdi Zeta potential [mV] 

MSN-CaZnP 195±15 0.219±0.09 -28±7 

MSNZn-CaP 215±9 0.259±0.10 -22±9 

DMSNZn-CaP 225±23 0.251±0.13 -26±4 

MBGZn-CaP 270±12 0.31±0.11 -19±7 

Sample 
Si 

(mg/L) 

Ca 

(mg/L) 

P 

(mg/L) 

Zn 

(mg/L) 

MSN-CaZnP 25.412 0.217 0.143 0.022 

MSN
Zn

-CaP 24.704 0.203 0.138 3.833 

DMSN
Zn

-CaP 22.976 0.186 0.120 3.230 

MBGZn-CaP 23.111 2.317 1.389 9.655 
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3.2. Ca, P, Zn and Si release profiles at neutral and acidic pH 

 

To determine the stability and ion release capacity of the developed 

MSN and MBG nanoparticles, their ion release profile over-time was 

investigated using ICP-MS analysis in neutral environment (pH 7.4) and 

acidic environment similar to endosomal vesicles (pH 5). Cacodylate buffer 

was used for these studies as it does not contain Ca or P. At pH 7.4, Si, Ca, P 

and Zn ion release was minimal for all four nanoparticles tested (less than 

1%, Figure 2 dashed line), showing that the nanoparticles are stable for at 

least 6 days in buffer at neutral pH. In contrast, at pH 5 rapid dissolution of 

the CaP coating layer was observed for all nanoparticles. Specifically, total 

dissolution of phosphate occurred within 24 h of incubation for all four 

nanoparticles (Figure 2a). Similar rates of calcium ion release could be 

detected for the MSN-CaZnP, MSNZn-CaP and DMSNZn-CaP (Figure 2b). This 

was not the case for the MBG nanoparticles, where a rapid release of about 

60% of total calcium was observed within the first 4 hours, followed by a 

more sustained release over the 6 days period. This can be explained by 

rapid calcium release from the CaP surface layer, followed by slower release 

of network-incorporated calcium. This is in line with the observed sustained 

silica matrix dissolution over the 6-day period (Figure 2c). Also DMSNZn-CaP 

showed dissolution of its silica matrix, which was significantly more rapid 

compared to MBGZn-CaP particles. No silica degradation was observed for 

the MSN-CaZnP and MSNZn-CaP particles, similar to what we have reported 

recently21. Further information for non-linear best fit curves and half-release 

time calculation can be found in section S.3 in supplementary information. 
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Zn ion release profiles at acidic pH followed the trend; DMSNZn-CaP > 

MSN-CaZnP > MSNZn-CaP > MBGZn-CaP (Figure 2d), which may be related to 

the different modes of Zn incorporation. Specifically, the slower release of 

Zn in MBG nanoparticles can be explained by its dependency on silica matrix 

degradation. In contrast, in MSNZn-CaP, the Zn is physically entrapped in the 

mesopores, which are capped by the CaP composite layer. Dissolution of the 

CaP is needed to facilitate Zn release in these particles. In addition, Zn ions 

are absorbed via electrostatic interactions with the negatively charged 

mesopores, which may further slow Zn release. While the Zn was 

incorporated in a similar manner in DMSNZn-CaP, Zn release from DMSNZn-

CaP was significantly faster (Figure 2d). This is likely due to the simultaneous 

dissolution of the silica network accelerating Zn release. Similar fast release 

of Zn was observed for MSN-CaZnP, which can be explained by the Zn 

deposition on the surface rather than in the mesopores or silica matrix. Thus, 

the resulting dissolution rates of the CaZnP layer are similar to CaP layer 

dissolution. 

In summary, here we show that the synthesized nanoparticles are 

stable at neutral pH and dissolve at acidic pH values. Furthermore, the Zn 

ion release profiles depended on the mode of ion incorporation. Specifically, 

CaP and CaZnP surface coatings dissolved rapidly at acidic pH, while matrix 

or mesoporous incorporated ions released more slowly.   
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Figure 2:  Ion release from nanoparticles analysed by ICP-MS ; a) P, b) Ca, c) Si and d) Zn 

from MSN-CaZnP (black), MSNZn-CaP (red), DMSNZn-CaP (green) and MBGZn-CaP (purple) in 

cacodylate buffer pH 5 and pH 7.4. 

 

3.3. Stability of the nanoparticles and nanoparticles thin films in cell 

culture media 

 

To assess nanoparticle stability in cell culture medium, ion release 

from the nanoparticles was investigated after 21 days. Less than 1% of total 

mass of Si, Ca, P and Zn ions were released from MSN-CaZnP, MSNZn-CaP and 
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MBGZn-CaP after the 21-day incubation period. This is in line with our 

previously obtained results in cacodylate buffer at neutral conditions (Figure 

2, dot line). In contrast, slow ion release that increased over time was 

observed from DMSNZn-CaP (Figure 3a, green line). Specifically, Si ion release 

from DMSNZn-CaP became apparent after 6 days of incubation in cell culture 

medium and increased until day 9 before levelling off. The release profile of 

Ca, P and Zn ions followed a similar trend (Figure 3b, c and d). The dissolution 

of DMSN in cell culture medium was however slow; the amount of released 

Si ions amounted only to about 2.58 % of the total Si amount in DMSN after 

10 days in cell culture medium. DMSN contain a network impurity making 

the silica network more prone to hydrolysis.  

We also assessed ion release in cell culture medium from the four 

nanoparticles when deposited as thin films on glass slides. To create these 

thin films, the nanoparticles were spin coated on glass slides as we have 

reported recently.21 Also in these conditions, no ion release was observed 

from MSN-CaZnP, MSNZn-CaP and MBGZn-CaP particles over the 21 days 

(Figure S5). In contrast to our results obtained with DMSNZn-CaP in 

suspension (Figure 3, green line), DMSNZn-CaP films were also stable as no 

significant ion release could be observed over the 21 day period (Figure S5, 

green line).  

In summary, MSN-CaZnP, MSNZn-CaP and MBGZn-CaP were stable in 

cell culture medium over 21 days in both tested conditions. DMSNZn-CaP 

showed slow release and relatively limited release of all incorporated ions 

when in suspension in cell culture medium. All nanoparticles were stable 

over the 21 day time period when deposited as films.  
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Figure 3: Ion release profiles analysed using ICP-MS of a) Si, b) Ca, c) P and d) Zn from MSN-

CaZnP (black), MSNZn-CaP (red),  DMSNZn-CaP (green) and MBGZn-CaP (purple) in cell 

culture media while kept at 37 °C, 5% CO2 in a humidified atmosphere. 

 

3.4. Nanoparticle biocompatibility  

 

Next, the biocompatibility of MSN-CaZnP, MSNZn-CaP, DMSNZn-CaP 

and MBGZn-CaP to hMSCs at concentrations ranging from 70 to 500 μg/mL 

was tested using the MTT assay. At concentrations of 500 μg/mL for MSN-

CaZnP, MSNZn-CaP and MBGZn-CaP, hMSCs cell metabolism showed 
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significant reduction compared to control cells cultured in the absence of 

nanoparticles after 24 hours of exposure (Figure 4a). DMSNZn-CaP 

nanoparticle concentrations above 140 μg/mL led to a significant decrease 

in hMSCs cell metabolism after 24 hour exposure. After 3 days of exposure, 

the lower concentration of 280 μg/mL also led to a significant decrease in 

hMSCs metabolism after exposure to MSN-CaZnP, MSNZn-CaP and MBGZn-

CaP. DMSNZn-CaP significantly affected cell metabolism already at 140 

μg/mL (Figure 4b).  In conclusion, hMSCs viability were not affected by 

nanoparticle concentrations up to 280 μg/mL when exposed to MSN-CaZnP, 

MSNZn-CaP or MBGZn-CaP. However, DMSNZn -CaP concentrations of 140 

μg/mL and higher affected hMSCs viability. Therefore, the concentration of 

70 μg nanoparticles per mL was selected for further studies. 

Furthermore, the non-specific cytotoxicity of MSN-CaZnP, MSNZn-

CaP, DMSNZn-CaP and MBGZn-CaP were test in FOB and HUVEC cells. After 

24 and 72 hours exposure to MSN-CaZnP, MSNZn-CaP, and MBGZn-CaP, FOB 

cells and HUVEC cells did not shown any decrease in their metabolism in 

comparison to control cells for all the concentration tested. FOB cells 

exposed to 500 µg/mL MSN-CaZnP showed slightly decrease in their 

metabolism (96.11% after 24 hours and 91.3 % after 72 hours) but not 

significant, while HUVEC exposed to MSN-CaZnP did not decrease their 

metabolism.   When exposed to DMSNZn-CaP at concentration 280 and 500 

µg/mL, FOB showed the reduction in metabolism in comparison control cells 

(88.12% for 280 µg/mL and 78.33% for 500 µg/mL) after 24 hours. Further 

decrease in metabolism also observed for the same concentration after 72 

hours of exposure (83.15% for 280 µg/mL and 73.82% for 500 µg/mL). In 

HUVEC cells, metabolism also significantly decrease when cells exposed to 
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concentration higher than 140 µg/mL (after24 hours; 92.29 % for 280 µg/mL 

and 92.34% for 500 µg/mL, after 72 hours; 89.07% for 280 µg/mL and 

85.81% for 500 µg/mL). All the nanoparticles tested did not cause the 

reduction in metabolism at concentration 140 µg/mL and below for both 

FOB and HUVEC cells. Therefore, we could be assured that all of the 

nanoparticles tested have no non-specific toxicity at the concentration 

below140 µg/mL. 
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Figure 4: Metabolic activity of hMSCs (a,b), FOB (c,d) and HUVEC (e,f) measured using the 

MTT assay after 24 and  72 hours exposure to MSN-CaZnP, MSNZn-CaP, DMSNZn-CaP and 

MBGZn-CaP to concentrations ranging between 70 and 500 µg/mL. Cell viability is shown as 

% compared to control cells (not incubated with nanoparticles). Significant difference 

between samples and control groups are Significant differences between samples and 

control groups were calculated by two- way ANOVA followed by Turkey’s multiple 

comparison, * representing p-values as follows; *p < 0.033; **p < 0.02; ***p < 0.001. 
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3.5. Effect of Zn-functionalized nanoparticles on osteogenic differentiation 

 

Next, the ability of the nanoparticles to induce osteogenic 

differentiation, by means of measured ALP enzymatic activity, was assessed. 

The osteogenic capabilities of our nanoparticles were tested in basic cell 

culture conditions (absence of osteogenic stimulators) using three different 

application methods. In the first application method, the nanoparticles were 

applied as a suspension in the cell culture medium at a concentration of 70 

µg/mL. In the second application method, nanoparticle-conditioned 

medium was used in order to assess the effect of ionic degradation products 

and ion exchange. In the third application method, the nanoparticles were 

first deposited as thin films on the bottom of cell culture plates and hMSCs 

were then cultured on top of these films. hMSCs cultured in osteogenic 

medium (OM, containing 100 nM of dexamethasone) and in basic medium 

in the absence of nanoparticles were used as positive and negative control, 

respectively. 

Application of the nanoparticles to hMSCs as a suspension in cell 

culture medium resulted in a significant increase in ALP production after 14 

and 21 days for all four nanoparticles. However, the induced ALP levels 

differed significantly between the tested nanoparticles. Specifically, after 14 

days, DMSNZn-CaP and MBGZn-CaP exposure led to significantly higher ALP 

levels compared to MSNZn-CaP and MSN-CaZnP (Figure 5a). A similar trend 

was observed after 21 days of exposure, except that DMSNZn-CaP showed 

similar ALP induction compared to hMSCs cultured in OM and was 

significantly more effective compared to MBGZn-CaP (p = 0.007). 
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ALP activity of hMSCs cultured on nanoparticle films only increased 

after 21 days of exposure (Figure 5b). Similar ALP levels were observed 

regardless of the nanoparticle type (2.45 fold for MSN-CaZnP, 2.94 fold for 

MSNZn-CaP, 3.15 folds for DMSNZn-CaP and 2.64 folds for MBGZn-CaP 

increase in ALP level compared to negative controls, respectively). The ALP 

levels were significantly lower compared to those observed after addition of 

nanoparticles in suspension. Moreover, hMSCs exposed to conditioned 

media resulted in no significant increase in ALP activity (Figure S7). 

Overall, hMSCs exposed to nanoparticles in a 70ug/mL suspension 

led to high ALP production for all four nanoparticles where DMSNZn-CaP 

were most efficient. Deposition of the nanoparticles as films only led to 

significantly increased ALP production after 21 days of exposure, albeit at 

lower levels compared to suspension conditions. 

