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Abstract of the Dissertation 

 

 Biocompatibility and Bioactivity of One- and Two-Dimensional Nanoparticle Reinforced 

Polymeric Scaffolds for Bone Tissue Engineering Applications  

by 

Jason Thomas Rashkow 

Doctor of Philosophy 

in 

Biomedical Engineering 

Stony Brook University 

2016 

 

Limitations associated with current bone grafting techniques utilizing autologous or allogeneic 

bone have led to an increase in bone tissue engineering strategies. The ideal scheme of repairing 

a bone defect is to employ a material that can act as a scaffold and assist regeneration of native 

tissue in the area. Although biodegradable polymers fulfill many of the requirements for 

synthetic bone grafts, a major limitation is poor integrity under load bearing conditions 

prompting investigation of nanoparticle-reinforced biodegradable polymer nanocomposites. 

Recently, incorporation of 0.2 wt% of two-dimensional organic nanostructures (graphene 

nanoribbons (GONRs) and graphene nanoplatelets (GONPs)) and one- and two-dimensional 

inorganic nanostructures (molybdenum disulfide nanoplatelets (MSNPs) and tungsten disulfide 

nanotubes (WSNTs) led to significant enhancement in the compressive modulus, compressive 

yield strength, flexural modulus, and flexural yield strength of poly(propylene fumarate) (PPF) 

nanocomposites with when compared to PPF alone or PPF reinforced with single- or multi-

walled carbon nanotubes (SWCNTs or MWCNTs). In this work we investigate the 

cytocompatibility of inorganic nanoparticles to mesenchymal stem cells. We present the in vitro 

bioactivity of these nanocomposite scaffolds through submersion in simulated body fluid (SBF). 

From this and previous studies, we select two candidate scaffolds to investigate the in vivo 

biocompatibility after implantation in the soft and hard tissue of a rat model. Our results indicate 

little cytotoxicity of the inorganic nanoparticles at concentrations relevant to these scaffolds. We 

also observed nanoparticle morphology and composition related influence on bioactivity of these 

nanocomposite scaffolds allowing us to select GONP and MSNP reinforced scaffolds for in vivo 

investigation. Finally, we observed no deleterious effects from implanting these nanocomposite 

scaffolds in soft or hard tissue of a rat. The results suggest potential for these nanocomposite 

scaffolds to serve as bioactive bone tissue engineering scaffolds.  
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Chapter 1  
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Burden of Bone Defects and Current Treatment 

 

Managing bone defects due to trauma, disease or surgical intervention remains a 

continuous challenge in orthopedic medicine. Some such complications result in a critical sized 

defect.
1-4

 The definition of a critical size varies depending on location and condition of 

surrounding tissue, however an accepted definition is a defect that cannot heal spontaneously 

without intervention in the lifetime of the patient.
1,5

 More than half a million patients are treated 

for bone defects in the United States each year, bringing a high burden to medicine with the cost 

of repair greater than $2.5 billion as of 2012 and expected to grow due to an aging population.
6
  

Treatment of bone defects has traditionally been accomplished through the use of 

autogenous or allogenous bone grafts.
6,7

 Autografts, sourced directly from the patient are 

considered the gold standard graft material. This bone is histo- and biocompatible as it contains 

all the patient’s own genetic material and therefore needs no processing. It also contains all the 

components to enhance osteoinduction, for instance bone morphogenic proteins (BMPs), Indian 

Hedgehog, vascular endothelial growth factor, as well as other growth factors. However, as this 

bone is generally harvested from the patient’s iliac crest, there is limited availability and requires 

an additional surgery along with all costs and potential complications, including pain, scarring, 

and infection.
7,8

 Allografts, sourced from a donor are also likely histocompatible as the major 

histocompatibility complex profile of the tissue should be similar within the same species. 

Allografts can also be processed into many forms including whole bone, cortical or trabecular 

grafts, bone chips, and demineralized bone matrix. Nevertheless, this type of graft is associated 

with increased likelihood of immunogenicity or disease transfer, and donor bone loses much 

osteoinductive potential during processing.
9
 Additionally, allograft bone faces the limitation of 
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inadequate donor supply to patient demand.
4,6

 These problems with traditional grafts have 

encouraged research toward synthetic grafting materials and bone tissue engineering strategies. 

Bone Tissue Engineering 

 

The ideal scheme of repairing a bone defect is to employ a material that can act as a 

biomimetic scaffold and assist regeneration of native tissue in the area, known as bone tissue 

engineering. The goal of this paradigm would be to resolve the issues with current grafting 

materials, the need for a second surgery site, concern about immunogenicity, disease transfer, 

and limited supply.
6
 A bone tissue engineering scaffold must be able to similarly perform the 

functions of native bone. To this end, it is critically important to have knowledge of bone 

biology, formation, repair, structure, and mechanics so that a developed construct leads to fully 

functional restored bone. 

Bone Development and Repair 

 

Bone is composed of about 25% organic matrix, 70% inorganic material, and 5% water 

of which the organic phase is mainly collagen type 1 while the inorganic phase consists mainly 

of hydroxyapatite.
10

 The structure of bone has multiple levels of organization, illustrated in 

Figure 1.1, from macro-level cortical and trabecular bone to submicro-level collagen type 1 fiber 

matrix combined with mineralized carbonated apatite to nano-level hydroxyapatite crystals that 

reinforce the collagen 1 fibers.
6,11

 Bone development occurs in one of two ways. For cranial and 

mandibular bones, development occurs by the intramembraneous pathway by which 

mesenchymal progenitor cells differentiate directly into osteoblasts and begin forming calcified 
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tissue. For long bones and vertebrae, development occurs by the endochondral pathway, which 

dictates that growth of new bone occurs through mesenchymal progenitors first differentiating to 

chondrocytes that deposit a cartilaginous template that is calcified over time.
6,10

 Both types of 

development involve important growth factors and proteins including the BMPs, Indian 

Hedgehog, parathyroid hormone related peptide, and vascular endothelial and fibroblastic growth 

factors.
12

 In addition, regardless of which type of development, remodeling of the structure must 

occur to maintain healthy bone.10  

 

After a defect or fracture, repair occurs through four steps, highlighted in Figure 1.2, 

leading to a remodeled bone without scar tissue. First, the body creates a hematoma and 

inflammatory response to protect the site and fight any potential infection.
13

 Next, a callous is 

formed through rapid formation of cartilage by chondrocytes to stabilize the area. With new 

vasculature infiltrating the area and through activity by factors listed above for bone 

Figure 1.1. The hierarchical structure of bone. Reproduced with permission from Rho J-Y. et 

al. “Mechanical properties and the hierarchical structure of bone.” Medical Engineering & 

Physics, 1998. Copyright 1998 Elsevier Publishing Group. 
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development, the cartilage is resorbed by chondroclasts and osteoblasts then deposit new bone. 

Finally, remodeling activity follows, reorganizing any rapidly formed unorganized bone into an 

organized and continuous cortex.
6,13,14

 While bone biology is complex, it is important to learn 

from nature and to keep the bone development and repair processes in mind while developing 

scaffolds for bone tissue engineering applications. Since these processes vary depending on site, 

these will dictate the physical properties of a synthetic graft as well as the appropriate factors or 

cell types to deliver.  

 

Figure 1.2. The phases of the 

bone repair process. Adapted 

with permission from 

Hankenson, K.D. et al. 

“Extracellular signaling 

molecules to promote fracture 

healing and bone regeneration.” 

Advanced Drug Delivery 

Reviews, 2015. Copyright 2015 

Elsevier Publishing Group. 
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Scaffold Design and Material Selection 

 

The interactions between tissue engineering construct and bone is greatly related to the 

osteoinductive factors involved in bone formation and repair. Synthetic materials often have 

intrinsic osteoconductivity, or the ability to act as a scaffold for cellular attachment, but lack in 

ability to impact bone formation.
15,16

 Yet, bone tissue engineering scaffolds may be modified to 

release cells or other factors after implantation to influence host biology. In this way, a construct 

may also be bioactive, able to influence bone growth through formation of an apatite layer on the 

surface to influence attachment and differentiation of osteogenic cells; or osteoinductive, able to 

influence native mesenchymal stem cells (MSCs) to become osteogenic through release of 

growth factors or BMPs.
6,15

 

From a material perspective, in order to best mimic bone morphology and allow for 

integration there are four major requirements that an ideal bone tissue engineering scaffold 

should possess. The first of these requirements is a three-dimensional and highly porous structure 

to allow for flow of nutrients and ingrowth of native tissue. A minimum pore size of 100 μm is 

necessary for cellular infiltration and transport of nutrients and waste, however scaffolds with 

pores of 300 μm show greater vascularization and osteogenesis.
17

 Second are mechanical 

properties similar to that of the surrounding native tissue as dissimilarity in these can have a 

deleterious effect on healing. Poor mechanical integrity of the implant may lead to reduced 

stability of the healing bone, especially in weight bearing situations. Conversely, implants with 

mechanical properties much greater than that of the surrounding tissue may lead to stress 

shielding, or resorption of the natural bone due to lack of mechanical stresses.
18

 However, while 

this is the view point of many researchers, there are others who believe that an implanted 
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material should be stronger than the bone it would replace due to the impaired structure or that 

any implanted material should receive a fixation device to prevent collapse.
19

 Regardless of 

which view, it is important to consider the mechanical stability of implanted materials during the 

design process so as to withstand handling during surgery and a patient’s normal activity.
20

 

Additionally, the mechanical properties of a scaffold will depend on where and in what type of 

bone it is implanted. A comparison of elastic modulus and compressive strength of bone to some 

commonly investigated material classes can be found in Figure 1.3. The third requirement is 

appropriate surface properties to allow cellular attachment, proliferation, and differentiation. 

This relates to the information above concerning the hierarchical structure of bone, with 

nanocrystals of hydroxyapatite within the matrix of collagen type 1 and other proteins.
10

 Finally, 

the ideal construct would be biocompatible and bioresorbable with non-toxic degradation 

products and a controllable degradation rate to match bone tissue ingrowth.
6,21

 This final point 

also plays an important role in the mechanical properties of a material. Over time, as the scaffold 

degrades, the mechanical properties will decrease, putting increased stress on the newly formed 

bone. During the design process, it is important to consider the material degradation rate so that 

these stresses are appropriately transferred to the newly formed bone.
19,20

 To this end, much 

effort has been applied toward finding the material to fulfill the above criteria. 
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Ceramics 

 

Due to similarity in chemistry to bone mineral, natural or synthetic hydroxyapatite and 

calcium phosphate ceramics have been investigated for many years as a bone graft materials. 

These materials have been made porous by foaming and sintering ceramic or glass particles at 

high temperatures,
22

 sol-gel techniques,
23

 and by coating polymer foams with slurry and burning 

out the polymer template.
24

 The key advantages to these materials are excellent biocompatibility 

and bioactivity, allowing for a chemical integration with the surrounding bone. However, one 

disadvantage to these materials is slow biodegradation. One clinical study found integration of 

intact porous hydroxyapatite implants 6 to 7 years post-surgery.
25

 Another disadvantage to these 

Figure 1.3. Elastic modulus and compressive strength of bone compared to biodegradable 

polymers, bioactive ceramics and composites. Reproduced with permission from Rezwan, K. 

et al. “Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone 

tissue engineering.” Biomaterials, 2006. Copyright 2006 Elsevier Publishing Group. 
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ceramics is that they are very brittle compared to bone and that has limited the ability to easily 

shape the construct and its use in load-bearing applications.  

Bioactive glass and glass ceramics are named as such due to the ability to form a strong 

chemical bond with bone. These silicate-, phosphate-, or borosilicate-based glasses containing 

ions of calcium and phosphate form a bond with bone through interaction of a hydroxycarbonate 

apatite layer that forms on the surface of the glass during the initial stages of dissolution. This 

layer interacts with the collagen type 1 and hydroxyapatite in the surrounding bone.
26

 This ionic 

dissolution also allows for controllable degradation, helping to remedy one of the disadvantages 

of hydroxyapatite and calcium phosphate ceramics. However, the disadvantage of poor tensile 

strength and fracture toughness remains a problem for bioactive glass and glass ceramics. 

 

Polymers 

 

Biodegradable polymers used for bone tissue engineering scaffolds can be broken into 

two categories: natural and synthetic. Natural polymers include polysaccharides and proteins 

such as starch, alginate, chitosan, hyaluronic acid, collagen, fibrin, and silk. There are many 

synthetic polymers that have been studied for these applications; some of the more commonly 

studied include the saturated aliphatic polyesters poly(lactic acid) (PLA), poly(glycolic acid) 

(PGA), and copolymer poly(lactic-co-glycolic acid) (PLGA), as well as poly(ε-caprolactone) 

(PCL); and unsaturated linear polyester poly(propylene fumarate) (PPF).
27

 Synthetic polymers 

have found greater research interest due to easier reproducibility in synthesis with fewer 

impurities and therefore less concern with immunogenicity or infection.  

One advantage of biodegradable polymers is the ability to easily add porosity and form 

them to any shape. The most common way to create porous polymer scaffolds is by use of the 



 

10 
 

solvent-casting and particulate leaching technique, where a porogen (typically sodium chloride 

(NaCl)) is mixed with the polymer solution and molded to the desired shape. After solidification, 

the scaffold is soaked in water to dissolve the porogen, leaving a porous structure.
27

 However, 

many methods have been tested for fabricating scaffolds, some of which can be found in Figure 

1.4, including gas foaming,
28

 freeze drying,
29

 electrospinning,
30

 phase separation,
31

 powder-

forming,
32

 hydrogel
33

 and sol-gel techniques.
34

 More recently, solid freeform fabrication 

techniques have been investigated that use computer aided design to model the scaffold to the 

desired structure
35

 followed by fabrication through selective laser sintering,
36,37

 laminated object 

manufacturing,
37

 ink-jet or 3D printing,
38,39

 or fused deposition modelling.
40

 

 

Biodegradable polymers are generally highly biocompatible with PLA, PGA, PLGA, 

PCL, and poly(ethylene oxide) (PEO) approved by the U.S. Food and Drug administration with 

Figure 1.4. Common methods for polymer scaffold synthesis. Adapted with permission from 

Simon Jr., C.G. “3D Scaffold Libraries.” U.S. Department of Commerce, National Institute of 

Standards and Technology, Material Measurement Laboratory, Biosystems and Biomaterials 

Division, Biomaterials Group. 
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degradation products that can be metabolized by the body.
33,41,42

 The exception is in areas with 

low flow where acidic degradation products can lower the local pH and cause an inflammatory 

response.
42

 Degradation of biodegradable polymers occurs through hydrolysis. This occurs 

through one of two ways depending on the polymer; bulk or surface degradation. Bulk 

degradation begins by random hydrolytic cleavage of polymer chains followed by weight loss 

due to diffusion of oligomers. Polymers that undergo surface erosion follow the same process as 

bulk degradation polymers though only where surface and water contact is made.
16

 

Biodegradable polymers show much promise to match the requirements of the ideal 

scaffold.
6,21

 However, little bioactivity and weak mechanical properties of most bioresorbable 

polymers are a major limitation toward application in bone tissue engineering.
16,43

  

 

Composites 

 

With the goal of increasing the mechanical strength of the biodegradable polymers, 

discussed above, for weight bearing applications, there has been increased research in 

incorporating reinforcing agents.
44-46

 The advantage of a composite is two-fold; first is 

mechanical reinforcement, and second is the effect of the reinforcing material toward the 

interaction with the in vivo environment. Most biodegradable polymer scaffolds are 

osteoconductive, but lack bioactivity. The addition of bioactive fillers can increase the 

bioactivity of a scaffold. In addition to bioactivity, the concentration of reinforcing agents can 

also be used to alter the degradation rate of a construct.
16

 

Ceramic and bioactive glass fillers have been extensively investigated as reinforcing 

agents for scaffolds.
24,47-56

 The tough but brittle ceramic particles combined with flexible but 

weak polymers are synergistic, leading to increased compression modulus and yield strength of 
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composites.
47,50,52,56

 Indeed, in a study of poly(D,L-lactide) (PDLLA) and PLGA reinforced with 

bioactive glass particles, the authors found that incorporation of glass particles significantly 

increased the rigidity of the composites compared to the neat polymers.
50

 In addition to 

mechanical reinforcement, the addition of hydroxyapatite or bioactive glass has increased the 

deposition of apatite on scaffolds after incubation in simulated body fluid compared to polymer 

alone.
51,53,57

 These reinforcing agents have also shown good biocompatibility and increased bone 

formation in vitro
48,51

 and when implanted in vivo.
49

  

Nanomaterials as Reinforcing Agents 

 

To allow for further manipulation of the interactions of a bone tissue engineering scaffold 

with the surrounding native bone, nanomaterials have been utilized as reinforcing agents. 