 

 

Figure 5: ALP activity in hMSCs normalized to DNA content after exposure to nanoparticles 

as a) 70 ug/mL suspension, b) or cultured on thin nanoparticle films. Data is shown relative 

to control (cells not exposed to nanoparticles). The experiments were done in triplicate. 

Significant differences between samples and control groups are calculated by one-way 
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ANOVA followed by Turkey’s multiple comparison, * representing p-values as follows; 

*p < 0.033; **p < 0.02; ***p < 0.001. 

 

3.6 Mineralization 

 

Next, we investigated whether nanoparticle exposure could promote 

the ability of hMSCs to mineralize their extracellular matrix. The 

mineralization of differentiated hMSCs after 28 days in culture was 

determined using Alizarin Red S Staining. hMSCs cultured in basic and 

osteogenic media in the absence of nanoparticles were used as negative and 

positive controls, respectively. Two application methods were considered 

for these experiments; application of the nanoparticles as suspension and 

nanoparticle conditioned media. Limited mineralization could be observed 

for nanoparticle conditioned media with DMSNZn-CaP particles (Figure 6d) 

and no mineralization was observed for the other nanoparticles (Figure 6b, 

c and e). In contrast, hMSCs exposed to the nanoparticles in suspension 

resulted in high mineralization for all conditions compared to the negative 

control (Figure 6a).  
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Figure 6: Calcium deposition by hMSCs at day 28 determined by Alizarin Red staining (n=3) 

when cultured in; a) basic medium (Ctrl); conditioned medium of b) MSN-CaZnP c) MSNZn-

CaP d) DMSNZn-CaP and e) MBGZn-CaP; f) osteogenic medium (OM), g) MSN-CaZnP, 

h)MSNZn-CaP, i)DMSNZn-CaP, j) MBGZn-CaP. k) Quantification of calcium content at day 28. 

Significant differences between samples and control groups are calculated by one-way 

ANOVA followed by Turkey’s multiple comparison, * representing p-values as follows; 

*p < 0.033; **p < 0.02; ***p < 0.001. 
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4. Discussion 

 

In this work, we developed four unique mesoporous ceramic 

nanoparticles based on MSN and MBG containing Zn ions and with CaP 

coated surface. Zn ions were incorporated in three locations in the 

nanoparticles; in the CaP layer, inside the mesopores or inside the silica 

matrix. The CaP layer dissolves quickly in acidic conditions like those found 

in endosomal vesicles (pH~5) 28, and can be used as pH sensitive gating 

system for controlled release of therapeutic drugs29. For our nanoparticles, 

CaP surface coating prevented nanoparticle dissolution in neutral buffer 

conditions as well as in cell culture medium. In contrast, MBG nanoparticles 

without CaP layer but with similar Zn composition commonly dissolve in 

neutral aqueous conditions within one week of incubation.26 Moreover, we 

showed that DMSN without CaP layers also dissolved in neutral conditions 

within 6 days  similar to what was observed by others23. Thus, surface 

grafting of CaP layers onto DMSN and MBG nanoparticles can confer stability 

towards dissolution in aqueous neutral conditions. Conversely, rapid ion 

release was observed in acidic conditions for all four nanoparticles. 

Among the nanoparticles tested, DMSNZn-CaP applied at 140 μg/mL 

led to reduced hMSCs viability after 72 h incubation. The other nanoparticles 

only showed a decrease in cell viability upon 72 h incubation when applied 

at concentrations of 280 ug/mL and higher. This may be due to the relatively 

high amount of Si ions released from DMSN in contrast to MSN-CaZnP, 

MSNZn-CaP or MBGZn-CaP, which contain a more stable silica network. 

Previously it has been reported that the silicate exposure after 24 h 

incubation at 50 µg/mL or higher is cytotoxic for osteoblast cells 30.   
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In this study, two methods (ALP activity assay and Alizarin Red S 

Staining) were used to determine the ability of the developed MSN and MBG 

to stimulate osteogenic differentiation in hMSCs. Increased ALP activity in 

hMSCs is a known marker for osteogenic differentiation due to its role in 

supporting mineralization of cellular matrix during osteogenesis. Moreover, 

ALP is also involved in the hydrolysis of phosphate esters which provide the 

phosphate groups required for hydroxyapatite formation 31. When the 

nanoparticles were applied as particle suspensions in cell culture medium, 

high ALP levels in hMSCs were observed. After 14 days, DMSNZn-CaP induced 

similar ALP activity as our positive control (media supplemented with 

dexamethasone), followed by MBGZn-CaP nanoparticles. The higher 

effectiveness of DMSNZn-CaP may be due to the co-delivery of Si ions. 

Although Si release was also observed from MBGZn-CaP particles, in these 

nanoparticles the silica release was much slower compared to DMSNZn-CaP 

particles. Indeed, both Si and Zn are known to support the growth of bone 

cells in a dose-dependent manner. Moreover, both soluble Si and SiO2 

nanoparticles have been shown to induce osteogenic activity in hMSCs at 

low concentrations. For example, one study reported that solid SiO2 

nanoparticles could increase ALP activity levels in hMSCs already at a 

concentration of 10 µg/ml 32. Although MSNZn-CaP did not have a degradable 

Si matrix, this nanoparticle also led to significantly increased ALP production 

in hMSCs, whereas MSN-CaZnP were effective to a much lower extend. This 

difference can be explained by its low Zn content compared to the other 

three nanoparticles.  

After 21 days of incubation, DMSNZn-CaP exposure led to highest ALP 

activity followed by MSNZn-CaP and MBGZn-CaP nanoparticles. The 
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improved effectiveness of MSNZn-CaP over MBGZn-CaP after longer 

incubation periods may be related to the faster Ca and Zn release profiles 

for MSNZn-CaP particles compared to MBGZn-CaP. This data indicates that 

Zn incorporation mode and release profile are important factors in 

determining the biological activity and ability to promote osteogenesis of Zn 

doped ceramic nanoparticles. All four nanoparticles could also significantly 

promote mineralization where MSNZn-CaP, DMSNZn-CaP and MBGZn-CaP 

were most and equally effective. The lower effectiveness of MSN-CaZnP in 

promoting both ALP activity and mineralization is likely related to its lower 

Zn ion content compared to the other 3 nanoparticles.  

No increase in ALP activity nor mineralization was observed in hMSCs 

exposed to nanoparticle-conditioned media. This is in line with the 

observation that all four nanoparticles were stable in cell culture media at 

neutral conditions, shielded from ion dissolution by the CaP layer. Previously 

we have shown that MSN-CaP nanoparticles are efficiently internalized by 

hMSCs, promoting high ion uptake 21. Taken together, our data indicate 

MSN-CaP and MBG-CaP cell internalization via endocytosis followed by pH-

responsive intracellular ion release as a likely mechanism leading to the 

induction of hMSCs osteogenesis.  

hMSCs cultured on stable films prepared from the four nanoparticles 

also resulted in increased ALP activity albeit significantly lower compared to 

nanoparticle suspension conditions, and only after 21 days of culture. 

Moreover, no difference in ALP induction was observed between the 

nanoparticles. Considering that the films were stable and no ion release was 

observed in cell culture media in neutral conditions, this may be explained 

by the similarity between surface crystallinity and nanoscale surface 
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topography. While the exact mechanism of how CaP surfaces influence 

osteogenesis process remains unclear, it has been suggested that the 

crystallinity, chemical composition and nanoscale topography of CaP 

surfaces are important factors in inducing osteogenesis in bone cells. 
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5. Conclusions 

 

In this study, we developed four nanoparticles incorporating Zn in the 

CaP layer, inside the mesopores or inside the silica matrix of MSN or MBG 

particles. The particles were further surface coated with CaP layers as a pH 

sensitive gating system. We demonstrated that CaP surface coating can be 

used to infer stability to degradable MSN and MBG at neutral conditions and 

stimulate ion release at acidic conditions. The Zn incorporating MSN and 

MBG enabled significant induction of ALP activity and mineralization of 

hMSCs in the absence of other stimulators. Degradable MSN with Zn 

incorporated in the mesopores were equally effective as osteogenic 

medium, followed by MBG containing Zn in the silica matrix. The difference 

in bioactivity between the four nanoparticles is likely related to Zn 

incorporation amount and release profile, in association with Si ion 

release. Comparison between the modes of nanoparticle application 

revealed that Zn incorporated silica nanoparticles were more effective in 

inducing ALP activity when applied as a suspension compared to stable thin 

films of the same materials or nanoparticle-conditioned media. Moreover, 

our data show that Zn ion incorporation mode and release rate are 

important factors in the bioactivity of MSN and MBG when applied as 

nanoparticle suspensions and should be considered in the design of ion 

doped ceramic nanoparticles to improve their therapeutic use. 
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Supplementary data 
 

S.1 Synthesis of core-labelled MSN  

 

To synthesize MSN, a mixture of 1.63 g TEOS (7.82 mmol), MPTES 

(112 mg, 0.48 mmol) and 14.3 g TEA (95.6 mmol) was heated to 90 °C under 

static conditions (Solution 1). Solution 2 included 100 mg ammonium 

fluoride (2.70 mmol) dissolved in a solution of 2.41 ml CTAC (1.83 mmol, 25% 

(wt) in H2O) and 21.7 ml bi-distilled water (1.21 mmol) by heating to 60 °C. 

Solution 2 was rapidly added to solution 1, and the mixture was stirred 

vigorously at 700 rpm for 20 min while left to cool. Then, 138.2 mg TEOS 

(0.922 mmol) was added in four equal increments (34.55 mg each) every 3 

minutes. The solution was then left stirred overnight at room temperature. 

The particles were then collected by centrifugation at 7800 rpm for 20 min 

and washed once with ethanol. Template extraction was performed by 

dispersion into an ammonium nitrate in ethanol solution (2 g NH4NO3 in 100 

ml ethanol) and refluxed for 45 minutes at 90 °C. MSN were collected by 

centrifugation and washed with ethanol before further template extraction 

in 100 ml of a 3.7% hydrochloric acid solution in ethanol for 45 minutes at 

90 °C. MSN were collected by centrifugation, washed twice with ethanol and 

stored in suspension at -20 °C. The thiol groups functionalized core of the 

MSN were labelled with ATTO-647-Maleimide to create fluorescent core 

labeled MSN. 
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S.2 Synthesis of MBGZn   

 

Zn-containing mesoporous bioactive glass nanoparticles (MBGZn) 

were synthesized by using a microemulsion-assisted sol-gel approach[24]. 

Briefly, 2.24 g hexadecyltrimethylammonium bromide (CTAB) was dissolved 

in 104 mL of deionized water under continuous stirring at 30 °C for 30 min. 

Then, 32 mL of ethyl acetate was slowly poured into the solution under 

continuous stirring for 30 min. Subsequently, ammonium hydroxide (28%) 

was used to maintain pH at 10.5. After 15 min 23.04 mL of tetraethyl 

orthosilicate (TEOS) was added to the mixture and stirred for 30 min. 

Afterwards 4.34 g of Ca(NO3)2.4H2O was dissolved into the mixture. After 

30 min, 1.09 g Zn(NO3)2.6H2O was introduced into the solution. The 

nominal composition of Zn-MBGNs was 70SiO2–25CaO–5ZnO (mol%). The 

mixture was stirred further for 4 h and then the suspension was centrifuged 

at a rate 9000 rpm (Centrifuge 5430R, Eppendorf, Germany) for 10 min to 

separate particles from the mixture. The precipitate was then washed twice 

with water and once with ethanol. Subsequently, the precipitate was dried 

in an oven at 60 °C for 24 h, followed by calcination at 700 °C for 2 h at a 

heating rate of 2 °C min−1.All the used chemicals were purchased from 

Sigma-Aldrich (Darmstadt, Germany) without further purification. 
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Figure S1: Synthesis scheme of core-labelled MSN.  Thiol groups core functionalization MSN 

were further confirmed by labelled with ATTO-647-Maleimide and measured in a 

microplate reader (BIO-RAD) at 647 nm. 

 

 
Figure S2: TEM images showing morphology of  a)  DMSNZn-CaP  and b)  DMSN after 

incubation in milliQ water of pH 7.4 for 144 hours. c) Ion release profiles of Si from DMSN 

and  DMSNZn-CaP   
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Figure S3: TEM images showing morphology of a) MSN, b) DMSN and c) MBGZn Scale bar is 

50 nm. 

 

Table S1 : Hydrodynamic size, Pdi and surface potential of MSN-CaZnP, MSNZn-CaP, 

DMSNZn-CaP and MBGZn-CaP measured by dynamic light scatting. All nanoparticles were 

measured in absolute ethanol. 