Nanoparticles can be defined by dimensionality with zero-dimensional particles having no 

dimensions greater than 100 nm, one-dimensional particles having a single dimension greater 

than 100 nm, and two-dimensional particles having two dimensions greater than 100 nm.
58

 The 

addition of nanomaterials to a scaffold harkens back to the hierarchical structure of bone, adding 

a nano-component for interactions with cells and other factors in the in vivo environment. In 

addition, due to their size and surface area, many nanomaterials can be used as probes for 

bioimaging or to deliver drugs or growth factors.
59

 Hydroxyapatite nanoparticles are the most 

investigated due to their physical and chemical similarity to natural bone and osteointegrative 

properties, but metallic and ceramic nanoparticles such as titanium dioxide, alumoxane, and iron 

have also been incorporated into nanocomposites leading to increased mechanical properties and 

bioactivity without altering cytocompatibility or biocompatibility of the base material.
60-62

 This 
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observed bioactivity of these nanocomposites may be due in great part to added nanotopography 

and improved surface hydrophilicity.
63,64

 

Carbon-based and inorganic dichalcogenide nanoparticles, with varying 

nanomorphologies and interesting physicochemical properties have been investigated for 

applications in fields such as water filtration,
65

 electronics,
66

 optics,
67

 solid lubrication,
68

 and 

biomedicine.
69

 Organic nanostructures, zero-dimensional fullerenes and one-dimensional single 

and multi-walled carbon nanotubes (SWCNT/MWCNT), known as some of the strongest 

materials in the world,
70

 have been thoroughly investigated as reinforcing agents for 

biodegradable polymer nanocomposites.
45,71,72

 These materials reinforce biodegradable 

polymers;
72-81

 and may elicit bioactivity as described by Sitharaman et al. (Figure 1.5), who 

observed 200% greater bone ingrowth into ultra-short carbon nanotube reinforced PPF compared 

to PPF alone after 12 weeks implanted in a femoral condyle defect in a rabbit model.
63
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In addition to added mechanical reinforcement, bioactivity, and drug delivery, the 

incorporation of carbon-based or inorganic dichalcogenide nanoparticles to nanocomposites may 

have further possibilities in bone tissue engineering due to their interesting physicochemical 

Figure 1.5. Image of bone ingrowth into (a) PPF and (b) ultra-short carbon nanotube 

reinforced PPF after 12 weeks implanted in a rabbit model. (c) MicroCT results of % bone 

area after 4 and 12 weeks compared to surrounding healthy trabecular bone. (*) indicates 

statistical significance compared to the other groups (p<0.05). Adapted with permission from 

Sitharaman, B. et al. “In vivo biocompatibility of ultra-short single-walled carbon 

nanotube/biodegradable polymer nanocomposites for bone tissue engineering.” Bone, 2008. 

Copyright 2008 Elsevier Publishing Group. 

c 
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properties. For instance, the electrical conductivity or optical properties of these particles may be 

able to be harnessed for electrical or photoacoustic stimulation therapy for bone regeneration.
82,83

 

More recently, two-dimensional organic (single and multi-walled graphene oxide 

nanoribbons (SWGONR / MWGONR), graphene oxide nanoplatelets (GONP)) and one- and 

two-dimensional inorganic nanomaterials (tungsten disulfide nanotubes (WSNT), molybdenum 

disulfide nanoplatelets (MSNP)) were investigated for this application. Incorporation of 0.2 wt% 

of two-dimensional organic and one- or two-dimensional inorganic nanoparticles have led to 

enhancement of up to 108% in compressive modulus and 53% in flexural modulus of non-porous 

polypropylene fumarate (PPF) nanocomposites when compared to PPF alone or PPF reinforced 

with single or multi-walled carbon nanotubes. These increased mechanical properties are still 

lower than reported values for cortical bone but reach the levels of trabecular bone.
44,46

 

Moreover, all PPF nanocomposites showed little cytotoxicity to MC-3T3 preosteoblasts (78-

100% viability) indicating possible biocompatibility.
84

  

As biodegradable scaffolds resorb, incorporated nanoparticles are released into the 

extracellular matrix (ECM) and interact with surrounding tissue. Therefore, it is of the utmost 

importance to determine that released nanoparticles will not significantly affect the viability of 

exposed cells. While the cytocompatibility and biocompatibility of the above ceramic/glass and 

one-dimensional carbon-based nanoparticle reinforcing agents are well studied, the effects of 

two-dimensional organic and one- or two-dimensional inorganic dichalcogenide nanoparticles 

are less known. Only, the in vitro interactions of MWGONRs and GONPs with MSCs have 

previously been reported. This study found that incubating MSCs with concentrations of these 

particles less than 50 μg/ml for 24 hours did not significantly affect stem cell viability or 

differentiation capability.
85

 However, the effects that a nanoparticle will have on cells and tissues 
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will vary depending on particle composition, morphology, and even synthesis method. 

Therefore, it is necessary to investigate the cytocompatibility and biocompatibility of all 

nanoparticles and their nanocomposites. 

Conclusions and Motivation for this Work 

 

Many materials and scaffold fabrication techniques have been used in attempt to create 

the ideal tissue engineering scaffold in order to overcome the limitations of current treatments. 

However, limitations of mechanical properties of available biodegradable ceramics and 

mechanical and bioactive properties of polymers have led to investigation of composite 

materials. While composites reinforced with ceramic particles have improved the mechanical 

properties and bioactivity of biodegradable polymers, further improvements could be made. 

Nanomaterials including zero and one-dimensional carbon-based nanoparticles with interesting 

physicochemical properties, including excellent mechanical properties, have also been 

investigated as scaffold reinforcing agents. These nanomaterials show promise in this capacity 

and may elicit bioactivity of the nanocomposites as well. Further studies of two-dimensional 

carbon-based and one- or two-dimensional inorganic dichalcogenide nanoparticles have shown 

even greater mechanical reinforcement but more studies of cytocompatibility and 

biocompatibility of these nanoparticles and nanocomposites are needed.  

With the objective of finding a suitable scaffold for bone tissue engineering applications, 

it is the goal of this work to determine which nanoparticle chemistry and dimensionality provides 

the most promising results for application as a bone tissue engineering scaffold reinforcing agent. 

Toward this objective, we begin by determining potentially safe concentrations of MSNPs and 
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WSNTs for use as reinforcing agents in biodegradable polymer nanocomposites. We then 

investigate the bioactivity through evaluation of apatite collection on PLGA nanocomposite 

scaffolds reinforced with the two-dimensional organic (MWGONR and GONP) and inorganic 

(MSNP) nanoparticles that led to the greatest enhancement of mechanical properties 

(compressive and flexural modulus) when incorporated into non-porous PPF. Additionally, to 

investigate the effect of nanoparticle dimensionality, we include the one-dimensional organic 

(MWCNT) and inorganic (WSNT) nanoparticles that showed the highest mechanical properties. 

Finally, utilizing the information gained from these studies and previous work, we select the two 

most promising candidate nanoparticles, GONPs and MSNPs, and investigate the hard and soft 

tissue biocompatibility of nanocomposite scaffolds implanted in a non-critical sized tibial defect 

and subcutaneously on the dorsum of a rat model.   
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Abstract 

 

This study investigates the effects of tungsten disulfide nanotubes (WSNTs) and 

molybdenum disulfide nanoplatelets (MSNPs) on fibroblasts (NIH-3T3) and mesenchymal stem 

cells (MSCs) to determine safe dosages for potential biomedical applications. Cytotoxicity of 

MSNPs and WSNTs (5–300 μg/ml) on NIH-3T3 and MSCs was assessed at 6, 12 or 24 h. MSC 

differentiation to adipocytes and osteoblasts was assessed following treatment for 24 h. Only 

NIH-3T3 cells treated with MSNPs showed dose or time dependent increase in cytotoxicity. 

Differentiation markers of MSCs in treated groups were unaffected compared with untreated 

controls. MSNPs and WSNTs at concentrations less than 50 μg/ml are potentially safe for 

treatment of fibroblasts or MSCs for up to 24 h.  
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Introduction 

 

Layered transition metal dichalcogenides such as the one dimensional (1D) tungsten 

disulfide nanotubes (WSNTs) and two dimensional (2D) molybdenum disulfide nanoplatelets 

(MSNPs), analogous to carbon nanotubes and graphene, exhibit interesting physiochemical 

properties that have been harnessed for tribiological, optical, and electronic applications 
1-3

. For 

instance, these nanomaterials are excellent lubricants even in the absence of moisture or at high 

temperatures.
4,5

 Therefore, when included as lubrication additives to motor oils, the combustion 

of these oils in motor vehicles and oil waste plants will lead to higher environmental exposure of 

these nanoparticles. For biomedical applications, MSNPs and WSNTs have been proposed for 

potential use as additives to lubricants used on catheters and coatings for orthodontic or 

orthopedic implants and wires.
5-8

 Recently, we have investigated these nanomaterials as 

reinforcing agents in polymer nanocomposites for bone tissue engineering.
9,10

 For this 

application, the mechanical properties of the nanocomposites should ideally be  similar to that of 

native bone tissue.
11

 Our results indicate that, compared to carbon nanoparticles such as 

graphene and carbon nanotubes, these inorganic nanoparticles are more efficacious as reinforcing 

agents. Additionally, these inorganic nanoparticles due to their large surface area could serve as a 

versatile scaffold to append drugs, genetic material and imaging agents.   

The possible environmental impact and potential biomedical applications of WSNTs and 

MSNPs necessitates thorough evaluation of their cyto- and biocompatibility. Few studies have 

reported the toxicity of these inorganic nanoparticles compared to carbon nanoparticles such as 

carbon nanotubes and graphene.
12-16

 These reports investigated in vitro the interaction and effects 

of WSNTs and MSNPs on cells environmental exposure through inhalation or ingestion.
6,17
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Pardo et al. investigated the cytotoxicity of WSNTs and MSNPs towards lung fibroblasts, human 

liver cells and macrophages. Their results indicated no toxicity and minimal immune response 

from exposure to WSNTs or MSNPs at concentrations ranging from 0 to 100 µg/ml.
17

 

Additionally, MSNP particles were found to be relatively non-toxic (~100% survivability) to 

human epidermal fibroblasts, lung adenocarcinoma cells, and leukemic cells at concentrations 

ranging from 0 to 3.52 mg/L.
6
 While these studies provide some insights on the effects of these 

nanoparticles under environmental exposure conditions, additional investigations are needed to 

examine their response on biological systems (e.g. cells, tissues) to determine the potentially safe 

doses relevant for biomedical applications.  

An important cell type these nanoparticles will interact with when utilized for biomedical 

applications is the mesenchymal stem cell (MSC). MSCs are multipotent adult or somatic stem 

cells that readily differentiate into cells of various tissues such as osteoblasts, adipocytes and 

chondrocytes, and are critical for the in the regeneration / restoration of these tissue types.
18

 

Recent studies also show that MSCs assist the expansion of hematopoietic stem cell or 

embryonic stem cell cultures.
19

 These attributes of MSCs are being utilized in the development 

of therapies to repair, regenerate and restore damaged tissues. The in vitro interactions of MSCs 

with a variety of metallic, carbon, ceramic, and polymeric nanoparticles have also been reported 

for stem cell applications.
20-23

 However, the effects of transition metal dichalcogenides on MSC 

viability and differentiation are yet to be reported.  

In this study, we have assessed the in vitro response of NIH-3T3 cells and MSCs to 

treatment with WSNTs and MSNPs dispersed in 1,2-Distearoyl-sn-Glycero-3-

Phosphoethanolamine conjugated with polyethylene glycol (DSPE-PEG). We report the dose- 

and time-dependent cytotoxicity of these inorganic nanoparticles on NIH-3T3 cells and MSCs, 
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their effect on MSC differentiation capability, and characterize the intracellular distribution of 

these nanoparticles to determine potentially safe dosages for biomedical applications.    
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Materials and Methods 

 

Nanoparticles 

Molybdenum trioxide (MoO3) and sulfur (S) powder was purchased from Sigma-Aldrich. 

MSNPs were synthesized as mentioned previously.
24

 Briefly, we added MoO3 and sulfur to an 

alumina crucible and placed it in a horizontal tube furnace. Prior to heating, the tube was 

evacuated by nitrogen gas (N2) flow for 30 min. The furnace was then heated to 700 
o
C for 2.5 

hours under N2 atmosphere. After 2.5 hours, the furnace was allowed to cool back to room 

temperature under N2 atmosphere. The product was further annealed in the furnace to 1000 
o
C 

for 1 hour under N2 atmosphere. Once the furnace cooled back to room temperature, we 

collected the silvery black MSNPs from the crucible. WSNTs were purchased from APNano 

(NY, USA). 

 

Nanoparticle Characterization 

Transmission electron microscopy (TEM) was done to characterize the morphology and 

structure of the nanoparticles. Samples for TEM were prepared as follows. Nanoparticles were 

added to a solution of water and 100% ethanol at a ratio of 1:1, to obtain a concentration of ~ 1 

mg/ml. This solution was dispersed by probe sonication (Cole Parmer Ultrasonicator LPX 750) 

using a 1 sec “on”, 2 sec “off” cycle for one minute. The solution was centrifuged at 10,000 rpm 

for 5 minutes and the supernatant was collected and drop cast on a lacey carbon grid (300 mesh 

size, copper support, Ted Pella, CA, USA). TEM was performed on a JOEL 2100F high-

resolution analytical transmission electron microscope with an accelerating voltage of 200 kV.  

Raman spectroscopy was employed to identify the nanoparticles based on characteristic 

spectral analysis. The nanoparticles were added to isopropanol at a concentration of about 1 
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mg/ml. The samples were sonicated for 30 minutes to disperse the particles and were then drop 

cast onto a silicon wafer (Type P: (Boron), Orientation <100>, Ted Pella). Raman spectra were 

obtained on a 532 nm Nd-YAG excitation laser equipped WITec alpha300R Micro-Imaging 

Raman Spectrometer (TN, USA). Spectra were recorded between 50 -3750 cm
-1

 at room 

temperature. 

 

Cell Culture 

Mouse embryo fibroblast cell line (NIH-3T3) and human adipose derived stem cells 

(MSCs) (Lifeline Cat No. FC-0034) isolated from lipoaspirate were used for this study. 

Dulbecco's Modified Eagle's Medium (DMEM) media (Invitrogen, Cat No. 12491-015) with 

10% fetal bovine serum and 1% penicillin streptomycin was used for cell culture of NIH-3T3 

cells, while StemLifeTM MSC medium (Lifeline, Cat No. LL-0034) was used for stem cell 

cultures. Media was changed every 2-3 days and the cells were incubated at 37 
°
C and 5% CO2 

throughout the experiment. Passages 4-8 of MSCs were used for the studies. 

 

Cytotoxicity Assays 

Presto Blue (Invitrogen, Grand Island, NY), and Lactate Dehydrogenase (LDH, Sigma-

Aldrich) assays were used to assess cytotoxicity of MSNPs and WSNTs on NIH-3T3 and MSCs. 

Cells were seeded in 96-well plates at a density of 10,000 cells/well.  Nanoparticles were coated 

with DSPE-PEG to impart water-dispersibility. MSNPs or WSNTs nanoparticle dispersions (10 

vol%) were added 24 hours after plating to bring the final concentrations of MSNPs and WSNTs 

in culture media to 0 µg/ml (DSPE-PEG), 5 µg/ml, 10 µg/ml, 50 µg/ml, 100 µg/ml, and 300 

µg/ml. For Presto Blue assay, we used untreated cells and cells treated with ice-cold methanol 

for 30 minutes as positive and negative controls respectively. Acellular dispersions of MSNPs 
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and WSNTs were used to determine interference in fluorescence intensity by the presence of 

nanoparticles. We performed the assays at 6, 12 and 24 hours following treatment (n=6) with the 

nanoparticle dispersions. For Presto Blue assay at each time point the wells were washed with 

phosphate buffered saline (PBS) and 90 µl of fresh media followed by 10µl of Presto Blue 

reagent was added. The plate was incubated for 2 hours at 37 
o
C. The fluorescence was measured 

at 580 nm emission with 530 nm excitation.  

  We performed LDH assays as described in the protocol provided in the Tox-7 kit (Sigma-

Aldrich). Briefly, following incubation with nanoparticle dispersions, the culture plates were 

centrifuged at 250 g for 5 minutes and aliquots of 100 µl of media from each well was removed 

and placed on a flat bottom 96-well plate. We prepared LDH assay mixture by mixing equal 

amounts of assay substrate, enzyme and dye solution and added 50 µl of assay mixture to each 

well containing 100 µl of culture media. Then we covered the plates with foil to protect them 

from light. Following 30 minutes of incubation, we added 15 µl of 1 N hydrochloric acid to each 

well to stop the reaction. We measured absorbance of each well at 490 nm and subtracted 

background measurements taken at 690 nm. For LDH assay, we used groups treated with lysis 

buffer and untreated cells as positive and negative controls respectively.  

 

MSC Differentiation 

MSCs were plated in 24-well plates at a density of 20,000 cells/well. Cells were treated 

with DSPE-PEG or nanoparticle solutions of 10 µg/ml or 50 µg/ml concentrations. After 24 

hours of treatment, cells were washed and osteogenic or adipogenic differentiation media (hMSC 

Osteogenic / Adipogenic BulletKit, Lonza, Switzerland) was added. MSCs were maintained with 

media changes every 2-3 days for 14 days for osteogenic media. Following incubation, media 

was removed; wells were washed with PBS and filled with 2 ml DI water. Cell lysate, prepared 
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by sonicating the wells in a bath sonicator for 5 minutes, was used for analyzing cell number, 

alkaline phosphatase (ALP) activity, and calcium content. Alizarin Red S staining was performed 

in a separate set of wells for qualitative analysis. For adipogenic differentiation, adipogenic 

induction media was used for the first three media changes followed by incubation with 

adipogenic maintenance media for a total of 21 days. Once differentiation media cycles were 

complete, adipogenic differentiation was analyzed by Oil Red O staining and elution.  

 

Oil Red O 

Following incubation with adipogenic differentiation media, cells were washed with 1ml 

of PBS. 1 ml of 4% paraformaldehyde was added for fixation and incubated for 10 min at room 

temperature. Paraformaldehyde was removed and fresh 1 ml of 4% paraformaldehyde was added 

and incubated for 1 hr. Once fixed, paraformaldehyde was removed and cells were washed twice 

with deionized water and then washed with 60% isopropanol for 5 min at room temperature. 

Cells were then allowed to dry completely before addition of 0.5 ml Oil Red O working solution, 

two parts Oil Red O stock solution (0.35% solution in isopropanol) with three parts isopropanol 

and incubation for 10 min. After incubation, Oil Red O solution was removed and cells were 

washed with deionized water four times. Images of Oil Red O staining were acquired on BX-51 

Olympus microscope (Hamburg, Germany). Oil Red O stain was then eluted by addition of 

100% isopropanol and incubation for 10 min with shaking. Absorbance of aspirated isopropanol 

was measured at 500 nm (Varioskan Flash, Thermo Electron, Finland) with 100% isopropanol 

serving as blank. 
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Alizarin Red S 

To observe mineralization in MSCs differentiated to osteoblasts, we stained the culture 

wells with Alizarin Red S.  We removed the osteogenic media and washed the wells with PBS 

before fixing and staining. We fixed the cells with 1 ml of 4% paraformaldehyde at room 

temperature for 15 min. After incubation, cells were washed with deionized water two times and 

40 mM Alizarin Red S dye (adjusted to pH of 4.1 using 0.5 N ammonium hydroxide) was added 

in each well. Plates were incubated while shaking at room temperature for 20 min. Dye was 

removed and MSCs were washed with deionized water four times with shaking for 5 min. Cell 

staining was observed using a BX-51 Olympus microscope (Hamburg, Germany). 

 

Cell Number 

DNA in cell lysate was used to determine the number of cells per well with Quantifluor 

Dye Systems (Progmega, Madison, WI). A standard curve of known number of MSCs was used 

to determine the number of cells per well. A hundred microliters of 1x TE buffer was added to 

100 µl of a QuantiFluor dye working solution. The mixture was then added to 100 µl of cell 

lysate in a 96 well plate, covered with foil and incubated at room temperature for 10 minutes. 

Fluorescence was measured at an excitation wavelength of 480 nm and an emission wavelength 

of 570 nm and data was presented as average number of cells per well.  

 

Alkaline Phosphatase (ALP) Activity  

ALP activity was presented as ALP activity in μmol per minute per cell. To measure ALP 

activity, 100 µl of p-Nitrophenyl Phosphate (pNPP) was added to a 96-well plate containing 100 

µl of 4 nitrophenol standard or cell lysate in triplicate and was incubated for 1 hour at 37 °C. 
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Post incubation, 100 µl of 0.2M NaOH stop solution was added and absorbance was measured at 

405 nm (Varioskan Flash, Thermo Electron, Finland). Data for ALP was presented as µmol/ min/ 

cell.  

 

Extracellular Calcium 

To quantify the extracellular calcium in each well, we added 100 µl of 1 M acetic acid to 

100 µl of cell lysate and placed the mixture on a shaker overnight. We placed 20 µl of the sample 

mixture or calcium chloride standard in 96-well plate and added 280 µl of Arsenazo III Calcium 

Assay reagent. Samples from each well were analyzed in triplicates. We measured absorbance of 

each well at 650 nm (Varioskan Flash, Thermo Electron, Finland). 

 

Nanoparticle Uptake 

MSCs, cultured on ACLAR films (Ted Pella), were treated with 10 volume percent of 50 

µg/ml MSNP or WSNT dispersions for 24 hours. Media was then removed and cells were 

washed with PBS and fixed using 1 ml of 1% gluteraldehyde for 1 hour after which 1% osmium 

tetroxide in 0.1 M PBS was added. After fixation, cells were dehydrated in graded ethanol 

washes and embedded in Durcupan resin (Sigma Life Science). The samples were cut in to 80 

nm sections using a Reichert-Jung UltracutE ultramicrotome (NY, USA) and were then placed 

on formvar coated slot copper grids. The sections were counterstained with uranyl acetate and 

lead citrate. We imaged the samples using a JOEL-JEM-1400 transmission electron microscope 

(MA, USA) with a Gatan CCD Digital Camera system (CA, USA).  
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Statistics 

All graphs are presented as average ± standard deviation. For viability assays, one-way 

ANOVA with Tukey post hoc was used to analyze significance. Differences with p<0.05 were 

considered significant. For Differentiation assays, Kruskal-Wallace test with Dunn post hoc was 

performed to analyze significance of differences between the groups with p<0.05 considered 

statistically significant. 
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Results 

Nanoparticle Characterization 

Figure 2.1 shows representative TEM images of MSNPs and WSNTs. MSNPs (Figure 

2.1 A) are circular platelet shaped particles with diameters ranging from 60-90 nm and 8 nm 

thickness 
9
. WSNTs (Figure 2.1 B) are smooth nanotube structures with diameters of 50-100 nm 

and lengths ranging from 1-15 μm. Raman spectra for the two nanomaterials, presented in Figure 

2.1 C, shows clear bands at 378 cm
-1

, 404 cm
-1

, and 476 cm
-1 

for MSNPs and bands at 344 cm
-1

 

and 414 cm
-1 

for WSNTs.
 
The two major bands in the spectra for both nanoparticles signify the 

E2g
1

 and A1g Raman active modes. The band at 476 cm
-1 

in the MSNP spectrum is due to 

unreacted MoO3. 

 

Figure 2.1. Representative TEM 

images of MSNPs (A) and WSNTs (B). 

(C) Representative Raman spectra of 

MSNPs (a) and WSNTs (b). 
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Cytotoxicity 

Presto Blue 

Presto Blue is a resazurin based viability assay that works due to reduction of non-

fluorescent resazurin to fluorescent resorufin by live cells. Figure 2.2 A and B shows viability of 

NIH-3T3 and MSCs treated with MSNPs at 5, 10, 50, 100 and 300 µg/ml concentrations for 6, 

12 and 24 hours normalized to untreated controls. All dispersions were stable and did not settle 

to the bottom of the plate during the entire study duration. At concentrations below 10 µg/ml, 

there were no significant differences compared to untreated controls. At concentrations 50, 100 

and 300 µg/ml, there was a dose and time dependent toxicity with groups treated at 300 µg/ml 

having viability as low as 20% after 24 hours. MSCs treated with MSNPs show no decrease in 

viability at any concentration or time point. Interestingly, groups treated with low concentrations 

of 5 µg/ml and 10 µg/ml at 24 hours had significantly higher viability compared to untreated 

groups. The increase in viability was highest for groups treated with 5 µg/ml; 37% greater than 

untreated controls.  

Figure 2.2 C and D shows viability of NIH-3T3 and MSCs treated with WSNTs at 

concentrations between 5-300 µg/ml for 6, 12 and 24 hours. MSCs and NIH-3T3 treated with 

WSNTs showed no time dependent or dose dependent cytotoxicity. NIH-3T3 cells treated with 

300 µg/ml WSNTs for 24 hours showed significantly higher viability (about 17%) compared to 

untreated controls. MSCs showed significantly higher viability compared to untreated groups for 

all concentrations at the 24 hour time point with viability 45% greater than untreated cells at 300 

µg/ml concentration. 
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Lactate Dehydrogenase 

LDH is a cell membrane integrity assay, measured by the absorbance of lactate 

dehydrogenase released into the media by lysed cells.
25

 Figure 2.3 shows the LDH released by 

cells treated with MSNPs and WSNTs dispersions at 5, 10, 50, 100 and 300 µg/ml 

concentrations for 6, 12 and 24 hours. Data for each group is normalized to positive control 

group treated with lysis buffer in which all the cells were lysed and LDH contained within the 

cells were released into the culture media. Figure 2.3 A indicates that NIH-3T3 cells treated with 

MSNPs exhibit a time dependent cytotoxicity with the highest normalized LDH level at 24 hours 

for all concentrations. Figure 2.3 B indicates that LDH released from MSCs treated with MSNPs 

Figure 2.2. Presto Blue assay results at 6, 12, and 24 hours after treatment with MSNPs (A) 

and WSNTs (B) for NIH-3T3 fibroblasts; after treatment with MSNPs (C) and WSNTs (D) 

for MSCs. For each nanoparticle, cells were treated with PEG-DSPE, 5 µg/ml, 10 µg/ml, 50 

µg/ml, 100 µg/ml, and 300 µg/ml concentrations. Data are presented as mean ± standard 

deviation of percentage viability compared to untreated cells (n = 4). Statistical significance 

(p = 0.05) with respect to untreated groups at 6, 12 and 24 hours are denoted by (■), (◊), (▲) 

respectively. Statistical significance between time points within groups is denoted by (*). 
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have neither time nor dose dependence. MSCs treated with 5 µg/ml of MSNPs had significantly 

higher LDH release compared to DSPE-PEG treated groups at the 6 hour time point. The 

increase in LDH release compared to DSPE-PEG groups was not observed in higher 

concentrations.  

 Figure 2.3 C and D shows the LDH release from NIH-3T3 and MSCs treated with 

WSNTs respectively. The data suggests a time dependent increase in LDH release from NIH-

3T3 at 24 hour time points with no significant differences from DSPE-PEG treated groups at any 

time points. MSCs treated with WSNTs at 5 µg/ml at 300 µg/ml had significantly higher LDH 

release compared to DSPE-PEG groups. 

 

Figure 2.3. LDH assay results at 6, 12, and 24 hours after treatment with MSNPs (A) and 

WSNTs (B) for NIH-3T3 fibroblasts; after treatment with MSNPs (C) and WSNTs (D) for 

MSCs. For each nanoparticle, cells were treated with PEG-DSPE, 5 µg/ml, 10 µg/ml, 50 

µg/ml, 100 µg/ml, and 300 µg/ml concentrations. Data are presented as mean ± standard 

deviation of percentage viability compared to untreated cells (n = 4). Statistical significance 

(p = 0.05) with respect to untreated groups at 6, 12 and 24 hours are denoted by (■), (◊), (▲) 

respectively. Statistical significance between time points within groups is denoted by (*). 

C 
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Differentiation 

Oil Red O Staining and Elution 

Oil Red O is a lipid-soluble dye that stains fat vacuoles in adipocytes and is used to 

determine the extent of adipogenic differentiation.
22,26

 Figure 2.4 A shows representative images 

of MSCs stained with Oil Red O following 21 days in adipogenic differentiation media after 24 

hours treatment with 0, 10, or 50 µg/ml of MSNPs or WSNTs. For all groups fat vacuoles were 

observed throughout the culture wells. In the groups treated with nanoparticles, aggregates were 

present around the cells in the images. Elution of the Oil Red O stain (Figure 2.4 B) showed 

significantly higher staining in groups treated with 10 µg/ml of MSNPs and WSNTs compared to 

groups treated with 50 µg/ml concentrations and untreated controls. The increase in elution was 

~50% for both MSNPs and WSNTs.    
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Alizarin Red S 

Alizarin Red S stains extracellular calcium and is used as a marker for osteo-

differentiation of stem cells.
22,27

 Figure 2.5 shows representative images of MSCs stained with 

Alizarin Red S for calcium deposits after treatment with 0 (Control), 10, or 50 µg/ml of MSNPs 

or WSNTs for 24 hours and incubation in osteogenic differentiation media for 14 days. For all 

groups red staining of calcium was observed. Nanoparticles could be seen around the cells for 

the treated groups with larger aggregates seen in the groups treated with the higher 

concentration. In all the groups the cells were seen to be elongated and spread out as expected 

from healthy pre-osteoblast and osteoblast cultures.  There were no observable differences in 

staining pattern or intensity between any of the groups. 

Figure 2.4. Adipogenesis 

results. (A) Histological 

specimens of MSCs 

incubated with MSNPs and 

WSNTs for 24 h, followed 

by incubation with 

adipogenic differentiation 

media for 21 day, stained 

by Oil Red O. (B) Elution 

of Oil Red O stain. Data are 

normalized to control 

values and presented as 

mean ± standard deviation 

(n = 3). Statistical 

significance (p < 0.05) was 

determined by the Kruskal-

Wallis test with Dunn’s post 

hoc compared to the control 

(▲) or within groups is 

denoted by (*). 
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Cell Number 

Number of cells per well was used to determine ALP activity.  Figure 2.6 A shows 

average number of cells per well in groups treated with 10 and 50 µg/ml of MSNPs or WSNTs 

and untreated controls for 24 hours and incubated for 14 days in osteogenic differentiation 

media. Groups treated with WSNTs had no significant differences from untreated controls. 