 

 

 

Sample Size (nm) Pdi Zeta potential [mV] 

MSN-CaZnP 190±15 0.214±0.03 -19±5 

MSNZn-CaP 198±9 0.247±0.05 -21±3 

DMSNZn-CaP 201±22 0.250±0.10 -22±6 

MBGZn-CaP 247±12 0.292±0.04 -18±10 
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Figure S4 : XRD patterns of  displayed amorphous non- crystallization of ; a) MSN-CaZnP, b) 

MSNZn-CaP, c) DMSNZn-CaP and d) MBGZn-CaP displayed amorphous non- crystallization 

of all nanoparticles. 
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Figure S5:  Ion release profiles using ICP-MS of a) Si, b) Ca, c) P and d) Zn of MSN-CaZnP 

(black), MSNZn-CaP (red),  DMSNZn-CaP (green) and MBGZn-CaP (purple) thin nanoparticles 

film in cell culture media kept at 37 °C, 5% CO2 in a humidified atmosphere. 

 

S.3 Half-release time calculation 
 

The half-release time required for silica, calcium, phosphate and zinc 
ions was calculated by fitting the data as displayed in Figure 2 to a non-linear 
fitting curve. The mathematical equation is shown below. Individual 
variables for each data sets can be found in Table R2.   
 

𝑀% = 𝑌𝑀 ∗
𝑌0

(𝑌𝑀−𝑌0)∗𝑒𝑥𝑝(−𝑘∗𝑡)+𝑌0
     

 Equation 1 

Where M% is % of total amount of ions present and t is time (hours).  



196 

 

 
 

 
Figure S6: non-linear fitting curves based on equation 1 applied to a) P, b) Ca, c) Si, and  d) 

Zn  ion released from MSN-CaZnP, MSNZn-CaP, DMSNZn-CaP and MBGZn-CaP.  

 
Table S2: calculated variables from non-linear logarithmic growth model 

 

Si  MSN-
CaZnP 

MSNZn-CaP 
DMSNZn-
CaP 

MBGZn-
CaP 

 YM N.A. N.A. 86.51 54.52 
 Y0 N.A. N.A. 17.23 6.052 
 k N.A. N.A. 0.514 0.122 

Ca      

 YM 91.77 92 93.13 74.2 
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 Y0 19.83 21.67 23.99 1.025 
 k 0.9356 0.8144 0.7455 5.551 

P      

 YM 89.88 94.79 94.01 90.27 
 Y0 11 15.76 17.2 13.57 
 k 0.7171 0.5355 0.5528 0.6361 

Zn      

 YM 91.92 79.87 94.24 67.12 
 Y0 11.64 36.23 35.76 34.95 
 k 0.6877 0.318 0.2009 0.07062 

 
The time required for 50% of each ion to be release from the nanoparticles 
was calculated by solving t in Equation 1 and can be found in Table R3 
 
Table S3:  The time required for 50 % of  Si , Ca,  P and  Zn  ions to be released from MSN-

CaZnP, MSNZn-CaP, DMSNZn-CaP and MBGZn-CaP. N.A. = non applicable with equation 1 

 
 MSN-CaZnP MSNZn-CaP DMSNZn-CaP MBGZn-CaP 

Ions Half release time  (hours) 

Si N.A. N.A 3.68 38.04 

Ca 1.55 1.66 1.60 0.90 

P 3.06 3.22 2.93 3.07 

Zn 3.08 2.22 3.19 13.90 
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Figure S7: Relative ALP activity in hMSCs after exposure to nanoparticles in the form of 

conditioned media normalized to DNA content. The experiments were done in triplicate. 

Significant difference compared to the controls are shown by * representing p-values as 

follows; *p < 0.033; **p < 0.02; ***p < 0.001. 
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Abstract 
 

 

Bioactive glass nanoparticles (nBGs) have demonstrated promising 

properties for bone regeneration due to their bone-binding ability. 

Incorporating multiple ions into nBGs can improve their bioactivity and 

provide them with additional functionalities aiding bone repair. However, 

incorporating multiple ions into nBGs combining different functionalities is 

still challenging as the additional ions often interfere with the nanoparticle 

properties. To overcome these challenges, here we report the use of pulsed 

laser doping and co-doping techniques as an alternative method for ion 

incorporation into colloidal nBGs. We demonstrate the simultaneous laser-

induced incorporation of (Fe), strontium (Sr), and/or copper (Cu) ions into 

nBGs from simple salt solutions without altering the particles´ morphology 

or structure. Furthermore, laser-doped nBGs were biocompatible and could 

significantly increase alkaline phosphatase (ALP) production in human 

mesenchymal stromal cells (hMSCs). Moreover, laser-co-doped nBGs 

containing Fe and Sr ions significantly increased vessel formation by human 

umbilical vein endothelial cells (HUVEC). Therefore, pulsed laser doping in 

liquids was shown to be a versatile technique to incorporate multiple ions 

into nBGs and allow systematic studies on cooperative effects of dopants in 

active biomaterials. 
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1. Introduction 

 

Bioactive glass nanoparticles (nBGs) are extensively researched in the 

bone regenerative medicine field due to their inherent bioactivity and bone-

bonding capabilities 1. nBGs consist of a silica network containing calcium 

and phosphate ions, creating an open glass structure. The extent of calcium 

and phosphate present in the glass plays an important role in their 

biodegradation rate and bioactivity. Specifically, the dissolution of the 

particles and subsequent silica, calcium, and phosphate ion release can 

promote osteogenic processes (stem cell differentiation towards mature 

osteoblasts). Moreover, silica ions are known to promote angiogenesis (de 

novo formation of blood vessels) 2. Due to their small size, ranging from 20 

to 800 nm, nBGs have been used as components in scaffolds, coatings, and 

drug delivery vehicles 3. 

The incorporation of additional ions into nBGs (i.e. ion doping) such 

as copper (Cu), strontium (Sr), and zinc (Zn) can be used to further improve 

their bioactivity or add new functionalities 2,4. For example, the 

incorporation of metallic dopants such as silver and gold could infer 

antibacterial properties to the nBGs particles 5,6. Furthermore, Cu doping 

improved nBGs angiogenic properties, whereas Sr and Zn doping has been 

used to improve nBGs osteogenic activity 7-9. Wet synthesis methods are 

generally used to dope nBGs with ions by mixing the ionic salts with the silica 

precursors. However, the selection of ions, doping ratio, and synthesis 

protocol highly influence nBGs formation and can (negatively) influence 

their morphology, homogeneity, and biodegradation rate 10. Moreover, ion 

doping via sol-gel wet synthesis is limited in the number and amounts of ions 
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that can be doped before nBGs are negatively influenced, and discrepancies 

between the intended and actual doping amounts frequently occur 11. 

Finally, with current methods, it is difficult to dope multiple ions 

simultaneously in single nBGs particles and ion distribution inside the nBGs 

matrix may be impaired. 

Reactive laser processing of colloids has emerged as an alternative 

method in the last few years and was recently reviewed by the Tibbets group 

12. Process variants are irradiation of precursor solutions in liquids (reductive 

laser synthesis in liquids), ablation of a bulk target in the presence of an ionic 

precursor solution (reactive laser ablation in liquids), or irradiation of a 

nanoparticle or microparticle suspension in the presence of ionic precursors. 

Here, two processes are involved: I) Formation, size reduction, or excitation 

of a nanoparticle or microparticle base material, and II) Reduction of the 

ionic precursor to form small nanoparticles. The result is usually a composite 

material forming base materials supporting nanoparticles or different types 

of alloy ultra-structures 12. One sub-field of reactive laser synthesis in liquids 

is laser doping, where not nanoparticles but single atoms from a liquid are 

incorporated into the base material, a process usually favored by low 

precursor concentrations. For example, the laser ablation of a Gd2O3 target 

in a Eu3+ solution yielded doped material with a characteristic visible 

fluorescence 13. Other studies describe the incorporation of single atoms of 

gold and nickel into metallic Ru 14,15 or silver into Ir 16. Recently Zerebecki et 

al. reported laser-induced doping of Fe ions into Co3O4 by applying low 

fluence laser heating and precisely controlling the number of laser pulsed 

per colloid volume. They observed an accumulation of small FeO(OH)x 

clusters on the surface, followed by diffusion-based distribution of Fe atoms 
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in the Co3O4 matrix under retention of particle size 17. Laser-based doping of 

bioactive glass (BG) on the other hand is only limitedly explored. In one study 

Li and Ramesh et al. examined the reactive laser fragmentation of 

micrometer-sized 45S5 BG in the presence of Cu (EDTA) and Fe (EDTA) 

complex solutions and found two effects I) Incorporation of Fe and Cu into 

the BG network and II) partial reduction of particles size. The authors further 

examined the ion release from these materials and found Fe to be more 

strongly incorporated into the BG network while Cu was more active 18. 

Major advantages of the pulsed laser doping method include the facile 

control of doping levels by ion concentrations as well as the possibility for 

homogeneous ion incorporation. However, the previously published laser-

doping experimental designs either only achieved very low dopant 

concentrations (surface doping) while keeping the host particle size constant 

or caused significant downsizing /fragmentation) of the host particles while 

doping. Achieving higher doping levels at constant particle size and 

morphology during pulsed laser doping has not been achieved yet. Thereto, 

in this work we chose a two-step approach, generating nBGs by established 

sol-gel chemistry and consecutively irradiating the nBGs suspension by a 

nanosecond-pulsed, kilohertz-repetition-rate UV laser in salt solutions, 

while keeping the nBGs particle size constant. Furthermore, we extended 

the range of ions utilizing Sr2+ due to its known osteogenic activity and Cu+ 

and Fe2+ as they support angiogenesis 19-22. The ability of doped nBGs to 

stimulate angiogenesis was investigated using a tubular formation assay. 

Moreover, we investigated whether ion doped nBGs showed improved 

osteogenic bioactivity by assessing ALP levels and ability to promote matrix 

production in hMSCs. 
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2. Experimental Methods 

 

2.1 Reagents 

 

25% aqueous ammonia was purchased from Carl Roth (Germany). 

Absolute ethanol (EtOH) and phosphate-buffered saline (tablets, PBS) were 

purchased from VWR (Germany). Methanol, tetraethyl orthosilicate (TEOS, 

≥99.0%), triethyl phosphate (TEP, ≥99.8%), calcium nitrate tetrahydrate 

(CNT, ≥ 98%) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide) kit were obtained from Sigma Aldrich (Germany). Human vascular 

endothelial growth factor (VEGF165) was purchased from Miltenyi Biotec 

(Germany). Streptomycin and penicillin were purchased from Gibco, Life 

Technologies (USA). Alizarin Red S (sodium alizarin sulphonate), endothelial 

growth medium BulletKit was purchased from Lonza (Germany). Bovine 

serum albumin (BSA), trypsin, L-glutamine, tween-20, triton X-100, NHS-

Fluorescein (5/6-carboxyfluorescein succinimidyl ester), minimum essential 

medium alpha (αMEM) and paraformaldehyde (PFA) were purchased from 

Thermo Fisher (The Netherlands). 

 

2.2  Synthesis of nano-sized bioactive glass (nBGs) particles  

 

nBGs particles were synthesized by a base-catalyzed sol-gel 

process23. Unless stated otherwise, all synthesis steps were performed at 

room temperature (RT) while vigorously stirring. First 2.77 g TEOS and 0.25 

mL TEP were dissolved in 2.8 mL methanol. After 30 minutes, a mixture of 

12.6 mL ddH2O, 29 mL ethanol, and 2.56 mL 25% ammonia was added. After 
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another 60 minutes, 1.57 g CNT were added. After 12 hours, nBGs particles 

were collected by centrifugation at 1500 g for 5 minutes and washed in a 

mixture of methanol and ethanol. The collected particles were vacuum-

dried, calcinated at 600°C for 3 hours with a heating rate of 2 K /minutes 

(Nabertherm, Germany), and re-suspended in ethanol at a concentration of 

10 mg/ mL for subsequent processing. 

 

2.3  Laser in situ doping of nBGs particles 

 

Laser-doping was carried out in a liquid-jet flow through a reactor 

introduced by Lau et al. 24 following a procedure described in detail in our 

previous work 18. In short, a 20 wt% suspension of nBGs was initially washed 

three times with deionized water and then dispersed in mixed Fe-EDTA, Cu-

EDTA, and Sr(NO3)2 solutions (178 mM stock solutions) and laser irradiated 

for 30 passages with a mean volume flow-rate of 0.54 mL/s using a 

nanosecond-pulsed laser (Avia 355-14, Coherent, Inc., USA) at a wavelength 

of λ=355 nm, a repetition rate of 40 kHz and a laser fluency of 60 mJ/cm2. 