Groups treated with both low and high concentrations of MSNPs had significantly lower cells 

per well compared to untreated groups. The decrease in cell number was ~25% for both 

concentrations of MSNPs compared to untreated controls. 

 

Alkaline Phosphatase (ALP) Activity 

Figure 2.6 B shows ALP activity of groups treated with 10 and 50 µg/ml of MSNPs or 

WSNTs and untreated controls for 24 hours and incubated for 14 days in osteogenic 

Figure 2.5. Osteogenesis results. MSCs 

after treatment for 24 h with either 10 or 50 

µg/ml of MSNPs or WSNTs respectively, 

followed by 14 days incubation with 

osteogenic differentiation media stained 

with Alizarin Red S. 
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differentiation media represented as activity/µmol/min/cell. ALP is an early stage marker for 

osteogenesis.
22

 MSCs treated with 10 or 50 µg/ml MSNPs or WSNTs for 24 hours, and then 

incubated with osteogenic differentiation media for 14 days were examined for this marker. 

MSCs treated with MSNP dispersion of 10 µg/ml concentration showed significantly higher 

ALP activity; approximately 50% greater compared to MSCs treated with 50 µg/ml MSNP 

dispersion. However, the ALP activity of neither of these groups was significantly different from 

the untreated control group. Groups treated with 10 µg/ml of WSNTs showed 27% higher ALP 

activity compared to groups treated with 50 µg/ml of WSNTs. However, the ALP activity of 

both the groups were not significantly different from untreated controls.  

 

Extracellular Calcium 

Extracellular calcium is a late stage marker for osteogenesis.
22

 Figure 2.6 C shows 

calcium levels of MSCs treated with 10 or 50 µg/ml MSNPs or WSNTs for 24 hours and 

incubated for 14 days in osteogenic differentiation media. Extracellular calcium content for 

MSCs treated with MSNPs at 10 and 50 µg/ml were 69 mmol/L and 65 mmol/L, respectively. 

Untreated control groups had a calcium concentration of 62 mmol/L. There were no statistical 

significant differences between the any groups. MSCs treated with WSNTs at 10 and 50 µg/ml 

had 63 mmol/L and 69 mmol/L calcium concentration, respectively. There were no statistically 

significant differences between the groups or with untreated controls.  
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Figure 2.6. Osteogenesis results. (A) Cellularity for MSCs after treatment for 24 h with 

either 10 or 50 µg/ml of MSNPs or WSNTs respectively, followed by 14 days incubation 

with osteogenic differentiation media. (B) ALP activity for MSCs after treatment for 24 h 

with either 10 or 50 µg/ml of MSNPs or WSNTs respectively, followed by 14 days 

incubation with osteogenic differentiation media. (C) Calcium content after treatment for 

24 h with either 10 or 50 µg/ml of MSNPs or WSNTs respectively, followed by 14 days 

incubation with osteogenic differentiation media. Data are presented as mean ± standard 

deviation (n = 3). Statistical significance (p < 0.05) was determined by the Kruskal-Wallis 

test with Dunn’s post hoc as compared to the control (▲) or within groups (*). 
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Cell Uptake 

TEM was performed to investigate cellular uptake of MSNPs and WSNTs. Figure 2.7 

shows representative TEM images of MSCs treated with 50 µg/ml of MSNPs (A & B) and 

WSNTs (C & D). In Figure 2.7 A and B MSNPs were seen within the cytoplasm, enclosed in 

endocytic vesicles (red arrows) and against the cell membrane (orange arrows). WSNTs, shown 

in Figure 2.7 B and C, were seen in the cytoplasm within (red arrows) and outside (yellow 

arrow) endocytic vesicles. Vesicles containing MSNPs and WSNTs were seen in close proximity 

to the nuclear membrane. Neither of the nanoparticles was present within the nucleus. 

  

Figure 2.7. Representative TEM 

images of MSCs treated with 

MSNPs (A & B) and WSNTs (C & 

D). MSNPs are seen in endocytic 

vesicles (red arrows), and on the 

membrane of the cells (orange 

arrows). WSNTs are seen in the 

cytoplasm within (red arrows) and 

outside (yellow arrow) endocytic 

vesicles. Neither nanoparticle can 

be seen in the nucleus. 
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Discussion  

 

The objective of this study was to investigate the response of WSNTs and MSNPs on 

NIH-3T3 fibroblasts and MSCs to identify potentially safe dosages for any eventual biomedical 

application. NIH-3T3 fibroblasts cells were chosen since they are widely used as model 

fibroblastic cells for cytotoxicity evaluation.
28

  MSCs were chosen since they are routine used for 

tissue engineering and stem cell applications.
29-31

 We performed cytotoxicity screening over a 

broad range of concentrations (0-300 µg/ml) and time points (6, 12, and 24 h) on fibroblasts 

(NIH3T3) and stem cells (MSCs) to identify a range of potentially safe doses. We then examined 

the effect of potentially safe low (10 µg/ml) and high (50 µg/ml) doses of nanoparticles on the 

adipo- and osteo-differentiation capabilities of MSCs. Through the cytotoxicity and 

differentiation studies, we identified a range of doses for the two nanoparticle formulations that 

do not significantly affect viability of fibroblasts and MSCs as well as differentiation capabilities 

of MSCs. 

Characterization of nanoparticles was done by TEM and Raman spectroscopy. Raman 

spectroscopy revealed the common Raman active modes E2g
1

 and A1g for transition metal 

dichalcogenides. The E2g
1

 peak indicates the in-plane phonon mode of the two sulfur atoms 

opposite vibration from the molybdenum or tungsten atom while the A1g peak indicates the out-

of-plane phonon mode of the sulfur atoms opposite vibration between layers.
32,33

 A slight shift in 

wavenumbers is observed as compared to previous studies. This shift is due to the number of 

layers of nanoparticles stacked together during the measurements.
34

  

The Presto Blue assay indicated a time and dose dependent cytotoxicity for NIH-3T3 

cells treated with MSNPs. CD50 values of MSCs were 578 µg/ml, 250 µg/ml, and 140 µg/ml, 
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for 6, 12, and 24 hours respectively, calculated from concentration vs. viability graphs. This 

trend was not seen in viability assessed by LDH. There were no significant differences in any of 

the groups compared to untreated controls. Live cells reduce non-fluorescent resazurin to 

fluorescent resorufin that is detected by Presto Blue assay; whereas, LDH assay detects LDH 

enzyme that is released when cell membrane integrity is compromised in dying cells. The 

difference in trends observed from these two assays could be due to the nanoparticles affecting 

the cellular machinery without affecting their membrane integrity. Further investigations are 

required to identify to cause of these differences in outcomes of the two assays. Unlike MSNPs, 

NIH-3T3 cells treated with WSNTs showed no time or dose dependent cytotoxicity. Results of 

both Presto Blue and LDH were similar and indicate that concentrations up to 300 µg/ml of 

WSNTs have no significant effect on viability of NIH-3T3 cells. CD50 values at all time points 

for NIH-3T3 cells treated with MSNPs calculated from LDH assay results and for NIH-3T3 cells 

treated with WSNTs calculated from Presto Blue and LDH assay results were greater than 300 

µg/ml.  

MSCs treated with MSNPs or WSNTs show no time or dose dependent cytotoxicity in 

Presto Blue and LDH assays. Results from both the assays indicate that MSNPs or WSNTs at 

concentrations up to 300 µg/ml do not elicit a significant cytotoxic response. All CD50 values 

for MSCs treated with MSNPs or WSNTs at all time points were greater than 300 µg/ml. An 

increase in proliferation of MSCs was noted at all WSNT treatment concentrations with the 

highest increase of 45% compared to DSPE-PEG treated controls at the 24-hour time point. A 

previous report on carbon black and silica nanoparticles showed that these nanoparticles increase 

lung epithelial cell proliferation
35

 via the activation of the protein kinase B pathway. However, 

this effect only occurred when the cells were treated with carbon black and silica nanoparticles 
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with a median diameter of 14 nm. Larger particles did not elicit the same results.
35

 Even though 

the WSNTs and MSNPs used in this study, had sizes several times larger than the carbon black 

and silica nanoparticles, similar pathways maybe responsible for the increased cell proliferation. 

Further investigations are required to determine the mechanism.  

Adipogenic differentiation was analyzed by Oil Red O staining and elution 

quantification. The results indicate that MSCs incubated for 24 hours with MSNPs or WSNTs at 

10 µg/ml or 50 µg/ml concentrations that MSCs maintain their differentiation. Significantly 

higher Oil Red O staining in groups treated with 10 µg/ml concentrations compared to groups 

treated with the 50 µg/ml concentration for both MSNPs and WSNTs could be due to higher cell 

numbers. Viability analysis indicated that MSCs treated with MSNPs at 10 µg/ml had 52% 

higher viability compared to MSCs treated with 50 µg/ml. Since adipogenesis was induced using 

adipogenic induction media 24 hour after the treatment with the nanoparticles, groups treated 

with 50 µg/ml most likely had lower number of cells compared to groups treated with 10 µg/ml. 

Taking differences in cell numbers into consideration, the results imply that treatment with low 

and high concentrations of WSNTs and MSNPs should not hinder the adipogenesis.  

Osteogenic differentiation was analyzed by ALP and calcium assays two weeks 

following treatment with nanoparticles. As a part of the ALP analysis, cell numbers were 

obtained for the treated and untreated groups. Cell number for groups treated with MSNPs was 

significantly lower than cell numbers for groups treated with WSNTs and untreated control. This 

result is in agreement with our viability assessment where we observed increased viability in 

groups treated with WSNTs and decreased viability in groups treated with MSNPs at 50 µg/ml 

concentration.  For both MSNPs and WSNTs, ALP activity was significantly higher in groups 

treated with a lower concentration compared to groups treated with a higher concentration.  This 
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difference in ALP activity at low and high doses may be due to variable propensity of the 

nanoparticles at these dosages to aggregate in cell media. We observed, at the high 

concentration, both MSNPs and WSNTs aggregate with time to form larger sized loosely held 

particles, and at the low concentrations, the particles remained well dispersed and did not 

aggregate during the incubation period. Thus, at higher concentration, the increased aggregation 

may prevent/ reduce the uptake of these nanoparticles into cells, and at the lower concentration, 

the nanoparticles could be internalized into cells at higher amounts.  

We used calcium content in the matrix as another indicator of osteo-differentiation.
22

 

There were no significant differences in calcium concentration levels between the groups. The 

assays for osteogenic differentiation markers were performed following 14 days of incubation 

with osteogenic differentiation media. At this stage of differentiation MSCs produce increased 

amounts of organic extracellular matrix (ECM) proteins that is closely followed by deposition of 

inorganic components.
36

 Additional studies are needed to examine if these nanoparticles affect 

the gene expression of osteo-differentiation markers and the mechanical properties of deposited 

matrix. The results of the osteo-differentiation studies taken together imply that treatment at 10 

or 50 µg/ml of WSNTs or MSNPs concentrations should not adversely affect the osteogenic 

differentiation potential of MSCs. 

TEM analysis of the histological specimens of the MSCs treated with the nanoparticles 

was performed to further investigate their uptake characteristics. Since no significant differences 

in viability or differentiation of MSCs were observed between groups treated with WSNTs and 

MSNPs compared to untreated controls, TEM analysis also allowed us to determine whether this 

lack of difference was due to poor uptake of these nanoparticles into these cells. TEM images of 

histological sections of MSCs treated with MSNPs and WSNTs qualitatively showed significant 
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uptake of both nanoparticles into cells. Additionally, the nanoparticles were present within and 

outside the cells. Inside the cell, MSNPs were seen only in vesicles within the cytoplasm 

whereas WSNTs were seen in vesicles as well as the cytoplasmic matrix. Outside the cell, 

MSNPs and WSNTs were observed on the cell membranes. However, cytoplasmic protrusions 

observed during micropinocytosis were seen only around the WSNT aggregates.
37

 These 

observations suggest that WSNTs and MSNPs can enter the cells via different uptake 

mechanisms without affecting viability or differentiation potential of MSCs at concentrations up 

to 50 µg/ml.  

Previous cytotoxicity studies on MSNPs and WSNTs mainly focused on their in vitro 

effect at low concentrations (0 to 3.52 mg/L and 0 to 100 µg/ml) on cells exposed during 

inhalation and oral ingestion.
6,17

 The above results complement the results of those studies and 

provide guidelines on potentially safe dosages for biomedical applications. For instance, recently 

MSNPs and WSNTs have shown promise as reinforcing agents for polymeric bone tissue 

engineering nanocomposites.
9,10

 Biodegradable polymer matrices incorporated with low 

concentrations (0.2 weight%; 0.2 grams of nanoparticles in 1 gram of polymer) of MSNPs or 

WSNTs showed up to 108% enhancement in mechanical (compressive and flexural modulus) 

properties compared to the polymer alone.
9,10

 Thus, the total concentration of the nanoparticles 

released per cm
3
 (or ml) of the 90% porous nanocomposite (nanocomposite volume = 10 cm

3
) 

would be 20 µg/ml nanoparticles upon degradation of the polymer. As the scaffolds degrade, 

these nanoparticles will be released into the extracellular matrix and interact with surrounding 

tissue. Our results suggest that the released nanoparticles should not significantly affect the 

viability of fibroblasts and viability or differentiation of MSCs at concentrations higher than the 

estimated 20 µg/ml concentration. Additionally, these inorganic nanoparticles are better at 
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reinforcing biodegradable polymers employed for tissue engineering applications compared to 

carbon nanoparticles such as one dimensional carbon nanotubes or two dimensional graphene.
9,10

 

Furthermore, high concentrations of carbon nanotubes (>100 µg/ml) or graphene (300 µg/ml) 

affect MSC viability significantly (60-80% or 38-100% decrease, respectively) while treatment 

with similar high concentrations of MSNPs and WSNTs had minimal (~10%) to no decrease in 

MSC viability.
22,38

 The results of our cytotoxicity study in conjugation with the previous efficacy 

studies identify optimal formulations of these inorganic nanoparticles to design and develop a 

new class of mechanically robust and biocompatible tissue engineering implants. Furthermore, 

the significant uptake of these nanoparticles in MSCs at potentially safe doses also open 

opportunities to introduce them as multifunctional agents for stem cell monitoring and 

therapeutics. These nanoparticles could, at potentially safe doses, serve as versatile platforms to 

attach drugs, genes, and/ or imaging agents and introduced ex vivo into MSCs. These labelled 

MSCs could then be employed for stem cell applications.   
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Conclusions 

 

 Treatment with MSNPs at concentrations up to 10 µg/ml does not significantly affect 

viability of NIH-3T3 cells. No dose or time dependent increase in cytotoxicity was observed for 

NIH-3T3 cells treated with WSNTs or MSCs treated with MSNPs or WSNTs. MSCs treated 

with low (10 µg/ml) and high (50 µg/ml) concentrations of MSNPs and WSNTs for 24 hours 

maintain their differentiation potential to adipocytes and osteoblasts. MSNPs are internalized in 

vesicles in the cells while WSNTs are internalized in vesicles as well as cytoplasmic matrix. The 

results taken together indicate that concentrations less than 50 µg/ml of MSNPs and WSNTs 

should be potentially safe for incubation with MSCs and fibroblasts up to 24 hours. The results 

provide preliminary safety guidelines to further explore these nanoparticles as reinforcing agents 

at the previously investigated 0.2 wt%.    
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Abstract 

 

This study investigates the effect of nanoparticle composition and morphology on the 

bioactivity of poly(lactic-co-glycolic acid) (PLGA) nanocomposites reinforced with 0.2 wt% 

multiwalled carbon nanotubes (MWCNTs), multiwalled graphene nanoribbons (MWGONRs), 

graphene nanoplatelets (GONPs), molybdenum disulfide nanoplatelets (MSNPs), or tungsten 

disulfide nanotubes (WSNTs). Apatite collection on control and reinforced scaffolds was 

assessed after incubation in simulated body fluid (SBF) under physiological conditions for 1, 3, 

7, or 14 days. All groups showed apatite precipitate on the surface after a one day in SBF. After 

soaking for 14 days, scaffolds reinforced with GONPs, MSNPs, or WSNTs showed significantly 

higher phosphate accumulation compared to PLGA scaffolds. Scaffolds reinforced with GONPs, 

MSNPs, or WSNTs may elicit a bioactive response when implanted in vivo.    
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Introduction 

 

Limitations associated with current bone grafting techniques utilizing autologous or 

allogenous bone have led to an increase in research of synthetic bone grafting materials. An ideal 

synthetic bone graft would act as a scaffold with high porosity for ingrowth and nutrient and 

waste transport; have mechanical properties similar to the surrounding native tissue; have 

appropriate surface properties to allow cellular attachment, proliferation, and differentiation; and 

be biocompatible and bioresorbable. 

Biodegradable polymers can fulfill many of the above listed requirements with the major 

limitation of poor integrity under load bearing conditions prompting investigation of 

nanoparticle-reinforced biodegradable polymer nanocomposites.  Recently, the unique 

physiochemical properties of two-dimensional organic nanostructures (graphene nanoribbons 

(GONRs) and graphene nanoplatelets (GONPs)) and one- and two-dimensional inorganic 

nanostructures (molybdenum disulfide nanoplatelets (MSNPs) and tungsten disulfide nanotubes 

(WSNTs)) have been utilized to improve the mechanical properties of biodegradable polymer 

polypropylene fumarate. Incorporation of 0.2 wt% of two-dimensional organic and one- or two-

dimensional inorganic nanoparticles led to significant enhancement in the compressive modulus, 

compressive yield strength, flexural modulus, and flexural yield strength of PPF nanocomposites 

with when compared to PPF alone or PPF reinforced with single- or multi-walled carbon 

nanotubes (SWCNTs or MWCNTs).
1,2

  

In addition to improving mechanical properties, nanoparticle reinforcement may affect 

interaction between the tissue engineering construct and the in vivo environment. One way in 

which this may occur is through bioactivity or the propensity of the material to influence bone 
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growth through formation of a bone bonding layer of apatite on the surface.
3
 Bioactivity is 

commonly investigated in vitro by soaking a tissue engineering construct in simulated body fluid 

(SBF) with ion concentrations nearly equal to those of human blood serum whereby apatite 

crystals selectively precipitate on the surface of a bioactive material. The addition of 

nanoparticles to the polymer matrix creates more surface area and nanotopography that act as 

nuclei for apatite crystals to form
4
 as has been demonstrated with a variety of nanoparticles 

individually and in combination including hydroxyapatite,
5
 bioactive glass,

6
 titanium dioxide,

7
 

and magnetite
8
. Few studies however have investigated the influence of carbon nanotubes,

9
 and 

graphene nanoparticles
10,11

 without the concurrent addition of hydroxyapatite nanoparticles on 

bioactivity of biodegradable polymer nanocomposites. Zawadzak et al. employed polyurethane 

foams with MWCNTs electrophoretically deposited on the surface and investigated the apatite 

formation after soaking in 1.5x concentrated SBF for 14 or 28 days. Wan et al. examined the 

bioactivity of electrospun poly(caprolactone) or gelatin nanocomposites containing 0.3 wt% 

GONP (prepared using the modified Hummers method) after soaking in 10x concentrated SBF 

for 24 hours.
10,11

 

MWCNTs, MWGONRs, GONPs, MSNPs, and WSNTs may possess different 

morphologies and physiochemical properties depending synthesis method. These properties 

could affect the bioactivity of the biodegradable polymer nanocomposite scaffolds. In this study, 

we have assessed the in vitro bioactivity of 90% porous poly(lactic-co-glycolic acid) (PLGA) 

scaffolds reinforced with 0.2 wt% of MWCNTs, MWGONRs, GONPs, MSNPs, or WSNTs 

soaked in SBF for 1, 3, 7, or 14 days. We report the influence of nanoparticle composition and 

morphology on formation of an apatite layer in order to determine what properties show the most 

promise toward application as bone tissue engineering scaffold reinforcing agents.   
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Materials and Methods 

 

Nanoparticle Synthesis and Characterization 

MWCNTs possessing outer diameters between 20 and 30 nm were purchased from Sigma 

Aldrich (Cat. No. 636487, St. Louis, MO). MWGONRs were synthesized from the MWCNTs 

using a modified longitudinal unzipping method.
12

 GONPs were synthesized from graphite 

flakes using a modified Hummer's method.
13 MSNPs were synthesized through a high 

temperature reaction between MoO3 and sulfur powder.
14

 WSNTs were purchased from APNano 

(NY, USA).  

All particles were characterized by high resolution transmission electron microscopy 

(HRTEM) and Raman spectroscopy. For HRTEM, nanoparticles were dispersed in a solution of 

equal parts water and ethanol by sonication. Dispersion was followed by ultracentrifugation and 

the supernatant was drop cast on a lacey carbon grid (300 mesh size, copper support, Ted Pella, 

USA). HRTEM imaging was performed using a JOEL 2100F high-resolution analytical 

transmission electron microscope with an accelerating voltage of 200 kV at the Center for 

Functional Nanomaterials, Brookhaven National Laboratory, New York. Raman spectra were 

recorded between 50 –3750 cm−1 at room temperature using WITec alpha300R Micro-Imaging 

Raman Spectrometer equipped with a 532 nm Nd-YAG excitation laser. 

 

Scaffold Synthesis 

PLGA (50:50 polylactic:glycolic acid; Polysciences, PA, USA) was dissolved in 

chloroform (Sigma-Aldrich). Nanoparticles (MWCNTs, MWGONRs, GNPs, MSNP, WSNTs) 

were dispersed in the solution by heating to 60 °C for one hour followed by sonication for 30 
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minutes to achieve loading of 0.2 wt%. PLGA with no added particles was used as control. Once 

well dispersed, scaffolds were prepared by adding polymer/nanoparticle solution to NaCl 

porogen (size range: 200 – 500 μm) at a ratio leading to 90% porosity in the final scaffolds and 

mixed thoroughly to create a paste. Scaffold porosity was calculated using the following 

equation:
15

  

𝜀 (%) =
𝑉𝑁𝑎𝐶𝑙

𝑉𝑁𝑎𝐶𝑙 + 𝑉𝑁𝐶
 

 

Where ε is the apparent porosity of the scaffold, VNaCl is the volume of NaCl porogen, 

and VNC is the volume of the nanocomposite. Volumes were calculated based on the theoretical 

density of NaCl = 2.16 g/cm
3
 and PLGA nanocomposites = 1.34 g/cm

3
. 

The composite-porogen paste was pressed into cylindrical Teflon molds with diameter of 

6.5 mm and depth of 14 mm and left for 72 hours to evaporate off residual chloroform. Once dry, 

samples were pressed out of the molds and cut into thirds, creating 3 scaffolds with dimensions 

of 6.5 x ~4.5 mm
3
. The porogen was removed by submersion in agitated deionized water for 1 

week followed by vacuum drying. 

 

SBF Submersion 

Six scaffolds from each group were sterilized by submersion in 70% ethanol for 30 

minutes followed by 30 minutes exposure to UV light. Samples were placed in individual 20 ml 

scintillation vials and submerged in 20 ml SBF (composition found in Table 1). Samples in SBF 

were placed under vacuum for 10 minutes to force the SBF within the pores of the scaffold and 

incubated at 37 °C and 5% CO2 for 1, 3, 7 or 14 days with the SBF changed every two days. 

Each time the SBF was changed, the vacuum process was repeated.  
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Table 3.1. Ionic Composition of Simulated Body Fluid. 

Ion Ion concentrations [mM] 

 
Human Blood Plasma

16
 SBF

4
 

Na
+
 142 142 

K
+
 5 

 
Mg

2+
 1.5 

 
Ca

2+
 2.5 2.31 

HCO
3−

 27 34.88 

HPO4
2−

 1 1.39 

SO4
2−

 .5 
 

Cl
−
 103 109.9 

 

Scaffold Structural Analysis 

Representative SBF soaked and non-soaked scaffolds from each group and time point 

were selected for scanning electron microscopy (SEM) analysis. Samples were imaged using a 

high resolution analytical SEM (JEOL 7600F) at the Center for Functional Nanomaterials 

Samples were imaged using at accelerating voltages between 5 and 10 kV and a secondary 

electron imaging detector. 

 

Confocal Raman 

For confocal Raman analysis, scaffolds were cut into 2 mm sections and pressed between 

two glass slides to flatten. Scaffolds were analyzed on a Renishaw inVia Confocal Raman 

Microscope (Wotton-under-Edge, UK) with a 20x objective and a 785 nm laser at 50% power 

with a pin hole inserted for 180 seconds. Analysis was carried out in three separate areas of each 

scaffold and the characteristic peak for apatite (960 nm) was observed. 
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Total Reflection X-ray Fluorescence (TXRF) 

After each time point, three scaffolds from each group were dissolved in 66% acetic acid. 

For TXRF, 1% gallium standard (10 mg/L) was added to each sample and 10 µl of solution was 

drop cast onto freshly cleaned quartz glass sample carriers coated with silicone solution (SERVA 

Electrophoresis GmbH, Heidelberg, DE). TXRF was carried out using a S2 PICOFOX (Bruker, 

Berlin, DE) with an exposure time of 250 seconds. Molar concentrations of calcium and 

phosphorous were used to calculate Ca/P ratios. 

 

Calcium and Phosphate Assays 

For calcium and phosphate assays, four samples from each group and time point were 

dissolved in 66% acetic acid. Calcium assay was performed by adding 20 µl of sample or 

calcium chloride standard to a 96 well plate in triplicates and adding 280 µl of Arsenazo III assay 

reagent. Absorbance was measured at 650 nm on a SpectraMax M2E Microplate Reader 

(Molecular Devices, Sunnyvale, CA). For phosphate assay, 100 μl of sample or potassium 

phosphate standard in acetic acid were added to a 96 well plate in triplicates and 50 μl of 

ammonium molybdate were added. Plates were incubated for 10 minutes and the absorbance was 

measured at 400 nm.  

 

Statistics  

As data was not normally distributed, a Kruskal-Wallace test with Dunn’s post hoc was 

performed to assess significant differences in levels of calcium, phosphorus and phosphate 

accumulation as measured by TXRF or calcium/phosphate assays with p < 0.05 being considered 

significant. 
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Results 

 

Nanoparticle Characterization 

Representative HRTEM images of the nanoparticles can be found in Figure 3.1 A-E. 

MWCNTs (Figure 3.1 A) were smooth cylindrical structures with diameters in the manufacturer 

specified range of 20-30 nm and lengths in the range of 500–1500 nm. MWGONRs (Figure 3.1 

B) were multi-layered and have a ribbon-like appearance with widths of about 60-90 nm and 

similar lengths to the MWCNTs from which they were synthesized. GONPs (Figure 3.1 C) were 

disk shaped particles with diameters in the range of 10-40 nm. MSNPs (Figure 3.1 D) were 

platelet shaped particles with diameters ranging from 40 – 90 nm. WSNTs (Figure 3.1 E) were 

smooth tube shaped particles with diameters in the range of 50-100 nm and lengths ranging from 

1-15 µm.  

Raman spectra for the nanoparticles can be found in Figure 3.1 F. Peaks were observed at 

1340 cm
-1

 (D band) and 1560 cm
-1

 (G band) for MWCNTs (Figure 3.1 F [i]). Peaks were 

observed at 1346 cm
-1

 and 1600 cm
-1

 for MWGONRs (Figure 3.1 F [ii]). Peaks were observed at 

1350 cm
-1

 and 1606 cm
-1

 for GONPs (Figure 3.1 F [iii]. Peaks were observed at 376 cm
-1

, 404 

cm
-1

, and 476 cm
-1 

for MSNPs (Figure 3.1 F [iv]). Peaks were observed at 344 cm
-1

 and 412 cm
-1

 

for WSNTs (Figure 3.1 F [v]). The peak at 516 cm
-1 

is attributed to the silicon wafer. 
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Figure 3.1. Representative HRTEM images of (A) MWCNTs, (B) MWGONRs, (C) GONPs, 

(D) MSNPs, and (E) WSNTs. (F) Raman spectra of MWCNTs (i), MWGONRs (ii), GONPs 

(iii), MSNPs (iv), and WSNTs (v). 
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Scaffold Structural Analysis 

Figure 3.2 shows representative SEM images of control scaffolds or scaffolds reinforced 

with MWCNTs, MWGONRs, GONPs, MSNPs or WSNTs incubated in SBF for 1, 3, 7, or 14 

days. Grossly, for all groups prior to incubation in SBF, scaffolds showed smooth surfaces with 

cubic spaces where NaCl porogen had been dissolved. After soaking in SBF, nodules of apatite 

were observed on the polymer surface with amount of apatite qualitatively increasing with 

increasing incubation time. There was no observable difference in the quantity of apatite between 

the groups. Nanoparticles could not be observed from SEM images. 
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Figure 3.2. Representative SEM images of the surface morphology of control and 

nanoparticle reinforced scaffold groups prior to soaking in SBF and post soaking for 1, 3, 7, 

or 14 days. Scale bars = 10 µm. 
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Confocal Raman 

Figure 3.3 shows the results of confocal Raman analysis of control and nanoparticle 

reinforced scaffolds soaked in SBF for 1, 3, 7 or 14 days. Prior to soaking, only peaks for PLGA 

polymer (~880 cm
-1

) are observed for all groups. The characteristic apatite peak at 960 cm
-1

 

appears after one day incubation in SBF for all groups and follows an increasing trend toward 14 

days of incubation. MWGONRs gave rise to large G bands that spectrally overlapped with the 

apatite and polymer bands and therefore were not included. 

 

Total Reflection X-ray Fluorescence (TXRF) 

Figure 3.4 shows the quantity of calcium (Figure 3.4 A) and phosphorus (Figure 3.4 B) 

collection on control and nanoparticle reinforced scaffolds over 1, 3, 7, or 14 days incubation in 

Figure 3.3. Confocal 

Raman spectra from 

surface of control and 

nanoparticle reinforced 

scaffolds prior to 

incubation in SBF (a), 

and after 1 (b), 3 (c), 7 

(d), or 14 (e) days.  
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SBF as found by TXRF analysis. Molar Ca/P ratio as calculated from the results is found in 

Figure 3.4 C. Quantity of calcium increased throughout the time points with highest amount 

occurring on day 14 of ~64 µg for PLGA. Quantity of phosphorus increased in earlier time 

points to a maximum of about 16 µg by day 3 and then decreased to as low as 4.8 µg for 

MWGONR by day 14. Ca/P ratio is below one prior to incubation in SBF and increases 

throughout the time points to as high as 9.79 for GONP reinforced scaffolds by day 14. No 

significant differences in calcium, phosphorus, or Ca/P ratio were observed between groups at 

any time point. 
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A 
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Figure 3.4. Box plots show TXRF results for (A) calcium and (B) phosphorus collection on 

control and nanoparticle reinforced scaffolds (n=3) soaked in SBF for 0, 1, 3, 7, or 14 days. 

Ca/P ratio, calculated from results is found in (C). Statistical significance was determined by 

Kruskal-Wallis test with Dunn’s post hoc and p<0.05 being significant. 

C 
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Calcium and Phosphate Assays 

Figure 3.5 shows the calcium (Figure 3.5 A) and phosphate (Figure 3.5 B) collection on 

control or nanoparticle reinforced scaffolds after incubation in SBF for 1, 3, 7, or 14 days. 