The irradiated samples had initial Fe:Cu:Sr molar ratios of A) 1:1.5:1.5, B) 

1:3:0, C) 1:0:3. Furthermore, a control immersed in a 1:1.5:1.5 solution was 

processed similarly in the passage reactor, just without laser irradiation. The 

processed samples were washed twice in deionized water, twice in ethanol, 

and finally dispersed in fresh ethanol. 
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2.4  Nanoparticle characterization 

 

Crystallinity of synthesized nBGs were determinated by X-ray 

diffractograms (XRD) using a Bruker D2 Phaser diffractometer (USA) with Cu 

Kα radiation (λ = 1.5406 Å) in the range of 6≤ 2Θ ≤ 60° in 0.02° increments 

and with an integration time of 0.75 s. ATR-FTIR (Nicolet iS50, Thermo 

Scientific, USA) was used to assess functional groups, running 32 scans 

between 400 and 4000 per cm with a resolution of 0.5 per cm. Spectra were 

analyzed with Spectragryph (F. Menges, Version 12, 2018, 

http://www.effemm2.de/spectragryph/). nBGs’ morphology were 

visualized and assessed using transmission electron microscopy (TEM, FEI 

Tecnai G2 Spirit BioTWIN iCorr (G0.201), USA). The particle size was 

determined from TEM images using ImageJ analysis (ImageJ 1.52n). The 

surface charge of synthesized and modified particles suspended in PBS (0.5 

mg/mL) was evaluated with zeta potential analysis (Malvern Zetasizer Nano, 

Panalytical, UK). Further characterization of the nBGs samples after doping 

was done with scanning electron microscopy (SEM, Thermo Fisher Scientific, 

Apreo LoVac, USA), and global composition was determined using energy-

dispersive X-ray spectroscopy (EDX). Further EDX (Thermo Fisher Scientific, 

Apreo LoVac, USA) measurements of the laser-doped nBGs composition on 

a single particle level were performed using Cs-corrected transmission 

electron microscope Jeol 2200FS (Japan) operating at 200 kV acceleration 

voltage. The samples were prepared by evaporation of a droplet of nBGs 

solution on a carbon film-supported gold grid. 
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2.5 In vitro cell culture 

 

hMSCs (PromoCell, Germany) at passage 3 were expanded in αMEM 

supplemented with 10% FBS, 2 mM L-glutamine, 0.2 mM ascorbic acid, 

100 U/mL penicillin and 100 mg/mL streptomycin, and the cultures kept in a 

humidified atmosphere with 5% CO2 at 37 °C. 5000 cells/cm2 density and 1 

mL in volume of cells at passage 4 suspending in cell culture media, were 

seeded in each well of 12-well cell culture plates. For proper adhesion, cell 

culture media were exchanged after 24 hours incubation time. Tube 

formation assay was performed using HUVEC pooled from different donors 

(Lonza, Germany). Prior to the experiment, the cells were cultured in 

endothelial growth medium (EGM, Lonza, Germany) without VEGF 

supplementation at 37ᴼC and 5% CO2. 

 

2.6  Cytotoxicity  

 

The cytotoxicity of nBGs, iron and copper ion laser-doped nBGs with 

(FeCu) and iron, copper, and strontium ions laser-doped nBGs (FeCuSr) at 

concentrations ranging from 25 to 100 µg/mL was determined by the MTT 

assay according to kit’s instruction. hMSCs were seeded at 5000 cells/cm2 

density in 96-well plates. As the confluence reached 80-90%, hMSCs were 

exposed to freshly prepared media with nBGs at different concentrations. 

Cytotoxicity was assessed 72 hours after exposure of the cells to nBGs. At 

each time point, 10 μL of MTT reagent was added to each well, followed by 

4 hours of incubation at 37 ˚C, 5% CO2. Crystalized formazan were dissolved 

in 150 μL of isopropanol with 10 % by volume Triton-X 100. Amount of 
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dissolved formazan was immediately determined by absorption at 570 nm 

using a microplate reader (BIO-RAD microplate reader-550, USA). Wells 

without cells but with complete medium, nBGs, and MTT reagent were used 

as blank baseline. The average formazan concentration for each condition 

was used to calculate based on standard curve of known formazan 

concentration.  

 

2.7  Alkaline phosphatase assay 

 

To evaluate the osteogenic capabilities in suspension, nanoparticles 

were suspended in basic media (no osteogenic stimulants) at a 

concentration of 100 µg/mL. Cell culture medium was refreshed every 3 

days. After 7, 14, and 21 days of culturing, the ALP activity was measured for 

all conditions. 100 nM dexamethasone was added into basic media to make 

osteogenic media (OM). hMSCs cultured in osteogenic medium (OM; 100 

nM dexamethasone) were included as a positive control for all samples. 

Alkaline phosphatase (ALP) production of hMSCs were used to evaluate their 

osteogenic differentiation at days 7, 14, and 21 of culture. ALP levels were 

normalized with DNA content measured by CyQuant Cell Proliferation assay 

kit (Thermo Fisher Scientific, Germany). Cell lysis buffer were made by 

diluted provided with the kit concentrated lyse buffer at ration of 1:20 in PBS 

and RNAse A (Thermo Fisher Scientific, Germany) were added to achieved 

0.1% volume/volume. After discarding cell culture media, the cell layers 

were washed once with PBS.  Samples in 100 µL of PBS were then undergo 

6 times of 5 minutes each freezing-thawing cycle. 200 µL of cell lysis buffer 

was then introduced to each well and the samples undergo two more times 
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of 30 minutes freeze-thawing cycles. After thawing, each sample were 

transferred into Eppendorf tube. All the samples’ volume were then 

equalized by adding more cell lysis buffer. To ensure complete lysis of the 

cells, samples were sonicated for 5 minutes and incubated for 60 minutes at 

RT. DNA content were then quantified by mixing 100 µL of cell lysate with 

100 µL CyQuant GR dye in 96 well plate. After 15 minutes incubation, 

fluorescence signals of samples and standard DNA concentrations were 

measured using microplate reader (BIO-RAD microplate reader-550, USA).  

CDP-star solution (ready-to-use, Sigma Aldrich, Germany) was used to 

quantify ALP activity. 40 µL of each sample cell lysate was incubated with 

200 µL of CDP-star solution in a white-bottom 96-well plate at RT for 

30 minutes in the dark. After incubation, chemical luminescence signal were 

measured at 466 nm using a microplate reader (BIO-RAD microplate reader-

550, USA). The ALP values of each sample, normalized to their total DNA 

content, were expressed as an x-fold increase compared to hMSCs cultured 

with non-osteogenic medium. 

 

2.8  Mineralization assay 

 

Mineralization by hMSCs was measured via calcium deposition after 

28 days of culturing using Alizarin Red S (sodium alizarin sulphonate) 

staining. After cell media were removed, 4% PFA was used to fixed cells to 

the cell culture plate. Alizarin Red S were then added to stained calcium 

present within each well. Red S solution was prepared by dissolving 2 g of 

solid dye powder in 100 mL of bi-distilled water. Once the solid was 

completely dissolved, pH of solution was then adjusted to 4.2 by 0.1mM 



213 

 

ammonium hydroxide in bi-distilled water. Prior to staining, cells were first 

washed once with PBS, then twice with bi-distilled water. 200 µL Alizarin Red 

solution was added to each well and incubated for 15 minutes at RT. Sample 

were then washed thrice with bi-distilled water to remove excess dye. 

Staining was visualized and image were recorded under a microscope (Nikon 

SMZ-25, Nikon, Japan) with 10X magnification. 

A quantification method was carried out by performing extraction of 

the dye by 10 % (w/v) cetylpyridinium chloride (CPC) (Sigma Aldrich, 

Germany) in 10 mM sodium phosphate (pH 7.0). Alizarin Red dye were 

dissolved from the samples by adding 1 mL of CPC solution per well and 

incubated for 15 minutes at RT under constant shaking. Exact dye solution 

were then removed from the cell culturing plate. To quantified amount of 

dye exacted, 10 μL of the extracted dye was further diluted 10 folds with CPC 

solution and transferred to a 96-well plate and. The absorbance at 555 nm 

of violet-coloured supernatant was analysed with a microplate reader 

(CLARIOstar Multimode Microplate Reader, BMG Labtech, Germany). 

Concentration were then calculated based on standard curve of known 

calcium concentration solution. 

 

2.9  In vitro tube formation assay 

 

HUVECs pooled from different donors were cultured in endothelial 

growth medium (EGMTM, Lonza, Germany) without VEGF supplementation 

at 37°C and 5% CO2. An in vitro tube formation assay was performed in 48 

well tissue culture plates (NUNC, Thermo Fisher Scientific, Germany). Wells 

were coated with 50 µL per well Geltrex™ (Thermo Fisher Scientific, 
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Germany) according to the manufacturer’s instructions. The laser-doped 

nBGs particles were suspended in Geltrex at 0.25 mg/mL. Pure Geltrex and 

Geltrex with the addition of 100 ng/mL of VEGF served as controls. HUVECs 

at passage 3 were seeded at a density of 40 000 cells/cm2 in EGM. After 12 

hours of incubation, cells were washed twice with PBS and fixed with 4% PFA 

for 20 minutes. Then, cells were washed twice and stored at 4ᴼC for 

subsequent analysis.   

 

2.10 Fluorescent staining and microscopy 

 

Fixed cells were permeabilized with 0.1% TritonX-100 in PBS (200 µL 

/well) for 10 minutes and washed twice with PBS. Then, F-actin staining was 

performed by incubation with 50 μL/well of 1:200 PBS-diluted Alexa Fluor™ 

488 phalloidin (Thermo Fisher Scientific) for 20 minutes in the dark, followed 

by two washing steps in PBS. Cell nuclei were stained by immersion in 50 μL 

per well of DAPI (Thermo Fisher Scientific, Germany) at a concentration of 

0.5 μg/mL in PBS for 5 minutes, followed by a last washing step. Imaging was 

performed using an inverted Nikon TI-E microscope (Nikon Instruments 

Europe BV, the Netherlands). Images were processed and analyzed using 

Nikon NIS-Elements Viewer 4.50, and quantitative analysis of in vitro tubule 

formation was performed using the AngioTool software25. 

 

2.11 Statistical analysis 

 

Statistical analysis of ALP activity and mineralization experiments 

were performed using triplicates (n=3), and data is presented as mean ± 
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standard deviation. To analyze the data regarding the osteogenic 

differentiation, statistical evaluation was performed using GraphPad Prism 

9.1 using one-way ANOVA followed by Turkey’s multiple comparisons and 

mean differences were considered statistically significant when p<0.033. 

Statistical analysis of the tube-formation assay was performed using 

ordinary one-way ANOVA followed by Tukey’s multiple comparison test. The 

level of significance was set to p<0.05. 

 

3. Results and discussion 

 

3.1 nBGs synthesis and metal ion doping 

 

nBGs particles with glass composition of SiO2/CaO/P2O5 = 80/15/5 

mol-%  were synthesized using a base-catalyzed sol-gel process, and 

subsequently calcined at 600°C, similar to what we reported previously 23. 

Uniform round-shaped nanosized nBGs particles were obtained as shown by 

TEM (Figure 1a). Fourier transform-infrared (FTIR) spectrum of the nBGs 

particles displayed a peak at ~400 and ~1000 cm-1 characteristic for the Si-O 

bond (Figure 1b). Moreover, XRD analysis showed that nBGs particles were 

amorphous (Figure 1c).  
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Figure 1: Characterization of nBGs; (a) Morphology of synthesized nBGs by TEM. Scale bar 

represents 100nm (b) FTIR spectra of the nBGs (c) X-ray diffraction patterns of nBGs. 

 

Laser doping was conducted using the nanosecond UV laser irradiating the 

free liquid jet of the passage reactor (30 passages for each sample). The 20 

wt% nBG suspensions were exposed to initial Fe: Cu: Sr molar ratios of A) 

1:1.5:1.5, B) 1:3:0, C) 1:0:3. Furthermore, a control immersed in a 1:1.5:1.5 

solution was processed. Fe-EDTA solutions with a pronounced UV extinction 

at 355 nm (laser wavelength) were used to ensure an efficient absorbance 

of the laser energy by the sample. After laser processing, nBGs samples were 

analyzed with SEM. Figure 2 shows exemplary SEM images of the raw and 

doped samples. Number-weighted particle size distributions obtained from 

these images indicate a mean value of 124.7 ± 11.3 nm before and 127.5 ± 

13.6 nm after laser processing, which indicates that particle size was not 

significantly affected by the laser processing. In contrast to our previous 

work using micrometer-sized BG particles 18, no fragmentation process (size 

reduction) was observed, which allows us to evaluate doping effects 

independently from particle size effects. Moreover, our method also 

presents an advantage over conventional co-precipitation methods for nBGs 



217 

 

ion doping which are known to negatively impact nBGs formation, structure, 

and morphology depending on ion concentration and synthesis conditions 

11. Especially incorporation of Fe in BG has resulted in the formation of 

particle agglomerates and can negatively impact nanoparticle structure 26, 

27. 

 

Figure 2: Number-weighted particle size distributions and exemplary SEM images of a) raw 

nBGs and b) nBGs laser-doped with Fe:Cu:Sr distributions. 

 

Next, we analyzed the elemental composition of the doped nBGs. The Si 

content as the major network-forming element was unaffected by the 

doping (Figure 3a), which is to be expected as minor changes in the 

composition of the dominant element may not have been detectable with 

sufficient accuracy. For the major network modifier Ca, a reduction of about 

50% for all doped and immersed samples was found. This may be due to the 

presence of EDTA in the samples, which could have initiated Ca leaching by 

complexation, as documented e.g. for hard tissue decalcification 28. 

Moreover, we observed that Fe, Cu, and Sr were present in the doped nBGs 
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particles showing that the laser treatment was effective. In contrast, no ion 

concentrations could be detected in immersed nBGs, likely because of 

unsuccessful or too low ion incorporation in the absence of a laser beam. 

Examination of the doping levels of the corresponding elements revealed 

that in Fe:Cu doped nBGs, higher levels of Cu were embedded compared to 

Fe, which was to be expected as the Fe:Cu ratio in the experiment was 1:3. 

However, this contradicts our previous findings on micro-sized BG educt 

particles 18, where 1) the overall doping levels were 50 times higher and 2) 

the embedding of Fe was much more pronounced than Cu. This seems to 

indicate that under comparable process conditions, doping in conjunction 

with a laser fragmentation process (particle size reduction) is more efficient 

than laser doping without size reduction which was done in this work. Higher 

doping levels in our previous study were probably caused by the in-situ size 

reduction process occurring simultaneously to the doping, which created a 

highly active and larger surface area, favoring ion adsorption. Even at similar 

incident laser fluence, the far higher optical cross-section of micro-BG 

compared to nBGs would cause higher effective laser fluence and trigger 

photomechanical effects. Recently, laser fragmentation mechanism has 

been studied for single microparticles, pointing at a photomechanical 

contribution to the fragmentation 29 not to be expected for smaller particles 

(such as nBGs) as those are unlikely to fulfill the stress confinement criteria 

for nanosecond pulses. Hence, nanosecond-pulsed UV laser excitation of 

nanoparticles in the low fluence regime applied here is most likely linked to 

a particle-surface-heating process, causing pulsed-laser-induced diffusion 

enhancement 17. 
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  Furthermore, ion uptake specificity (higher affinity of Fe than Cu as 

found in 18) seems to be less pronounced (not dominant) at lower doping 

levels or in case no size reduction occurs. Upon co-doping with Sr, the Fe 

doping levels drastically increased by a factor of 9, so the presence of Sr 

seemed to promote Fe doping. This may be attributed to the overall larger 

ionic radius of Sr2+ in comparison to Ca2+ 30,31. This may have widened the BG 

network and promoted the uptake of other ions such as Fe. In the case of 

the Cu:Fe:Sr co-doping we found a higher doping level of Fe in comparison 

to Cu, which is in accordance with our previous findings 18. Finally, we probed 

for the presence of Fe, Cu, and Sr in nBGs on a single particle level using TEM-

EDX (Figure 3c and d) and found a moderate accumulation of the 

corresponding ions in the particles, though total doping levels were low. The 

distribution of the elements as determined by TEM-EDX mapping of the 

particles in Figure 3 was homogeneous. This is in contrast with previous 

experiments where the laser-induced embedding of Fe atoms into Co3O4 led 

to an enrichment of Fe in the near surface regions 17, though such a surface 

enrichment phenomenon may not have been detectable due to the overall 

low signals of the corresponding elements.  Overall, the nanosecond UV 

laser excitation of nBGs dispersed in metal salts or metal salt mixtures results 

in homogeneous doping or co-doping of the metals into the nBGs volume, 

without changing the host particle size.    



220 

 

 

 

Figure 3: Particle composition: SEM-EDX ensemble measurements of a) all elements and b) 

Fe, Cu, and Sr present in laser-doped samples. TEM-EDX elemental mapping of c) Fe, Cu, Sr 

doped and d) Fe, Cu, Sr immersed samples. 

 

3.2 Biocompatibility and induction of ALP levels 

 

The biocompatibility of immersed nBGs, FeCu, and FeCuSr laser-

doped nBGs was assessed in hMSCs after 72 hours of exposure to 

concentrations ranging from 25 to 100 µg/mL using the MTT assay (Figure 

4a). None of the conditions tested resulted in a significant change in hMSCs 

metabolic activity compared to control cells. These results indicate that 



221 

 

both, immersed and laser-doped nBGs were biocompatible with hMSCs at 

the concentrations tested.  

 

 

Figure 4: Metabolic activity and ALP production in hMSCs. a) Metabolic activity of hMSCs 

measured using the MTT assay after 72 hours exposure to 25, 50, 75, and 100 µg/mL 

immersed nBGs, FeCu, and FeCuSr laser doped nBGs (depicted as immersed, FeCu and 

FeCuSr, respectively). The metabolic activity is shown as % compared to control cells. b) 

hMSCs ALP activity after exposure to 100 µg/mL of nBGs, immersed nBGs, and FeCu, FeSr, 

FeCuSr laser doped nBGs. ALP activity was normalized to DNA content. Negative control 

group was cells cultured in basic media and the positive control is cells cultured in OM 

media. All conditions were performed in triplicate. Significant differences between samples 

and negative controls were indicated by *, as * representing p-values as follows; *p < 0.033; 

**p < 0.02; ***p < 0.001. 

 

Next, the ability of the nBGs and laser-doped nBGs nanoparticles to induce 

ALP activity, a known marker for hMSCs osteogenic differentiation, was 

assessed.  

After 7 days of incubation, no significant ALP activity was measured 

in any of the sample conditions. Significant ALP production was observed 

after 14 and 21 days of exposure for all samples tested although lower 
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compared to the positive control (OM). The ALP activity in hMSCs exposed 

to nBGs, immersed nBGs, and FeCuSr laser doped nBGs after 14 days was 

similar; 2.14 fold (in comparison to control) for nBGs, 2.02 fold for immersed 

nBGs, and 2.12 fold for FeCuSr laser doped nBGs. hMSCs exposed to FeCu 

and FeSr laser-doped nBGs also led to increased ALP production albeit 

significantly lower compared to the other sample conditions (1.49 fold for 

FeCu and 1.48 fold for FeSr). After 21 days, overall ALP levels were higher 

than after 14 days and showed a similar trend; exposure to immersed nBGs, 

and FeCuSr laser-doped nBGs resulted in similar ALP production (4.16 fold 

for nBGs, 4.1 fold for immersed nBGs, and 3.94 fold for FeCuSr nBGs) and 

significant albeit lower ALP production for FeCu and FeSr laser doped nBGs 

was observed (2.69 fold for FeCu and 3.22 fold for FeSr laser doped nBGs).  

Next, we investigated whether nBGs, immersed and laser-doped 

nBGs nanoparticle exposure could promote the ability of hMSCs to 

mineralize their extracellular matrix, an important step in de novo bone 

formation. Calcium deposition by differentiated hMSCs was determined 

after 28 days using Alizarin Red S Staining (Figure 5). hMSCs cultured in basic 

and mineralization media (MM) in the absence of nanoparticles were used 

as negative and positive controls, respectively. nBGs, immersed and laser-

doped nBGs exposure to hMSCs led to significant calcium deposition, 

however, significantly less compared to the positive control (Figure 5). 

Further quantification of the staining revealed that similar mineralization 

production was observed for hMSCs exposed to nBGs, immersed nBGs, FeSr, 

and FeCuSr laser-doped nBGs (Figure 5b). In contrast, hMSCs exposed to 

FeCu laser-doped nBGs resulted in the lowest calcium deposition (0.48 mM).  
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Figure 5: a) Calcium deposition by hMSCs at day 28 determined by Alizarin Red staining 

(n=3); exposed to basic medium, MM medium, nBGs, and laser-doped FeCu, FeSr, and 

FeCuSr. b) Quantification of calcium deposition via dye extraction of Alizarin Red. Significant 

differences between samples and negative controls were indicated by *, as * representing 

p-values as follows; *p < 0.033; **p < 0.02; ***p < 0.001.  

 

In conclusion, laser metal doped nBGs were biocompatible, and did 

not significantly enhance the osteogenic activity of nBGs particles nor their 

ability to promote hMSCs mineralization. Specifically, non-doped nBGs, 

immersed nBGs, and nBGs laser-doped with FeCuSr resulted in the induction 

of similar hMSCs ALP activity levels, and lower ALP levels were observed for 

FeSr and FeCu-doped nBGs. Similar observations were made for their ability 

to promote mineralization. The lower ALP and mineralization levels 

observed after exposure to FeSr and FeCu doped nBGs are likely related to 

the known effect of Fe on reducing ALP activity in bone cells 32-34. For 

example, osteoblasts exposed to 50-200 μM ferric ammonium citrate led to 

a concentration-dependent decrease of ALP activity and negatively 

impacted mineralization 32. Another study showed that high intracellular Fe 

levels in primary rat bone marrow stem cells led to downregulation of 

several osteogenic markers such as Runx2, osterix, osteopontin, and 
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osteocalcin, but enhanced proliferation of pre-osteoblasts 33. Although Sr is 

known to induce osteogenesis and ALP production in the absence of other 

osteogenic supplements 8, 35, 36, the Fe may negatively influence ALP 

production, lowering the overall bioactivity of FeSr-doped nBGs. Although 

Cu is also known to reduce ALP activity of hMSCs and suppress 

mineralization 37, FeCuSr doped nBGs showed similar ALP levels compared 

to undoped nBGs. The differential osteogenic activity of FeSr doped nBGs 

particles compared to FeCuSr nBGs is likely related to the relatively higher Sr 

concentration in the latter nanoparticles; Sr doping in the FeCuSr nBGs was 

more than double compared to FeSr nBGs.  

 

3.3 In vitro tube formation 

 

To investigate the influence of laser doping of nBGs on their 

angiogenic properties, HUVECs were cultured with the nBGs incorporated 

into Geltrex for 12 hours (Figure 6). Tube-like structure formation was 

observed in all tested conditions. In comparison with the Geltrex control, the 

addition of VEGF as well as all tested nBGs resulted in more pronounced 

tubule formation. Furthermore, cells cultured in the presence of FeSr laser-

doped nBGs formed smaller loops compared to the other conditions. 

Quantitative analysis of the network parameters showed a significant 

increase in the number of junctions and vessel area in the positive control 

(VEGF exposure) and for HUVECs exposed to FeSr doped nBGs (Figure 6b). 
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Figure 6: Tube formation assay. a) HUVECs cultured on Geltrex in control and experimental 

conditions stained with phalloidin (green). Scale bar = 0.25 mm. b) Quantitative analysis of 

the number of junctions and vessel area performed AngioTube software. 

 

Differential activity was observed in the in vitro tubular experiments; 

nBGs doped with FeSr led to significantly increased vessel area and number 

of junctions compared to the control. Indeed, Fe is known to be able to 

stimulate angiogenesis and tube formation. For example, one study showed 

that Fe released from calcium phosphate scaffold enhanced the proliferation 

of HUVECs, and upregulated VEGF and endothelial nitric oxide synthase 

(eNOS) 38. Fe-doped octacalcium phosphate nanoparticles also have been 

shown to promote HUVEC proliferation and upregulate the expression of 

several angiogenic genes 22. Moreover, in addition to Sr's well-known ability 

to induce osteogenesis, Sr can also have a beneficial effect on angiogenesis. 

In one study, Sr-doped BG sub-microparticles upregulated mRNA expression 

of angiogenesis-related genes (Angiogenin, FGF-2, and SDF) in HUVECs and 

increased vascularization within a gelatin scaffold in vivo 39. Although Cu is 

known to promote angiogenesis, we observed no significant effect of Cu-

doped nBGs on in vitro sprouting of HUVECs. This is likely due to the low Cu 

content in our laser-doped nBGs.   
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4. Conclusions 

 

In this work, we show that nBGs could be successfully doped with Fe, 

Sr, and/or Cu using nanosecond-pulsed laser excitation in liquids. 