Overall, calcium quantity remained at similar levels through seven days incubation and increased 

by about 100% after 14 days incubation. After one day of incubation, the quantity of calcium 

was significantly higher on PLGA and WSNT scaffolds as compared to MSNP reinforced 

scaffolds. No differences were observed after three days incubation in SBF. After seven days of 

incubation in SBF, GONP reinforced scaffolds showed significantly higher calcium compared to 

PLGA, MWGONR, and MSNP reinforced scaffolds, while MWCNT reinforced scaffolds had 

collected significantly more calcium than MWGONR reinforced scaffolds. After 14 days of 

incubation PLGA scaffolds showed significantly higher (as much as 20%) calcium collection 

compared to MWGONR scaffolds. 

Phosphate collection also showed similar levels through the first 7 days of incubation 

followed by an increase in GONP, MSNP, and WSNT reinforced groups after 14 days of 

incubation. After one day of incubation, phosphate collection on PLGA was significantly greater 

than MWCNT and MSNP reinforced scaffolds. WSNT reinforced scaffolds had significantly 

greater phosphate collection compared to MWCNT or MSNP reinforced scaffolds. After three 

days of incubation PLGA scaffolds and scaffolds reinforced with MWCNTs had significantly 

greater phosphate accumulation than GONP, MSNP or WSNT scaffolds. No significant 

differences in phosphate collection were observed after seven days of incubation in SBF. After 

14 days of incubation, PLGA had significantly less phosphate as compared to groups reinforced 

with GONP, MSNP or WSNT, accumulating just 46% of WSNT scaffold levels. MWCNT 

reinforced scaffolds accumulated significantly less phosphate compared to MSNP and WSNT 
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reinforced scaffolds and MWGONR reinforced scaffolds accumulated significantly less 

phosphate compared to WSNT reinforced scaffolds.   

 

 A
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Figure 3.5. Box plots show results of (A) calcium assay and (B) phosphate assay as 

performed on control and nanoparticle reinforced scaffolds (n=4) soaked in SBF for 1, 3, 7, or 

14 days. Statistical significance corresponds to Kruskal-Wallace with Dunn’s post hoc and 

p<0.05 being significant. Statistical significance is denoted by (*) compared to PLGA, (#) 

compared to MWCNTs, (+) compared to MWGONR, (%) compared to GONP, and (@) 

compared to MSNP. 

 B
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Discussion 

 

The objective of this study was to investigate the effect of nanoparticle dimension and 

composition on the bioactivity of nanoparticle reinforced scaffolds soaked in SBF for up to 14 

days. In the realm of bone tissue engineering, bioactivity is a material property; an ability to 

influence bone formation through formation of a bone bonding layer of apatite on the surface. 

The amount of influence a scaffold will have is strongly dependent on surface properties and 

chemistry.
3
 Therefore, nanoparticles with distinct composition (organic or inorganic) and 

morphologies (nanotubes, nanoplatelets, or nanoribbons) were incorporated into PLGA-based 

scaffolds at a concentration of 0.2 wt% and bioactivity was tested through incubation in SBF for 

up to 14 days under physiological conditions. PLGA was selected for the biodegradable polymer 

matrix due to the large body of research around PGLA scaffolds
5,17-19

, tunable degradation rate 

and well characterized degradation products, and Food and Drug Administration (FDA) 

approval.
20

  0.2 wt% nanoparticle reinforcement was chosen as this concentration has previously 

been shown to significantly improve the mechanical properties of polymer-based 

nanocomposites compared to polymer alone.
1,2

 Additionally, previous studies have found that 0.2 

wt% loading of these nanoparticles, which if released from a 90% porous scaffold with volume 

10 cm
3
 equals about 20 µg/ml, is potentially safe for stem cells.

14,21
 14 days of incubation in SBF 

was chosen as this was the longest time allowable to observe growth of an apatite layer in all 

groups without significant degradation of polymer, however it should be noted that that longer 

incubation times may lead to further growth of this layer.
22

 This study of a broad range of 

nanoparticle reinforcing agents allowed identification of specific nanoparticle properties that 

may be most promising for eliciting a bioactive response when implanted in hard tissue. 
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Raman spectroscopy of the nanoparticles prior to scaffold incorporation is presented in 

Figure 3.1 E. MWCNTs, MWGONRs, and GONPS all exhibit the characteristic D- and G- bands 

for graphene at about 1350 cm
-1

 and 1580 cm
-1

, respectively. The G-band is also first order and 

exists in all sp
2
 carbon structures. This band represents the E2g mode or C-C stretching that 

occurs within the plane of carbon atoms.
23

 The D-band is a first order band representative of 

defects in the graphene structure.
23

 The ratio of the intensities of the D- and G- bands is 

commonly used to infer the amount of defects in the graphene sheet.
24

 Therefore, it follows that 

the ID/IG ratio is increased in MWGONRs and GONPs compared to pristine MWCNTs, 

indicating disruption of the sp
2
-bonded carbon owing to oxidative unzipping of nanotubes during 

synthesis.
13

 The Raman spectra of the inorganic nanoparticles, MSNPs and WSNTs, reveal the 

two major bands characteristic of dichalcogenides representing the E2g
1

 (in-plane) and A1g (out-

of-plane) Raman active modes.
14,25

 The MSNP spectrum also contains a small peak around 474 

cm
-1 

that is attributed to unreacted MoO3 from the synthesis process.  

SEM images found in Figure 3.2 of PLGA and nanoparticle reinforced scaffolds soaked 

in SBF over 14 days revealed that small seeds of apatite crystals began to appear after just one 

day of incubation. At early time points, apatite crystals were two-dimensional and with 

increasing time became more three-dimensional. This observation may indicate carbonate 

incorporation into the mineral structure, substituting for OH or PO4
3-

, as has been previously 

reported as causing apatite crystal morphology to become more spherulitic.
26

  Nanoparticles 

were not observed in SEM images mostly likely due to their enfoldment in the polymer and the 

low magnification.  

Confocal Raman analysis, found in Figure 3.3, showed the appearance of the peak for 

apatite at 960 cm
-1

, representing the symmetric stretching of the PO4
3- 

group, after one day 
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incubation in SBF. The variability in peak strength across the lower time points can be explained 

by the non-homogenous deposition of the apatite layer. As greater amounts of apatite form, the 

deposition becomes more ubiquitous and the 960 cm
-1

 peak becomes more prominent as was 

observed after 14 days of incubation.
27

   

Calcium accumulation increased through the 14 days of incubation in SBF for all groups 

as detected by both TXRF (Figure 3.4 A) and calcium assay (Figure 3.5 A). Although the results 

of the two techniques show a similar trend, the values of the concentrations were not similar. 

This variability may be due to the potential of Arsenazo III to react with trace metals or other 

interferents that may have been present during the assay.
28

 Taken together with the TXRF 

results, it can be concluded that the addition of 2 wt% of these organic and inorganic 

nanoparticles do not hinder calcium accumulation on the implant surface.   

The amount of phosphorus detected by TXRF (Figure 3.4 B) and phosphate detected by 

phosphate assay (Figure 3.5 B) showed similar range of values but different trends with 

phosphorus increasing to a maximum by day three, followed by a decrease in concentration 

through day 14, while quantity of phosphate continued to increase throughout the time points. 

While TXRF detects phosphorus at an elemental level, the phosphate assay reagent reacts with 

PO4
3-

. Therefore, even though quantity of phosphorus atoms may decrease over time, as long as 

those that remain form PO4
3-

, it is possible to observe an increase in phosphate with a decrease in 

phosphorus.  

Results from the phosphate assay showing the greatest increase in phosphate 

accumulation at the 14 day time point are in agreement with the results of the calcium assay, 

suggesting that the majority of mineralization occurred between days 7 and 14. In the current 

case, the significant increase in phosphate detected on nanoparticle reinforced scaffolds as 
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compared to the PLGA control after 14 days incubation in SBF may indicate that the 

nanoparticles act as nucleation sites for apatite formation.
29

 This observation may relate to 

dispersion of nanoparticles in the polymer creating surface nanotopography and increased 

surface area.
29

 The presence of nanoparticle defects or functional groups may also play a role, as 

negatively charged implant surfaces (i.e. carboxyl groups) have been shown to act as nucleation 

sites for apatite formation.
30

 Additionally, the significant increase of phosphate on GONPs, 

MSNPs, and WSNTs reinforced scaffolds may indicate that nanoparticle composition and aspect 

ratio play a role in the mechanism of apatite layer formation. The organic particles follow the 

trend: nanoplatelets > nanoribbons > nanotubes; while conversely, the inorganic particles follow 

the trend: nanotubes > nanoplatelets. However, as the value for MSNPs shows equal phosphate 

concentration as the highest organic nanoparticle (GONPs), composition may play a greater role 

with inorganic being more favorable than organic nanoparticles and apatite formation on WSNT 

more favorable to MSNP regardless of morphology. 

To the best of our knowledge, this is the first report investigating and comparing the 

bioactivity of one- and two-dimensional organic and inorganic nanomaterials as reinforcing 

agents for application as biomedical implants for bone tissue engineering. For polymeric 

nanocomposites, few reports have investigated the bioactivity in SBF of one or two-dimensional 

carbon nanostructures,
9-11,31-33

 and no previous work relating to bioactivity of MSNP or WSNT 

containing scaffolds could be found. The work of Wan et al. incorporating low concentrations 

(0.3 wt%) of GONP into poly(caprolactone) or gelatin nanocomposites, qualitatively support the 

conclusion of this study that the addition of low concentrations of GONPs enhance the 

accumulation of apatite on scaffold surfaces compared to polymer alone.
10,11

 Conversely to the 

results of this study, Zawadzak et al. found that the addition of MWCNTs to polyurethane foams 
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accelerated the precipitation of apatite compared to polyurethane alone.
9
 This difference can 

most likely be explained by the differing synthesis methods with the mixture of polymer and 

MWCNT employed here leading to less nanoparticle exposure for apatite precipitation as 

compared to the electrophoretic deposition of MWCNTs on the surface of the polyurethane 

foams.   

By providing comparisons of bioactivity for polymer nanocomposites reinforced with 

various one- or two-dimensional, organic or inorganic nanoparticles, this work significantly 

contributes to the existing body of work surrounding bioactive nanostructure-reinforced polymer 

nanocomposites. Additionally, the enhanced phosphate results of the two-dimensional GONP 

and MSNP and one-dimensional WSNT reinforced scaffolds gives additional support toward 

their application in bone tissue engineering and allows for further investigation in vivo to 

evaluate their biocompatibility and osteoinductivity.  
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Conclusions 

Apatite nodules formed on the surface of PLGA and all nanoparticle reinforced scaffolds 

after incubation in SBF for up to 14 days. Apatite presence was confirmed by confocal Raman 

analysis. GONP, MSNP, and WSNT groups showed significantly greater phosphate 

accumulation compared to PLGA, MWCNT, or MWGONR groups. The results suggest that 

GONPs, MSNPs, and WSNTs at 0.2 wt% concentration in PLGA porous scaffolds may be able 

to elicit a bioactive response when implanted in vivo. 
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Abstract 

 

This study investigates the hard and soft tissue in vivo biocompatibility of 90% porous 

poly(lactic-co-glycolic acid) (PLGA) nanocomposite scaffolds reinforced with 0.2 wt% graphene 

oxide nanoplatelets (GONPs) or molybdenum disulfide nanoplatelets (MSNPs). Scaffolds were 

implanted in a non-critical sized monocortical defect in the tibia or subcutaneously on the 

dorsum of a rat. Comparable in vivo biocompatibility was observed between the nanoparticle 

reinforced scaffolds and PLGA alone. In addition, 2 weeks after implantation, significantly less 

bone growth was observed for the PLGA group compared to the empty defect group that was not 

observed for the experimental groups. This may indicate that the addition of the nanoparticles 

induces bioactivity of the scaffolds. Scaffolds reinforced with GONPs or MSNPs show promise 

for bone tissue engineering applications.  
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Introduction 

 

Biodegradable polymers show promise as bone replacement materials for bone tissue 

engineering due to inherent biocompatibility and degradability, and osteoconductivity.
1,2

 These 

polymers are also easily manipulated, allowing for porous structures with custom morphology.
2,3

 

However, the main limitation for application of biodegradable polymers as bone replacement 

materials is inferior mechanical properties.
3
 The mechanical strength of a bone tissue 

engineering scaffold is an especially important consideration during the design process as a weak 

scaffold could lead to an unstable defect area while a material much stronger than bone can cause 

resorption of the surrounding tissue.
4
 This limitation has led to the emergence of biodegradable 

polymer nanocomposites reinforced with various nanoparticles.  

Zero- and one-dimensional carbon-based nanomaterials such as fullerenes and carbon 

nanotubes have been extensively explored for their ability to reinforce biodegradable polymers 

for bone tissue engineering;
5-12

 and a few studies have investigated the biocompatibility of these 

nanocomposites.
13-16

  

Recently, we have examined the suitability of some two-dimensional organic (graphene 

nanoribbons (GONR) and graphene nanoplatelets (GONP)) and inorganic (molybdenum 

disulfide nanoplatelets (MSNP)) two-dimensional nanoparticles to reinforce biodegradable 

polymer nanocomposites. We demonstrated that the addition of 0.2 wt% of two-dimensional 

nanoparticles significantly enhances the compressive and flexural moduli of the nanocomposites 

compared to polymer alone or polymer reinforced with one-dimensional single- or multi-walled 

carbon nanotubes.
17

 This increase in mechanical strength Additionally, we investigated the 

cytocompatibility of these nanocomposites to NIH-3T3 fibroblasts and MC3T3-E1 
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preosteoblasts and observed high viability (78-100%) and cellular attachment to the 

nanocomposites.
18

 However, few studies have investigated the in vivo biocompatibility of GONP 

reinforced nanocomposites and to the best of our knowledge; no studies have examined MSNP 

reinforced scaffolds.
19-22

 Kanayama et al. examined the soft tissue biocompatibility of GONP and 

reduced-GONP coated collagen scaffolds in a rat model after being implanted for 10 days.
20

 

Zhou et al. reported the inflammatory response by microglia and astrocytes after implanting 

electrospun poly(ε-caprolactone)  microfiber scaffolds coated with colloidal graphene into the 

striatum or into the subventricular zone of adult rats for 7 weeks.
22

 Wang et al. investigated the 

addition of graphene to polyethylene-terephthalate for use in an extra-articular graft-to-bone 

healing procedure in New Zealand rabbits for 4, 8, and 12 weeks.
21

 Finally, Duan et al. examined 

the biocompatibility of mesenchymal stem cell (MSC) seeded graphene reinforced poly(L-lactic 

acid) scaffolds implanted intramuscularly in nude mice for 2, 4, and 8 weeks.
19

  

The effects that a nanoparticle will have on cells and tissues will vary depending on 

particle composition, morphology, and even synthesis method. Therefore, it is necessary to 

investigate the effects that all nanoparticles will have on nanocomposite biocompatibility. 