Furthermore, laser ion doping did not alter the morphology or size of the 

nBGs. This is critical as a size reduction could also alter the cellular response 

due to changes in overall BG surface area and solubility. nBGs and laser-

doped nBGs were biocompatible up to 100 µg/mL and could significantly 

increase ALP production in hMSCs cells compared to non-exposed hMSCs 

cells. Non-doped nBGs and nBGs laser-doped with Fe, Cu, and Sr were most 

effective in inducing ALP activity. However, a reduction in ALP induction and 

mineralization was observed in FeCu-doped nBGs, likely due to the presence 

of Fe. Differential activity was observed in the in vitro tubular experiments; 

nBGs doped with FeSr led to significantly increased vessel area and number 

of junctions. This data shows that pulsed laser doping is a promising 

technique to dope multiple ions in nBGs without negatively impacting their 

structure or size and that laser doping of FeSr into nBGs can improve the 

angiogenic properties of nBGs. 
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1. Introduction 

 

The application of silica and calcium phosphate (CaP) based 

nanomaterials in the field of tissue regeneration has expanded rapidly over 

the last decade 1-3. As reviewed in Chapter 2 of this thesis, these materials 

have an especially high potential for use in the bone regeneration field due 

to their excellent biocompatibility and intrinsic ability to promote bone 

growth. Spherical nanoparticles (NP) within the 20-200 nm size range have 

attracted particular interest in this field. There have been many 

advancements in synthesis techniques that offer more refined control over 

material and surface properties. However, the importance of certain 

nanomaterial properties such as size, shape, composition, and crystallinity 

on their ability to promote regenerative processes is still poorly understood. 

As discussed in Chapter 2, a strong focus in this field has been on the 

incorporation of therapeutic ions into NPs by a process known as ion doping, 

to improve their bioactivity or even expand it towards other clinical 

applications. Although many reports have shown beneficial use of various 

ion-doped NP, not much is known about the importance of ion choice, 

controlled ion release or in general, what parameters allow optimization of 

ion doping processes.   

Moreover, inorganic NP can be applied in many different ways, e.g., 

as components of scaffolds and coatings, but also as injectables for the 

delivery of therapeutics, which in turn affect the ability of NP to guide tissue 

regenerative processes. It is therefore important to further investigate the 

optimal way of applying nanomaterials in bone regeneration. 
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In this thesis, we set out to investigate the effect of nanoparticle 

parameters and application methods on their ability to promote hMSC 

osteogenesis. Moreover, we focused on optimising the inherent bioactivity 

of the NP by exploring various methods to incorporate bioinorganic ions. 

This chapter discusses the results obtained in the experimental chapters in 

the context of optimising bioceramic NP including mesoporous silica NP 

(MSN), mesoporous bioactive glass NP (MBG), and calcium phosphate (CaP) 

NP for application in bone regeneration in terms of their morphology, 

administration, and ability to deliver therapeutic ions. 

 

2. Importance of NP morphology and administration on their ability to 

promote bone regenerative processes 

 

Bone has a well-defined micro and nano architecture consisting of 

hydroxyapatite (HA) particles in nano-meter size range embedded in a 

collagen matrix. HA nanocrystals in bone are needle shaped and provide 

bone matrix with exceptional mechanical strength and bioactivity. In recent 

years, there has been increased interest in mimicking the hierarchical 

structure of bone by using nanosized HA particles. Previous studies have 

shown that the size of CaP particles is indeed important; for example, it has 

been shown that CaP NP are superior to CaP microparticles in their ability to 

promote bone cells proliferation and differentiation in vitro, and that even 

differently sized NP can influence hMSCs and osteoblast proliferation rates 

4-7. For example, Cai et al. found that hMSCs exposed to 20 nm sized CaP 

particles led to significantly higher cell proliferation compared to 80 nm CaP 

NP and micron sized CaP particles 5.   
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However, the mechanism behind this size-dependent effect is not 

well understood. It is suspected that smaller-sized NP can be more readily 

taken up by hMSCs, thereby increasing intracellular Ca ion release, which in 

turn can promote several cellular processes including cell proliferation 7. 

Only a few studies have investigated the influence of CaP NP shape on their 

ability to promote bone regeneration 8-10. This is probably due to the lack of 

synthesis routes that allow fine control over both CaP NP size and shape. In 

chapter 3, we reported a wet synthesis method that allows control over CaP 

NP shape while maintaining a similar size and chemistry. This method made 

use of micellar templates, controlling NP growth in terms of both size and 

shape. Using this method, we studied the influence of rice-shaped, needle-

shaped, and spherical CaP NP on hMSCs adhesion and differentiation when 

deposited as stable coatings on glass slides. The results of chapter 3 indicate 

that the expression levels and patterns of osteogenic markers Runx2, BMP2, 

OPN, and OCN varied significantly over time depending on NP shape. 

Specifically, we saw that needle-shaped CaP NPs were most efficient in 

upregulating early-, middle- and late osteogenic genes in hMSCs 11. 

The ability of surfaces with nano-sized features (or nano-topography) 

to promote certain stem cell behaviours is widely recognized in the field 12-

14.  Cells can sense nano-topography via the formation of focal adhesions 

through integrin receptors, which can promote cell proliferation and 

differentiation 15. hMSCs interact with material surfaces through bundling of 

focal adhesion proteins such as vinculin 16, 17. A recent study suggests that 

nanostructures may induce cellular cytoskeletal reorganization via integrin 

binding, that consequently  leads to osteogenic differentiation of hMSCs 18. 

This is in line with our findings in chapter 3, where we observed a typical 
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hMSCs morphology with extended filopodia on needle-shaped CaP NPs 

films. In contrast, hMSCs grown on rice-shaped and spherical CaP NP films 

showed more elongated morphology. 

Thus, our and other studies indicate that CaP NP’s size and shape play 

essential roles in their ability to promote hMSCs’ adhesion and 

differentiation. To improve their clinical application, more studies are 

needed to improve our understanding of the role (nano) particle shape and 

size plays in directing these processes. Moreover, translation of the findings 

to relevant in vivo models is needed to increase our understanding of more 

complex biological environments. 

 

3. NP administration   

 

Inorganic NPs have been frequently used as fillers in polymeric 

scaffolds, as coatings on metallic implants and as injectables for drug 

delivery purposes. Depending on the application mode, the mechanism of 

action will differ drastically. For example, in the case of injectables and fillers, 

single NPs are available in the extracellular environment of cells. In contrast 

to micro-sized or bulk ceramics, ceramic NPs can be efficiently internalised 

into cells via a process known as endocytosis. During endocytosis, cells take 

up substances from outside the cell by forming a vesicle around and 

engulfing it. Several studies suggest that the majority of silica and CaP NP are 

taken up via clathrin‐mediated endocytosis 19-22. Efficiency of NP cell 

internalization is, however, highly influenced by NP size, shape, surface 

chemistry, and surface charge 20, 21, 23. The internalisation of NP in hMSCs 

and subsequent degradation an ion release, is thought to be one of the 
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pathways responsible for their ability to promote osteogenic differentiation 

24. A second pathway is the dissolution of the NP in extracellular space and 

subsequent uptake of the ions by nearby (stem cells) through ion channels 

25, 26. In chapter 4 we investigated the effectiveness of these two pathways 

by comparing ion release via NPs upon cell internalization, and exposure to 

ions dissolved in cell culture media. To ensure that ion release could only 

take place upon cell internalisation, the surface of mesoporous silica NP was 

modified with a pH responsive CaP surface layer. We showed that this layer 

prevented ion release at neutral conditions and promoted ion release at low 

pH values like those found in endosomal vesicles. This mechanism allowed 

efficient delivery of NP incorporated therapeutic ions, while avoiding 

unwanted ion release in extracellular spaces. We showed that these NP were 

efficiently taken up by hMSCs, and that the CaP coating improved cell uptake 

efficiency. We compared uptake of bioinorganic ions dissolved in the cell 

culture medium to bioinorganic ion delivery using MSN and observed that 

ion-incorporated MSN induced hMSCs differentiation at significantly lower 

ion concentrations. In particular, our MSN needed 134- (P), 208- (Ca), 277- 

(Sr) and 538 (Zn) times lower dose compared to ions directly dissolved in 

media. This observation can be explained by the different uptake routes; 

where MSN are internalized by endocytosis, ions are generally taken up via 

ion channels. This indicates that NP mediated endocytosis is a more efficient 

method to deliver higher concentrations of therapeutic ions to hMSCs. Our 

research was the first to compare directly media-dissolved ions versus NP-

mediated endocytosis and demonstrated the therapeutic advantage of using 

MSN, even for molecules that may be internalized on their own. 
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Bioceramic NP and CaP in particular, can also be used as coatings on 

(metallic) implants to increase bone-to-implant contact by improving cell 

adhesion. As mentioned in the previous section, hMSCs functions can be 

regulated through physical interaction with specific nano-topographical 

cues 27, 28. These cues can determine cell attachment, integrin clustering, and 

cytoskeletal structure resulting in mechanotransductive signalling and 

further causing downstream effects including stem cell differentiation 28-30. 

Chapter 3 showed that the CaP NP could be immobilized at the surface of 

glass slides; no CaP NP dissolution or cellular uptake were observed. In 

chapter 4 and 5, we set out to also compare stable NP coatings with NP 

application in suspension, facilitating endocytosis. The expression or activity 

of alkaline phosphatase (ALP) is often used as an indication of hMSCs 

differentiation and osteogenesis, as it is highly expressed in the cells of 

mineralized tissue. ALP activity of hMSCs was more efficiently upregulated 

when exposed to NP suspensions compared to hMSCs seeded on thin NP 

films of the same chemical composition. This result demonstrated that NP 

internalisation in hMSCs has a superior efficiency in stimulating osteogenesis 

in vitro.  

 We were the first to investigate and compare different silica NP 

administration routes on their ability to promote hMSCs osteogenesis. This 

knowledge can aid the field by providing guidelines to select the most 

suitable method to administer NP. Our results showed that ion doped MSN 

can promote hMSCs osteogensis via two distinct pathways; through nano-

topographical cues and by facilitating ion uptake via NP mediated 

endocytosis. Endocytosis was the most effective in terms of concentration 

efficiency. However, we also showed that hMSCs exposure to NP is ideally 
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repeated every 3 days, which complicates their use over prolonged periods. 

As such, it is important to consider all factors when deciding on which NP 

administration method to choose.  

 

4. Enhancing NP bioactivity via ion incorporation methods 

4.1 Using unique structure of MSN to allow multiple ion incorporation 

 

Several metallic ions are known to play important roles in bone 

formation. Trace metallic elements including strontium (Sr), Zinc (Zn), iron 

(Fe), and copper (Cu) are seen as viable alternatives to biologics because 

they are lower in costs, stable, and can promote various biological processes. 

For example, Sr and Zn can stimulate osteogenic differentiation, while Fe is 

known to aid angiogenesis 31-36. Moreover, metallic ions can also have anti-

microbial or anti-inflammatory properties 37. For this reason, incorporation 

of trace metallic elements in biomaterials and tissue engineering constructs 

has received significant attention over the past decades 38. 

Metallic ions can be easily incorporated in CaP and silica NPs via ion 

doping 39, 40, a process that entails the incorporation of metallic ions within 

the CaP or Si or CaP matrix via ion substitution. Using this method, cations 

such as strontium (Sr), zinc (Zn) or copper (Cu) have been successfully 

incorporated in CaP and silica NPs. However, there is a limit to the amount 

of ions that can be incorporated using this method before negatively 

affecting NPs formation. Specifically, ionic substitutions can cause changes 

in NP structure, stability, lattice parameters, particle morphology, 

crystallinity, and solubility 41-43. Moreover, ions can affect pore formation of 

mesoporous NP. For example, Sr doping in bioactive glass can weaken the 
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overall network leading to higher degradation rates 44-46. The larger atomic 

size of Sr compared to Ca can lead to lattice expansion and increased NP 

solubility. In addition, Ca content of more than 20% within the MBG is 

difficult to achieve, even if higher Ca ion concentrations are present during 

synthesis process 47. High Ca doping has led to  increased NP size and lower 

particle homogeneity 48, 49. While variety of ions have been successfully 

incorporated in bioceramic NP, multiple ion doping is rare.  