Beyond bone biocompatibility, it is common to implant bone tissue engineering constructs 

ectopically, either subcutaneously or intramuscularly, in order to more easily observe the cellular 

encapsulation and foreign body response to the material. Therefore, in this study we have 

examined the in vivo hard and soft tissue biocompatibility of 90% porous poly(lactic-co-glycolic 

acid) (PLGA) scaffolds reinforced with 0.2 wt% of two-dimensional nanoparticles GONP and 

MSNP. We report the tissue response of these scaffolds in a rat model after being implanted for 2 

and 6 weeks.    
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Materials and Methods 

 

Nanoparticle Synthesis and Characterization 

GONPs were synthesized from graphite flakes using a modified Hummer's method.
23 

MSNPs were synthesized through a high temperature reaction between MoO3 and sulfur powder 

(Sigma-Aldrich, St. Louis, MO, USA).
24

 Particles were characterized by high resolution 

transmission electron microscopy (HRTEM) and Raman spectroscopy. For HRTEM, 

nanoparticles were dispersed in water and ethanol (1:1 solution) by sonication. Dispersion was 

followed by ultracentrifugation and the supernatant was drop cast on a lacey carbon grid (300 

mesh size, copper support, Ted Pella, Redding, CA, USA). HRTEM imaging was performed 

using a JOEL 2100F high-resolution analytical transmission electron microscope (Peabody, MA, 

USA) with an accelerating voltage of 200 kV at the Center for Functional Nanomaterials, 

Brookhaven National Laboratory, New York. Raman spectra were recorded on a silicon substrate 

(Type P: (Boron), Orientation <100>, Ted Pella) between 50–3750 cm−1
 using WITec alpha300R 

Micro-Imaging Raman Spectrometer (Ulm, DE) equipped with a 532 nm Nd-YAG excitation 

laser at room temperature. 

 

Scaffold Synthesis 

PLGA (50:50 polylactic:glycolic acid; Polysciences, Warrington, PA, USA) was 

dissolved in chloroform (Sigma-Aldrich). To achieve loading of 0.2 wt% GONPs or MSNPs, 

particles were dispersed in the polymer solution by heating to 60 °C for one hour followed by 

sonication for 30 minutes. PLGA with no added particles was used as control. 90% porous 

scaffolds were prepared by adding polymer/nanoparticle solution to NaCl porogen (size range: 
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200–500 μm) at a ratio leading to desired porosity in the final scaffolds and mixed thoroughly to 

create a paste. Scaffold porosity was calculated using the following equation:
25

  

𝜀 (%) =
𝑉𝑁𝑎𝐶𝑙

𝑉𝑁𝑎𝐶𝑙 + 𝑉𝑁𝐶
 

 

Where ε is the apparent porosity of the scaffold, VNaCl is the volume of NaCl porogen, 

and VNC is the volume of the nanocomposite. Volumes were calculated based on the theoretical 

density of NaCl = 2.16 g/cm
3
 and PLGA nanocomposites = 1.34 g/cm

3
. 

The composite-porogen paste was pressed into cylindrical Teflon molds with diameter of 

4 mm and depth of 4 mm and left for 48 hours to evaporate off residual chloroform. Once dry, 

samples were pressed out of the molds and the porogen was removed through submersion in 

agitated deionized water for 3 days followed by vacuum drying. Prior to implantation, all 

scaffolds were be submerged in 70% ethanol for 30 minutes and exposed to UV light for another 

30 minutes. For BMP-2 scaffolds, immediately before implantation, 20 PLGA scaffolds were 

saturated with a solution containing 30 µg/ml BMP-2 (Novoprotein, Summit, NJ, USA). 

 

Animals 

All animal procedures were approved by Stony Brook University’s Institutional Animal 

Care and Use Committee (IACUC). 100 Male Wistar rats (12 weeks old, weight = 350-400 g, 

Charles River, Wilmington, MA, USA) were used to investigate nanoparticle reinforced scaffold 

hard and soft tissue biocompatibility. Throughout the study, all rats were allowed to roam freely 

and were provided with standard chow diet and water ad libitum. All rats were kept on a 12 hour 

light / dark cycle, where the lights were turned on during the day and off at night. When time 

points were reached, the animals were euthanized using carbon dioxide inhalation. 
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Implantations 

For hard tissue biocompatibility the animals were divided into 5 groups and two time 

points; 2 and 6 weeks (10 rats per group), found in Table 1. For soft tissue biocompatibility, 60 

of the 100 animals also had scaffolds implanted under the skin. Table 1 lists group and number 

of animals per group for the hard and soft tissue biocompatibility studies. Animals were 

anesthetized for surgery with Isoflurane (1-2.5%, IsoThesia, Henry Shein, Melville, NY, USA) 

in O2 by inhalation. After the surgery, animals were administered analgesics to reduce pain 

(Buprenorphine 0.015mg/ml, dose 0.01 mg/kg). 

 

Hard Tissue Implantation 

  Non-critical sized monocortical plug defects were created unilaterally at the anteromedial 

surface of the tibia. An incision was made in the skin exposing the proximal tibia, the location of 

the hole was marked on the bone based on the distance from the joint. The hole (4 mm in 

diameter and depth) was made using a hand drill with a trephine burr and the scaffold was 

pressed into the hole. Finally, the surrounding area was washed with saline and the muscle and 

skin layers were sutured back into place.  

 

Table 4.1. Groups for soft and hard tissue analysis. 

Groups 

Animals per group 

Hard Tissue  

Animals per group 

Soft Tissue 

2 Weeks 6 Weeks 2 Weeks 6 Weeks 

Empty defect 10 10    

PLGA scaffold with BMP-2 10 10    

PLGA scaffold 10 10  10 10 

PLGA scaffold reinforced with GONP 10 10  10 10 

PLGA scaffold reinforced with MSNP 10 10  10 10 
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Soft Tissue Implantation and Blood Collection 

Control and nanocomposite scaffolds were implanted within subcutaneous pockets in the 

dorsum of the rats. The dorsum of the rat was shaved, washed and disinfected with povidone-

iodine. Two longitudinal incisions of 1 cm were made through the full thickness of the skin, one 

on each side of the spinal column. The subcutaneous pockets were created laterally to the 

incision by blunt dissection and the scaffolds were placed in the pockets. Once implanted, the 

area was irrigated with saline and the skin was sutured. 

In addition to scaffold implantation, levels of proinflammatory cytokine TNF-α in animal 

plasma were determined using an enzyme-linked immunoassay (ELISA) kit from R&D Systems 

(Minneapolis, USA). Prior to surgery and at the 2 week end point, 1 ml of blood was collected 

from the rats through an intravenous catheter that was inserted into the tail vein. Blood was 

centrafuged at 1000 rpm for 20 minutes and stored at -80 °C until analysis. 

 

Microcomputed Tomography (Micro-CT) Evaluation  

At the end of each time point, the animals were euthanized by 100% CO2 inhalation. 

Bones with defects were collected and fixed in 10% formalin for 24 hours, then washed with 

PBS and stored in 70% ethanol until analysis. Bone volume fraction (BV/TV) and bone density 

were obtained with a micro-CT system (μCT-40, Scanco, PA, USA). The boundary of the drilled 

hole was contoured as region of interest for 150 slices of each scaffold. The CT system was 

operated at a voltage of 55 kVp, current of 145 A, giving a resolution of 20 µm
3
. Evaluations 

were done using the Scanco evaluation software with a threshold of 220, Gaussian noise filter of 

1.2, and support of 2.  
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Histological Analysis 

After Micro-CT, five samples from each group were decalcified and embedded in 

paraffin. The tissues were cross-sectioned at 5 µm thickness in the longitudinal parallel direction. 

Mineralized bone matrix and osteoid were evaluated by Masson’s trichrome staining. 

Histological analysis was used as a second method to quantitatively measure bone ingrowth at 2 

and 6 weeks and multinucleated giant cell response at 2 weeks. Using Osteomeasure software 

(OsteoMetrics, GA, USA), bone ingrowth was calculated by selecting the area of the scaffold as 

the region of interest (ROI) and outlining bone growth within the ROI as the bone ingrowth area 

(BIA) in a histological section of each sample. Using these values, percentage bone ingrowth 

area was calculated: (BIA/ROI x 100%). For further quantification of foreign body response, 

multinucleated giant cells were counted within four regions selected in the defect area.   

 

Histological Scoring Analysis 

Analysis of the hard tissue response was graded using an adapted scale found in Table 

4.2.
13,26

 After the animals were euthanized at 2 and 6 weeks, scaffolds and surrounding skin were 

collected for histological analysis. Samples were immediately placed in 10% formalin for 24 

hours followed by PBS rinse and kept in 70% ethanol until histological processing. Three 

samples from each group were embedded in paraffin and sectioned at a thickness of 5 μm. 

Staining of the sections was completed using hematoxylin and eosin (H & E) and alizarin red S. 

H & E stained sections were used for histological grading of capsule thickness and interstitium 

tissue quality. Analyses of tissue architecture were completed though a previously used scoring 

system which can be found in Tables 4.3 and 4.4.
13,26

 Capsule thickness was analyzed by 

measuring the distance from the scaffold surface to the adjacent muscle tissue in four locations 
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around the scaffold. Alizarin red S stained sections were used to determine if ectopic bone 

formation had occurred within the tissue. 

 

Table 4.2. Histological grading scale for hard tissue response. 

Description Score 

Tissue in pores is mostly bone 5 

Tissue is mostly bone with some fibrous tissue and/or a few inflammatory response 

elements 
4 

Tissue in pores consists of some bone with fibrous tissue and/or a few inflammatory 

response elements 
3 

Tissue in pores is mostly fibrous tissue (with or without bone) and young fibroblasts 

invading the space with giant cells present 
2 

Tissue in pores consists mostly of inflammatory cells and connective tissue 

components in between (with or without bone) OR the majority of the pores are empty 

or filled with fluid 

1 

Tissue in pores is dense and exclusively of inflammatory type (no bone present) 0 

 

Table 4.3. Capsule thickness score. 

Description Score 

1–4 cell layers 4 

5–9 cell layers 3 

10–30 cell layers 2 

> 30 cell layers 1 

Not applicable 0 

 

Table 4.4. Histological grading scale for capsule interstitium quality. 

Description Score 

Tissue in interstitium is fibrous, mature, not dense, resembling connective or fat tissue in 

the non-injured regions 
4 

Tissue in interstitium shows blood vessels and young fibroblasts invading the spaces, 

few giant cells may be present 
3 

Tissue in interstitium show giant cells and other inflammatory cells in abundance but 

connective tissue components in between 
2 

Tissue in interstitium is dense and exclusively of inflammatory type 1 

Implant cannot be evaluated because of problems that may not only be related to the 

materials to be tested 
0 
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Statistics  

MicroCT and histological analysis graphs are presented as average ± standard deviation. 

These data were analyzed for significance by analysis of variance (ANOVA) with Tukey post 

hoc. For ordinal histological scoring data, nonparametric Kruskal-Wallace test with Dunn’s post 

hoc were used to determine significant differences. Differences with p < 0.05 were considered 

significant.  
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Results 

 

Nanoparticle Characterization 

Representative HRTEM images of GONPs and MSNPs can be found in Figure 4.1 A and 

B. GONPs, in Figure 4.1 A, are observed to be flat disk-like sheets of with diameters of 100-200 

nm. Figure 4.1 B shows MSNPs with similar characteristics to GONPs with a disk-shape and 

diameters in the range of 40-90 nm. Raman spectra of the two nanoparticles can be found in 

Figure 4.1 C. Peaks for GONP (Figure 4.1 C [i]) were observed at 1352 cm
-1

 and 1602 cm
-1

. 

Peaks for MSNPs, found in Figure 4.1 C [ii], were observed at 370 cm
-1

, 398 cm
-1

 and 476 cm
-1

. 

 

 

Figure 4.1. 

Representative 

HRTEM images 

of (A) GONPs 

and (B) MSNPs. 

(C) Raman 

spectra of 

GONPs (i) and 

MSNPS (ii). 
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General Health of Experimental Animals 

All 100 animals recovered without issue after the surgical procedures and remained in 

good health for the remainder of the study. No signs of wound complications or abnormal 

behavior were observed in any of the animals. Additionally, proinflammatory cytokine TNF-α 

plasma levels were below the detection threshold (5 pg/ml) of the ELISA assay for blood 

collected at baseline as well as 2 weeks after surgery (data not shown). 

 

Micro-CT Evaluation  

Figure 4.2 shows the results of micro-CT analysis at 2 and 6 weeks. Representative three-

dimensional reconstructions, shown in Figure 4.2 a-j, qualitatively show a smaller defect in the 

empty defect group at 2 weeks (Figure 4.2 a-e) compared the groups that received scaffolds and 

similar healing across all groups by 6 weeks (Figure 4.2 f-j). Evaluations of the microCT data, 

found in Figure 4.2 A-D, show that after two weeks (Figure 4.2 A), animals with PLGA 

scaffolds showed significantly less healing (~35%) than those animals with empty defects. 

Animals implanted with BMP-2, GONP, or MSNP scaffolds showed similar healing to the 

empty defect group. After 6 weeks, Figure 4.2 B, significant healing had occurred in all groups 

with no significant differences in bone volume fraction. No significant differences in bone 

density were observed after 2 weeks (Figure 4.2 C), however after 6 weeks, microCT revealed 

that bone in the empty defect was significantly denser compared to all groups that received 

scaffolds (Figure 4.2 D). 
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Figure 4.2. MicroCT results. Representative three-dimensional reconstructions of 

monocortical defects 2 weeks (a-e) or 6 weeks (f-j) after surgery, treated with: (a, f) empty 

defect, (b, g) PLGA, (c, h) BMP-2, (d, i) GONP, or (e, j) MSNP. Scale bars are 1 mm. 

Quantitative microCT evaluations for bone volume fraction (BV/TV) 2 weeks (A) or 6 weeks 

(B) after surgery. Measurement of bone density within the defect site 2 weeks (C) or 6 weeks 

(D) after surgery. Data is presented as mean +/- standard deviation (n=10). Statistical 

significance was determined by ANOVA with Tukey post hoc and p<0.05 considered 

significant. 
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Histological Analysis 

Figure 4.3 shows percent bone ingrowth for empty defects and defects filled with control 

and experimental scaffolds as quantified by histological analysis after 2 (Figure 4.3 A) or 6 

weeks (Figure 4.3 B). No significant differences were found between the groups at either time 

point however the trend observed corroborates the microCT data.  

 

Figure 4.3. 

Histological 

results of percent 

bone ingrowth 

after (A) 2 weeks 

or (B) 6 weeks. 

Data is presented 

as mean +/- 

standard 

deviation (n=5). 

Statistical 

significance was 

determined by 

ANOVA with 

Tukey post hoc 

and p<0.05 

considered 

significant. 
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Figure 4.4 shows the results for number of multinucleated giant cells in 2 week hard 

tissue samples. The empty defect group was not included as multinucleated giant cells are 

associated with a foreign body response and therefore few of these cells were observed within 

the defects that did not receive scaffolds. No significant differences were observed though the 

GONP reinforced group had slightly more cells compared to the other groups. Counting was not 

completed on the 6 week samples due to the extensive healing that had occurred. 

 

Descriptive Light Microscopic Evaluation 

Hard tissue implants at 2 and 6 weeks are shown in Figure 4.5 A-J. Empty defects 

showed new bone formation with primarily fibrous tissue, some new bone marrow and blood 

vessels in the surrounding area. Empty defect groups were observed to have formed a 

cartilaginous layer over the defect that was not observed in the implant groups (Figure 4.5 A). 

For implant receiving groups, polymer degradation was complete for nearly every sample and 

few nanoparticles were observed in the GONP or MSNP sections. Areas of bone ingrowth were 

highest and most mature closer to the endosteum and decreased in maturity moving toward the 

Figure 4.4. Number of 

multinucleated giant 

cells counted in hard 

tissue sections 2 weeks 

after scaffold 

implantation. Data are 

presented as mean +/- 

standard deviation 

(n=5). Statistical 

significance was 

determined by 

ANOVA with Tukey 

post hoc and p<0.05 

considered significant. 
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periosteum. Between areas of bone was mostly granulation tissue with multinucleated giant cells 

(Figure 4.5 G and I). Areas of granulation tissue and giant cells appeared darker purple color in 

the GONP and MSNP sections compared to the control groups. New blood vessels and bone 

marrow were both observed in the defect areas. At 6 weeks, healing of the bone was nearly 

complete and it was difficult to determine where the defect was made for some samples. The 

new cortical shell was thicker and less organized compared to the healthy surrounding cortical 

bone indicating that remodeling had not yet completed.  
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Figure 4.5. 
Representative 

hard tissue 

histological 

sections of defect 

areas (A-I) 2 

weeks or (B-J) 6 

weeks. (A,B) 

Empty defect, (C, 

D) PLGA, (E, F) 

BMP-2, (G,H) 

GONP, and (I, J) 

MSNP. The images 

are presented at 

20x magnification. 