In chapter 4, 5 and 6 we investigated the use of MSN to deliver 

multiple ions to hMSCs. The mesoporous structure allows efficient ion 

incorporation, and its large surface area can be used to deposit ions. Lastly, 

ions can be directly incorporated into silica network during synthesis. In 

chapter 4, MSN containing Zn, CaP and Sr were synthesized. In these 

constructs, Zn was added to the CaP coating via ion substitution, while Sr 

was incorporated into mesopores of NPs. Importantly, the CaP layer acted 

both as ion source and as pH sensitive gatekeeper for Sr ions loaded within 

the mesopores. As mentioned in the previous section, the CaP coating also 

improved NP internalization in hMSCs. Moreover, in chapter 5 we showed 

that CaP surface coating prevented degradation of MBG and degradable 

MSN in neutral conditions. Thus, the CaP layer provides multiple advantages. 

Finally, the silica network itself can be used to provide control over ion 

release and silica ions are also known to promote both osteogenic and 

angiogenic processes. To allow silica ion release from the NPs, in chapter 5, 

we synthesized degradable MSN by creating an imperfection within the silica 

network using 1,3,5-Triisopropylbenzene (TiPB). TiPB creates gaps within the 

silica network resulting in faster hydrolysis of the silica matrix. Within 6 days, 

our synthesized degradable MSN released over 80% of its ion content in 
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neutral aqueous conditions. However, this high amount of Si release 

negatively affected hMSCs viability already after 72 h of exposure. It has 

been reported that high silicate concentrations can be cytotoxic to 

osteoblasts 50, 51. Thus, adjusting MSN degradation is an important factor in 

optimizing these NP for future use.  

Where in chapter 4 and 5 we attempted to modify MSN unique 

structure to allow incorporation of multiple ions, in chapter 6 we 

investigated the use of a modified laser fragmentation in liquids (LFL) for 

multiple ion doping. LFL is an established technique mainly used to fracture 

macro materials into micro- and NP. LFL process utilizes coloured complex 

solutions of metal ions, often Fe, which act as light-absorbing agents 52. 

By adjusting exposure time and frequency, controllable fragmentation 

limited to the surface of NPs can be achieved, rather than the fragmentation 

of the entire structure 53. Trace elements within the ion complex solution 

could  successfully be deposited on to processed micro- and NP using this 

method 54. In our study, a laser-doping technique was used to incorporate 

Fe, Sr, and Cu ions into solid bioactive glass NP without altering their overall 

morphology and size. Although all three ions were incorporated in the NP, 

the amounts were lower compared to our wet synthesis methods. 

 Incorporation of multiple ions in NPs remains difficult to achieve 

because most used ion substitution within the CaP or silica matrix can lead 

to altered NP properties such as crystallinity and morphology. In this thesis, 

we investigated coating of MSN' surface and mesoporous properties and 

rather than ions substitution, to allow multiple ion incorporation in single 

NPs. We observed that especially the use of a CaP coating on MSN is a very 

promising way to incorporate multiple ions but also to improve intracellular 
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uptake, and to avoid unwanted ion release by acting as a pH responsive 

gatekeeper. Although LFL represented a promising alternative technique to 

incorporate multiple ions, the technique needs to be further optimized to 

allow incorporation of higher ion concentrations. 

 

4.2 Advantages of multiple ion delivery using NPs 

 

Multiple ion doping may be beneficial to stimulate biological 

processes more efficiently or to stimulate multiple biological processes 

simultaneously. Our data supports this; in chapter 4 we observed that 

hMSCs exposure to multiple ions dissolved in media resulted in significantly 

higher expression of osteogenic genes compared to single ion exposure. This 

is in line with other studies in which multiple ions were investigated 55, 56. In 

chapter 4 and 5, we observed clear benefits of using MSN for multiple ion 

delivery. Multiple ion MSN and MBG performed better than single ion 

incorporated MSN in terms of increased expression of osteogenic markers 

and enhanced mineralization in vitro. In addition, the use of MSN 

significantly decreased the required ion concentrations needed to observe 

an effect. 

However, we also observed that both ion concentration and ion 

release profiles are important parameters in stimulating stem cells 

differentiation. Ca, P, Si, Sr and Zn are known to support the growth of bone 

cells in a dose-dependent manner. In chapter 5, we investigated three Zn 

incorporation modes; as part of the CaP layer, inside the mesopores, and 

inside the silica matrix. Each incorporation mode yielded not only different 

overall Zn concentration present in the final NP composition but also led to 
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different Zn release profiles. Incorporation in CaP layer resulted in the lowest 

concentration of incorporated Zn, while incorporation inside the silica matrix 

led to longer and more sustained Zn release. Degradable MSN and MBG 

resulted in the highest ALP activity and mineralization, despite the presence 

of a lower concentration of Zn compared to similar non-degradable MSN. 

This is likely due to the high amount of Si release, and the positive role Si 

ions play in ALP production 57. These results demonstrated that degradable 

MSN have an advantage; however, their degradation rates and Si ion release 

need to be controlled in order to avoid cytotoxicity. 

Using LFL technology, ions such as Fe and Cu that are otherwise 

difficult to dope in ceramic NPs, can be incorporated. In chapter 6, we 

showed that LFL is a suitable alternative ion doping technique, without 

negative effects on NP morphology and size. Using this technique, we could 

dope Fe, Cu and Sr in bioglass NP. Multiple ion laser doped bioglass NP 

improved vessel formation by human umbilical vein endothelial cells, but did 

not enhance ALP activity in hMSCs. Cu and Fe are known to negatively affect 

ALP production, which can explain our findings. Hence, ion choice remains 

an important consideration when designing biomaterials for multiple ion 

delivery. 

In summary, using MSN and MBG for multiple ion delivery has 

multiple advantages including lowering ion concentrations needed to 

observe a biological effect, possible synergistic effects, and a more precise 

control over ion incorporation and release profile. However, more research 

is needed to determine the most effective concentrations and ion 

combinations in order to maximize their potential for bone regeneration 

applications.  
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There is an urgent need for new solutions to treat large bone defects 

in our ever-increasing aging western population. However, current gold 

standard treatment is based on using patients own bone (i.e., autograft) 

which has limitations in availability and is associated with complications such 

as donor site morbidity. Therefore, researchers have explored different 

types of synthetic materials, which are off the shelf available in large 

quantities and have similarities to native bone. Calcium phosphate ceramics 

and silica-based biomaterials such as bioactive glass have been heavily 

researched for bone regeneration applications because they display good 

biocompatibility and possess some ability to induce bone regeneration. 

However, although calcium phosphate ceramics and bioglass materials can 

promote bone repair processes such as differentiation of primary bone cells 

(osteogenesis),1 their biological performance remains inferior to natural 

bone. Additives such as drugs and growth factors can be incorporated into 

the materials to improve their bioactivity, but increases the cost and reduces 

the shelf life of the materials. To circumvent this issue, bioinorganic ions 

such as strontium, zinc, and copper have been added to the materials to 

improve their bioactivity, as they play important roles in bone regeneration 

2, 3. Incorporation of these synthetic bioinorganic ions in ceramic 

biomaterials is usually based on ion substitution; however, this can alter 

both the physical and chemical properties of the materials. Furthermore, ion 

release is hard to control as it often relies on material degradation rates. This 

is important, as the ability of ions to promote bone regenerative processes 

is highly concentration dependent. 

Nanoparticles can be used as reservoirs for ion or growth factor 

delivery, where ion release rates can be decoupled from biomaterial 
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degradation rates. For bone regeneration, especially nanoparticles created 

from calcium phosphate and bioactive glass biomaterials are of interest, due 

to their inherent bioactivity and chemical similarity to inorganic component 

of bone. In fact, several papers have shown that nano-sized calcium 

phosphate and bioactive glass biomaterials have superior bioactivity 

compared to their micro-sized counterparts. Finally, nanoparticles can be 

easily (surface) modified to allow tissue targeting, stimuli responsive drug 

release, and can be easily incorporated into other biomaterials to improve 

their mechanical and biological properties 4.  

Despite their extraordinary potential, how nanoparticles physical 

properties such as their shape, composition and morphology influences their 

bioactivity is not well understood. Moreover, what parameters play 

important roles in optimizing ion delivery from nanoparticles is not known. 

This thesis concerns the investigation of several silica and calcium phosphate 

based nanoparticles, and their structural optimization towards application 

in the bone regeneration field.  

To identify potential knowledge gaps in the field, first a literature 

research of bioceramic nanoparticle synthesis methods, ion-incorporating 

methods and their application in the bone regeneration field was conducted. 

While several studies investigated the effect of nanoparticle size and 

crystallinity on their ability to promote bone regenerative processes, not 

much is known about the importance of nanoparticle shape. In chapter 3 we 

showed that nanoparticles shape is an important factor determining their 

ability to induce cell adhesion and hMSCs osteogenic differentiation. 

Specifically, we showed that homogeneously synthesized needle-shaped 

hydroxyapapatite nanoparticles can promote hMSCs osteogenesis more 
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efficiently compared to spherical or rice shaped nanoparticles both when 

applied as coatings and as nanoparticle suspensions. As such, needle shaped 

HA particles can be used as a promising strategy to improve the clinical 

performance of biomedical implants, such as the frequently used metallic 

implants in orthopedics and maxillofacial surgery. Moreover, our research 

contributed to an improved understanding of how nanoparticle shape 

influences their ability to promote early, middle, and late osteogenic 

markers, which can help scientist in the field design better performing 

biomaterials.  

Mesoporous bioglass and silica nanoparticles have been heavily 

explored in the drug delivery field. Their use for the delivery of ions has 

expanded over the past decade. However, much is still unknown on how to 

optimally use them in the bone regeneration field. This is partly due to 

difficulties in their preparation: ion doping can negatively affect nanoparticle 

formation and homogeneity. This thesis attempted to bridge this knowledge 

gap by investigating nanoparticle design parameters that allow multiple ion 

incorporation and controlled ion release mechanisms.  

In chapter 4, we demonstrated that mesoporous silica nanoparticles 

can be modified to deliver single or multiple ions. We demonstrated that a 

calcium phosphate surface layer on mesoporous nanoparticles (MSN) could 

be used to allow pH responsive ion release and that this significantly 

improved their efficacy to promote osteogenesis in hMSCs. Our developed 

MSN could efficiently induce the expression of early, middle and late 

osteogenic markers in the absence of other stimulators of osteogenic 

differentiation where MSN containing CaZnP surface coating were most 

osteogenic. Our study was the first to demonstrate that a single nanoparticle 
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construct delivering multiple ions (i.e. Sr, Ca, Zn, P) can efficiently promote 

osteogenic marker expression in hMSCs at a much lower dose compared to 

adding the same ions but directly dissolved in the cell culture media. Thus, 

our MSN can be used as to effectively induce hMSCs osteogenesis at 

relatively low ion doses. Considering these advantages, the MSN developed 

here represent promising constructs for use in bone regeneration 

applications, for example as coatings or as components in biomaterials. Our 

study also contributes to a better understanding of how ion dosing and 

possible ion synergy influences hMSCs osteogenesis processes. 

 In chapter 5, we built on this knowledge by investigating different Zn 

incorporation modes in degradable MSN and mesoporous bioactive glass 

nanoparticles (MBG). Zn was incorporated in the CaP surface layer, inside 

the mesopores or inside the silica matrix of MSN or MBG particles. We 

demonstrated that CaP surface coating led to stable MSN and MBG at 

neutral conditions but stimulated ion release at acidic conditions. Moreover, 

degradable MSN with Zn incorporated in the mesopores were most effective 

in promoting ALP production in hMSCs. We demonstrated that Zn 

incorporation amount and release profile in association with Si ion release, 

were important factors in determining their bioactivity. As such, these 

factors should be considered in the design of therapeutically active ion 

doped ceramic nanoparticles. 

In Chapter 6, we investigated an alternative synthesis method to 

incorporate multiple bioinorganic ions into solid bioactive glass 

nanoparticles (nBGs) using a laser-doping technology. We showed that laser 

doping can be used to incorporate multiple ions in nBGs without negatively 
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affecting their morphology or structure, however, ion concentrations were 

low and their biological activity only slightly improved. 

While the social impact of in- vitro studies such as those done in this 

thesis, are difficult to estimate, the understanding and knowledge gained in 

this thesis could lead to the development of synthetic nanobiomaterials that 

are more bioactive than current synthetic biomaterials. As such, the 

knowledge and developed materials may lead to new products that are 

more cost-effective and represent a less invasive alternative to existing 

autograft treatments. Better performing synthetic biomaterials could make 

bone defect treatments more accessible and improve patients overall 

quality of life. The proposed nanomaterials can also be improved in the 

future by incorporating other ions and biologics to fulfil additional functions 

such as reducing inflammation and improve angiogenesis, further optimizing 

their tissue healing capabilities. Furthermore, the efficient and low cost of 

inorganic additives delivered by these nanoparticles can reduce the cost of 

medical treatments and help improve overall healthcare outcomes for 

patients suffering from large bone defects.  

 In summary, this thesis contributes to an increased understanding on 

how bioceramic nanoparticles can be designed and optimized for bone 

regeneration purposes, which could lead to more affordable, effective and 

accessible bone regeneration treatments in the future. 

 

 

 

  



253 

 

References 

 

1. S. Punj, J. Singh and K. Singh, Ceram. Int., 2021, Ceramic biomaterials: Properties, 
state of the art and future prospectives, 47, 28059-28074. 
2. P. Habibovic and J. Barralet, Acta Biomater., 2011, Bioinorganics and biomaterials: 
bone repair, 7, 3013-3026. 
3. I. Lodoso-Torrecilla, R. K. Gunnewiek, E.-C. Grosfeld, R. B. de Vries, P. Habibović, J. 
A. Jansen and J. J. van den Beucken, Biomater. Sci., 2020, Bioinorganic supplementation of 
calcium phosphate-based bone substitutes to improve in vivo performance: a systematic 
review and meta-analysis of animal studies, 8, 4792-4809. 
4. S. van Rijt, K. de Groot and S. C. Leeuwenburgh, Tissue Eng., 2022, Calcium 
phosphate and silicate-based nanoparticles: history and emerging trends, 28, 461-477. 

 

 

 

 

 

  



254 

 

Summary 

 
Although bone can heal itself, large bone defects caused by e.g. 

trauma or disease, often cannot be repaired naturally. Patients own bone, 

or autografts, remain the gold standard treatment for large bone defects. 

However, limitations in availability of donor material and complications 

associated with autograft harvest, are still major clinical challenges. Hence, 

there is a great need for synthetic materials for bone substitution. Current 

synthetic materials for bone regeneration, though, often have lower 

bioactivity compared to natural bone. Over the past decade, major scientific 

progress has been made in developing synthetic biomaterials with improved 

bioactivity. Advancements in nanotechnology research has resulted in the 

controlled synthesis of nanoparticles with similar size, shape and chemical 

composition as the inorganic part of bone. These mainly consist of calcium 

phosphate (CaP) nanoparticles but also silica-based nanoparticles such as 

mesoporous nanoparticles (MSN) and mesoporous bioactive glass ceramic 

nanoparticles (MBG) have gained interest due to their inherent bioactivity. 

Indeed, both MSN and MBG have been reported to reduce osteoclast 

activity and inhibit scar tissue formation, while stimulating the 

differentiation of bone cells and promoting the formation of new bone 

matrix. CaP, MBG and MSN also have high potential to serve as carriers for 

therapeutic ions. Thus, ceramic nanoparticles represent promising 

biomaterials for bone regeneration. Chapter 2 of this thesis reviewed the 

synthesis and application of CaP, MSN, and MBG nanoparticles in the bone 

regeneration field and provided a future perspective on their clinical use.  
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In Chapter 3, the importance of CaP nanoparticle shape on their 

ability to promote osteogenic differentiation of Human mesenchymal stem 

cell (hMSC) was investigated. Round, rice, and needle-shaped CaP 

nanoparticles with similar crystallinity and chemical composition were 

synthesized using a wet synthesis method. hMSCs cells’ adhesion and 

differentiation when cultured on nanoparticle coatings was studied. The 

results of this study showed that the expression levels and patterns of 

several osteogenic markers varied significantly depending on the shape of 

the nanoparticles. Notably, the highest efficacy for upregulating osteogenic 

gene expression was seen for hMSCs cultured on needle-shaped CaP 

nanoparticle coatings. 

Bioinorganic ions are promising additives to stimulate bone 

formation, but local ion release and dosage control are critical in order to 

prevent adverse side effects. In Chapter 4, MSN for multiple therapeutic ion 

delivery were developed, and their ability to stimulate osteogenesis in 

hMSCs was evaluated. We demonstrated that MSN coated with CaP could 

efficiently deliver ions intracellularly by use of the CaP coat, which acted as 

a pH-sensitive gating system. This led to high expression of early, middle and 

late osteogenic markers. We demonstrated a clear additive effect when 

delivering multiple bioinorganic ions using MSN. Ion-incorporated MSN 

induced hMSCs differentiation at significantly lower ion concentrations 

compared to ions dissolved in cell culture media. As such, the developed 

MSN represent a promising strategy to effectively induce hMSCs 

osteogenesis. 

In Chapter 5, the importance of ion concentration and release was 

investigated by incorporating Zinc (Zn) ions in different ways within the 
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MSN. Specifically, Zn was incorporated in the matrix, the surface, and within 

the mesopores of degradable and non-degradable MSN. The incorporation 

efficiency, ion release profiles, and ALP activity of hMSCs after exposure to 

the MSN and MBG were studied. Also in this study, the CaP surface coating 

served as a pH-sensitive gatekeeper and prevented degradation of MBG and 

degradable MSN in neutral conditions. The results showed that ion 

concentration and release profile as well as nanoparticle degradation rate, 

highly affects their effectiveness in promoting osteogenesis, where 

degradable MSN were most effective.  

Multiple ion incorporation in ceramic nanoparticles is complicated 

using current wet synthesis methods. Chapter 6 examined a new technique 

based on laser-doping to incorporate multiple bioinorganic ions into bioglass 

nanoparticles. Their capacity to induce osteogenic differentiation in hMSCs 

and angiogenesis in human umbilical vein endothelial cells (HUVECs) was 

also evaluated. Laser-doping could successfully incorporate three ions; Fe, 

Sr, and Cu into solid bioactive glass nanoparticles without affecting their 

morphology and size, albeit in low quantities. The multiple ion incorporated 

bioactive glass nanoparticles had significantly higher angiogenic activity 

compared to non-doped counterparts.  

In conclusion, the research in this thesis demonstrated the 

importance of nanoparticle shape, administration route, and explored the 

potential of MSN, MBG and nBGs as effective multiple ion delivery systems 

to promote bone regeneration. 
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Samenvatting 

 
Hoewel bot zichzelf kan genezen, kunnen grote botdefecten 

veroorzaakt door bijvoorbeeld trauma of ziekte, vaak niet op natuurlijke 

wijze worden hersteld. Gebruik van het eigen bot van de patiënt is de 

standaard klinische behandeling voor grote botdefecten. Beperkingen in de 

beschikbaarheid van donormateriaal en andere complicaties vormen echter 

nog steeds grote klinische uitdagingen in de behandeling van grote bot 

defecten. Daarom is er een grote behoefte aan synthetische materialen voor 

botvervanging. De huidige synthetische materialen voor botregeneratie 

hebben echter vaak een lagere bioactiviteit in vergelijking met natuurlijk 

bot. De afgelopen tien jaar is er grote wetenschappelijke vooruitgang 

geboekt bij de ontwikkeling van synthetische biomaterialen met verbeterde 

bioactiviteit. Vooruitgang in het nanotechnologie veld heeft geresulteerd in 

nieuwe synthese technieken van nanodeeltjes die een vergelijkbare grootte, 

vorm en chemische samenstelling als het anorganische deel van bot hebben. 

Deze bestaan voornamelijk uit calciumfosfaat (CaP) nanodeeltjes, maar ook 

op silica gebaseerde nanodeeltjes zoals mesoporeuze nanodeeltjes (MSN) 

en mesoporeuze bioactieve glaskeramische nanodeeltjes (MBG) hebben 

belangstelling gekregen vanwege hun inherente bioactiviteit. Van zowel 

MSN als MBG is bekend dat ze de osteoclastactiviteit verminderen en de 

vorming van littekenweefsel remmen, terwijl ze de differentiatie van 

botcellen stimuleren en daarnaast de vorming van nieuwe botmatrix 

bevorderen. CaP, MBG en MSN kunnen ook gebruikt worden voor het 

transporteren van therapeutische ionen. Keramische nanodeeltjes zijn dus 
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veelbelovende biomaterialen voor botregeneratie. Hoofdstuk 2 van dit 

proefschrift bespreekt de synthese en toepassing van CaP-, MSN- en MBG-

nanodeeltjes op het gebied van botregeneratie en biedt een 

toekomstperspectief op hun klinisch gebruik. 

In Hoofdstuk 3 werd het belang van de vorm van CaP-nanodeeltjes 

op hun vermogen om osteogene differentiatie van hMSCs' te bevorderen 

onderzocht. Ronde, rijst- en naaldvormige CaP-nanodeeltjes met 

vergelijkbare kristalliniteit en chemische samenstelling werden 

gesynthetiseerd met behulp van een natte synthesemethode. Adhesie en 

differentiatie van humane mesenchymale stamcellen (hMSCs) die op 

coatings van nanodeeltjes waren gekweekt, werd bestudeerd. De resultaten 

van deze studie toonden aan dat de expressieniveaus en patronen van 

verschillende osteogene markers aanzienlijk varieerden, afhankelijk van de 

vorm van de nanodeeltjes. Met name naaldvormige CaP-

nanodeeltjescoatings zorgend voor het tot expressie brengen van osteogene 

genen in hMSCs. 

Bio-anorganische ionen zijn veelbelovende additieven om 

botvorming te stimuleren, maar lokale ionenafgifte en doseringscontrole 

zijn cruciaal om nadelige bijwerkingen te voorkomen. In Hoofdstuk 4 werden 

MSN's ontwikkeld voor het afleveren van meerdere therapeutische ionen 

tegelijkertijd, en werd hun vermogen om osteogenese in hMSCs’ te 

stimuleren geëvalueerd. We hebben aangetoond dat MSN's gecoat met CaP 

efficiënt ionen intracellulair kunnen afleveren door gebruik te maken van de 

CaP-coating, die fungeerde als een pH-gevoelige laag. Dit leidde tot hoge 

expressie van verschillende osteogene markers. We hebben een duidelijk 

additief effect aangetoond bij het leveren van meerdere bio-anorganische 
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ionen met behulp van MSN's. MSN's induceerden hMSCs-differentiatie bij 

significant lagere ionconcentraties in vergelijking met ionen opgelost in 

celkweekmedia. De hierin ontwikkelde MSN vormen dus een veelbelovende 

strategie om hMSCs-osteogenese effectief te induceren. 

In hoofdstuk 5 werd het belang van ionenconcentratie en -afgifte 

onderzocht door zink(Zn)-ionen op verschillende manieren in de MSN's op 

te nemen. In het bijzonder werd Zn opgenomen in de matrix, het oppervlak 

en in de mesoporiën van afbreekbare en niet-afbreekbare MSN's. De 

opname-efficiëntie, ionenafgifteprofielen en ALP-activiteit van hMSCs’ na 

blootstelling aan de MSN's en MBG's werden bestudeerd. Ook in deze studie 

diende de CaP-oppervlaktecoating als een pH-gevoelige laag en voorkwam 

daarnaast degradatie van MBG's en afbreekbare MSN's in neutrale 

condities. De resultaten toonden aan dat de ionenconcentratie en het 

afgifteprofiel, evenals de afbraaksnelheid van nanodeeltjes, een grote 

invloed hebben op hun effectiviteit bij het bevorderen van osteogenese, 

waar afbreekbare MSN's het meest effectief waren. 

De opname van meerdere ionen in keramische nanodeeltjes is 

gecompliceerd met behulp van de huidige synthesemethoden. Hoofdstuk 6 

onderzocht een nieuwe techniek gebaseerd op laserdoping om meerdere 

bio-anorganische ionen in nanodeeltjes van bioglas te incorporeren. Hun 

vermogen om osteogene differentiatie in hMSCs’ en angiogenese in 

menselijke navelstrengendotheelcellen (HUVEC's) te induceren, werd ook 

geëvalueerd. Laserdoping was succesvol in het incorporeren van Fe, Sr en Cu 

in bioactieve glazen nanodeeltjes zonder hun morfologie en grootte te 

beïnvloeden, zij het in kleine hoeveelheden. De bioactieve glazen 
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nanodeeltjes met meerdere ionen hadden een significant hogere angiogene 

activiteit. 

Concluderend, het onderzoek in dit proefschrift toonde het belang 

aan van de vorm van nanodeeltjes en de toedieningsroute, en verkende het 

potentieel van MSN's, MBG's en nBG's als effectieve ionenafgiftesystemen 

om botregeneratie te bevorderen.  
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