Scale bars are 100 

µm. The scaffold 

material (solid 

black arrows) 

appears orange 

fragments in 

images. Bone 

tissue (B) appears 

blue while 

immature bone 

(IB) appears light 

blue. Granulation 

tissue (G) appears 

between bone 

areas. Cartilage 

(C) was observed 

over the empty 

defect. 

Multinucleated 

giant cells (black 

outlined arrows), 

bone marrow 

(BM), and blood 

vessels (BV) are 

also seen in the 

images. 
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Figure 4.6 A-F shows soft tissue histology of PLGA and experimental group scaffolds 

implanted for 2 or 6 weeks. Near complete scaffold degradation was observed with only small 

fragments of polymer observed, although some polymer may have been lost during histological 

processing. Additionally, few nanoparticles were observed in the sections. At 2 weeks, lesions 

consisted mainly of fibrous tissue and varying amounts of foreign body response with 

multinucleated giant cells surrounding scaffold fragments and some leukocyte invasion. Some 

nuclear fragmentation of multinucleated giant cells was observed, indicating cell apoptosis. 

Small blood vessels were also observed within the interstitium. At 6 weeks, response was 

generally similar but with greater fibrosis and widening spaces and fewer multinucleated giant 

cells. Fibrous capsule formation was minimal at both time points but was not easily discerned 

from native fibrous tissue in some samples. No ectopic bone formation was observed by alizarin 

red S staining in the PLGA or two experimental groups. 
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Figure 4.6. Representative histological sections of soft tissue implant areas (A-E) 2 weeks or 

(B-F) 6 weeks after implantation, treated with (A, B) PLGA, (C, D) GONP, (E, J) MSNP. The 

images are presented at 20x magnification. Scale bars are 100 µm. The scaffold material 

appears white or light pink (solid black arrows) in the images. Fibrous tissue (F) appears pink 

within the cellular interstitium. Multinucleated giant cells (black outlined arrows) and blood 

vessels (white arrowheads) also appear in the images.  Fibrous capsule (FC) is visible in some 

images and appears as pink fibrous connective tissue.  
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Histological Scoring 

Figure 4.7 shows the results of scoring hard and soft histological sections in 2 and 6 week 

samples. The bone sections were scored for tissue response, while soft tissue sections were 

scored for capsule thickness and interstitium tissue quality. For bone sections (Figure 4.7 A-B), 

no significant differences in hard tissue response were observed at either time point. An overall 

increase in hard tissue response was observed for all groups between 2 weeks and 6 weeks. For 

soft tissue response, MSNP reinforced scaffolds were found to induce significantly thinner 

capsule compared to PLGA at 2 weeks (Figure 4.7 C). No significant differences were observed 

for capsule thickness at 6 weeks (Figure 4.7 D) or capsule interstitium quality (Figure 4.7 E-F) at 

either time point. 
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Figure 4.7. Results of histological scoring of (A, B) hard tissue response, (C, D) soft tissue 

capsule thickness, and (E, F) soft tissue capsule interstitium quality after 2 or 6 weeks 

implantation. Scoring data are presented as median for n=5. Statistical significance was 

determined by Kruskal-Wallace test with Dunn’s post hoc and p<0.05 considered significant. 



 

115 
 

Discussion 

 

The objective of this study was to investigate the biocompatibility of two-dimensional 

nanoparticle reinforced scaffolds after implantation in hard or soft tissue for 2 or 6 weeks. The 

composition and dimension of nanoparticle will affect scaffold properties and may influence the 

interaction between the surrounding tissue and the construct. Therefore, we selected two-

dimensional nanoparticles with organic (GONP) and inorganic (MSNP) composition that have 

previously shown good reinforcement of nanocomposites
17

 and cytocompatibility
24,27

 for 

incorporation into PLGA scaffolds at a concentration of 0.2 wt% and to be implanted into a 4 x 4 

mm
3
 defect in a rat tibia or subcutaneously on the rat dorsum. 0.2 wt% nanoparticle loading was 

selected as this has been shown to be the maximum concentration possible without significant 

nanoparticle aggregation, causing the material to behave like a viscoelastic solid.
28

 In order to 

make comparisons of bone ingrowth, PLGA scaffolds soaked with BMP-2 were used as positive 

control due to BMP-2’s proven promotion of bone formation and current clinical use.
29,30

 The 

concentration of 30 µg/ml was used as this concentration has been shown to fuse a segmental 

defect in rats without causing adverse effects observed at higher doses.
31

  

Characterization of GONPs and MSNPs by Raman spectroscopy is shown in Figure 4.1 

C. The two bands observed at 1354 cm
-1

 and 1604 cm
-1

 in the GONP spectra signify the D- and 

G- bands, respectively. Both bands are first order with the G-band indicating the stretching of 

carbon-carbon bonds and the D-band representing structural defects in the graphene sheet.
32

 The 

ratio of the intensity of D- to G-bands is used to represent the amount of defects in the 

structure.
33

 The ID/IG for GONP was 1.03, much higher compared to pristine carbon structures
23

 

which indicates disruption of sp
2 

domains during the synthesis process. The bands observed in 
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the MSNP Raman spectra are the two central bands for dichalcogenide materials. The band 

observed at 370 cm
-1

 represents the E2g
1
 Raman active mode indicating in-plane vibration. The 

second band at 398 cm
-1 

represents the A1g Raman active mode for the out-of-plane vibrations 

between the molybdenum and sulfur atoms.
34,35

 The small peak at 476 cm
-1

 represents small 

amounts of unreacted MoO3.   

A porosity of 90% with porogen in the range of 200-500 µm was employed as previous 

work has shown that a minimum pore size of 100 μm is necessary for cellular infiltration and 

transport of nutrients and waste however scaffolds with pores of 300 μm show greater 

vascularization and osteogenesis.
36

 Though porosity is critical for proper cellular infiltration and 

bone ingrowth, this addition will decrease the mechanical properties of the construct; 

necessitating a compromise between these properties.
37

 In this study, the use of a noncritical-

sized monocortical plug defect allowed us to employ 90% porous scaffolds for easier study of 

biocompatibility without compromising the stability of the animal. Moreover, this defect 

minimizes variation between animals as compared to segmental defect which requires a more 

invasive surgery.
38

  

Hard tissue response, found in Figure 4.7 A and B, found no significant differences in 

tissue response across the groups at either time point. Empty defect groups appeared healthy and 

many animals formed a cartilaginous layer over the defect that was not observed in the scaffold 

groups. This is most likely a result of the natural bone healing process in which the body creates 

a fibrocartilaginous callus around a defect or fracture to protect and stabilize the area.
39

 This 

observation may indicate that the use of a scaffold in this non-critical defect assumes some of 

that role, leading to less callous outside the defect. Tissue sections for GONP and MSNP groups 

did appear darker purple in color within the granulation tissue compared to control groups, 
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associated with foreign body response by multinucleated giant cells; however the count of giant 

cells (Figure 4.4) was similar among all the groups, indicating that the dark color may be due to 

nanoparticles within the granulation tissue. Polymer degradation was nearly complete for all 

groups after 2 weeks of implantation and no polymer could be observed in any of the 6 week 

implants. PLGA 50:50 was selected for this study due to reported short degradation time to 

match the fast healing time of rats. For future long-term studies in larger animals, a PLGA with 

higher molar ratio of polylactic to glycolic acid should be used to slow degradation time.
40

     

Results for soft tissue response to subcutaneously implanted PLGA control or 

experimental scaffolds for 2 or 6 weeks are found in Figure 4.7 C-F. While little fibrous capsule 

formation and minimal inflammatory response was observed across the groups, the capsule 

thickness for MSNP treated groups was found to be significantly thinner compared to PLGA at 2 

weeks. It is of note, that although not always statistically significant, the results for 2 week hard 

and soft tissue response for MSNPs did appear superior to that of plain PLGA or GONPs for all 

histological scoring criteria and multinucleated giant cell count. Previous studies of these 

nanoparticles interactions with MSCs found that both GONPs and MSNPs were internalized by 

cells but that only GONPs entered the nucleus. While both of these particles were found to be 

potentially safe for MSCs at similar concentrations to that within the scaffolds of this study, it 

may be that MSNPs are particularly suited for interactions with cells.
24,27

  

Bone growth into the pores of the scaffolds in all groups was observed after 2 weeks of 

implantation as shown by microCT (Figure 4.2 A) and histological analysis (Figure 4.3 A). The 

quantity of bone measured by microCT however, was significantly decreased in the PLGA group 

compared to that of the empty defect group. Although not significant, this trend was corroborated 

by histological analysis. As this was not a critical-sized defect, the empty defect healed and may 
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therefore be considered a positive control with expected results similar to the BMP-2 group. 

Comparatively, GONP and MSNP groups showed 80% and 73% of the empty defect levels and 

20% and 15% greater bone volume fraction compared to the PLGA group, respectively. In order 

to best mimic bone morphology and function, and to integrate with the surrounding tissue, a 

bone tissue engineering scaffold would be osteoconductive, bioactive and osteoinductive. Porous 

biodegradable polymer scaffolds are inherently osteoconductive but not bioactive or 

osteoinductive. Besides strategies utilizing peptides
41

 or other bioactive supplements,
42,43

 the 

addition of nanoparticles may help to impart these properties through increasing scaffold surface 

area and topography, and negatively charged functional groups.
44

 In a study of bioactivity, 

PLGA scaffolds reinforced with GONP and MSNP have induced spontaneous generation of an 

apatite layer on the surface with up to 47% greater phosphate accumulation compared to PLGA 

alone when soaked in simulated body fluid for up to 14 days.
45

 In this study, our subcutaneous 

histological sections stained with alizarin red S showed no ectopic bone formation associated 

with osteoinductivity however this was not surprising as ectopic bone formation by agents other 

than decalicified bone matrix, BMPs, and MSCs has not been observed in small animals.
46

 

Therefore, although we cannot comment about the bioactivity of these scaffolds as we did not 

have a critical sized defect to ensure that healing was due to the nanocomposite and not natural 

processes, the significant decrease in healing observed in the PLGA scaffold group compared to 

the empty defect group that was not observed in the experimental groups may indicate that these 

nanoparticles do play a role in assisting bone augmentation.  

Density measurements by microCT (Figure 4.3 C and D) show no significant differences 

after 2 weeks implanted but significantly higher density in the empty defect group compared to 

all groups that received scaffolds after 6 weeks. The addition of a scaffold, while meant to assist 
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in bone formation across a defect, will slow this process as oxygen, nutrients, and cells must 

travel through the pores of a scaffold as well as degrade the polymer.
47

 Since the defect used in 

this study was noncritical-sized, it follows that bone healing continued normally without the 

hindrance of a degrading scaffold, creating more naturally dense bone. 

The good in vivo biocompatibility results reported here are in agreement with previous 

studies of graphene containing scaffolds. Kanayama et al. found significantly increased soft 

tissue ingrowth rates in rats that received collagen implants containing graphene oxide (~50% 

higher) or reduced graphene oxide (~60% higher) compared to collagen alone.
20

 Zhou et al. 

reported suppressed inflammatory microglia an astrocyte activation after implanting electrospun 

poly(ε-caprolactone)  microfiber scaffolds coated with colloidal graphene into the striatum or 

into the subventricular zone of adult rats for 7 weeks compared to electrospun scaffolds without 

graphene.
22

 Wang et al. found that addition of graphene to polyethylene-terephthalate resulted in 

significantly improved mineral apposition rate and biomechanical properties (each >25%) when 

used in an extra-articular graft-to-bone healing procedure in New Zealand rabbits for 4, 8, and 12 

weeks.
21

 Finally, Duan et al. observed similar biocompatibility of mesenchymal stem cell (MSC) 

seeded graphene reinforced poly(L-lactic acid) scaffolds implanted intramuscularly in nude mice 

for 2, 4, and 8 weeks to pure poly(L-lactic acid) scaffolds.
19

 

The nanoparticle reinforced scaffolds examined in this study show much promise for 

bone tissue engineering applications. In addition to mechanical strength and potential bioactivity 

elicited by the nanoparticles alone, incorporation of other bioactive or osteoinductive factors 

such as BMPs, platelet rich plasma, or MSCs would only further improve the integration of these 

scaffolds. Future studies should also take advantage of the interesting physicochemical properties 
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of these nanoparticles to create scaffolds that that can release drugs, be imaged to observe 

healing longitudinally, or stimulated to enhance bone growth.   
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Conclusions 

 

PLGA scaffolds reinforced with 0.2 wt% GONPs or MSNPs showed comparable in vivo 

biocompatibility to PLGA alone. For scaffolds reinforced with both nanoparticles, soft tissue 

response showed minimal fibrous capsule formation and similar capsule interstitium quality to 

PLGA. Hard tissue response was similar among all groups. A significant decrease in the quantity 

of bone ingrowth was observed for the PLGA group after 2 weeks compared to the empty defect 

group that was not observed in the experimental groups. This may indicate that the addition of 

nanoparticles to the PLGA induces bioactivity of the scaffolds. 
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Chapter 5  

 

 

Conclusions and Future Work 
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Conclusions and Discussion 

 

The large number of bone defects and consequential bone graft procedures in the US, as 

well as the limitations of current autografting and allografting techniques, has created a need for 

a synthetic bone graft that can fulfill the complex requirements of bone repair. In Chapter 1, we 

have reviewed the advantages and limitations of current natural and synthetic bone grafts and the 

promise of using nanocomposite solutions toward finding the ideal scaffold. Of these 

nanocomposites, those reinforced with two-dimensional organic and one- or two-dimensional 

inorganic dichalcogenide nanoparticles have unique physicochemical properties which make 

them promising as reinforcing agents for bone tissue engineering scaffolds. However, to utilize 

these materials in bone tissue engineering applications, investigation of these nanoparticles and 

nanocomposites to fulfill the requirements of the ideal synthetic bone graft is required. 

Specifically, the implants should have sufficient porosity to allow for the flow of nutrients and 

waste, mechanical properties similar to that of the surrounding native tissue, surface properties 

that are conducive to cellular attachment and proliferation, and biocompatibility and 

biodegradability to allow for regeneration of healthy native tissue. These nanoparticles have been 

shown to provide some of these advantages for bone tissue engineering applications as scaffolds 

reinforced with 0.2 wt% of these nanomaterials have shown significant enhancement of 

compressive and flexural moduli compared to non-reinforced polymer and can also support cell 

growth with little cytotoxicity. However, the effect that these nanoparticles and nanocomposites 

have on cells and tissues is known to be dependent on nanoparticle composition, morphology, 

and synthesis method and therefore it is necessary to investigate the cytocompatibility and 

biocompatibility of all nanoparticles and their nanocomposites. It is the goal of this work to 
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determine what nanoparticle chemistry and dimensionality show the most promise as a 

reinforcing agent. 

 In Chapter 2, we reported the cytocompatibility of molybdenum disulfide nanoplatelets 

(MSNPs) and tungsten disulfide nanoplatelets (WSNTs) to fibroblasts and mesenchymal stem 

cells (MSCs). We selected these cell types as both are important in bone repair processes and are 

likely to be exposed to nanoparticles upon degradation of the construct. Additionally, MSCs are 

commonly used in tissue engineering applications as deliverable agents to augment healing. We 

first performed a cytotoxicity screening over a broad range of concentrations (0-300 µg/ml) after 

6, 12, and 24 hours of treatment. We then examined the effect of potentially safe low (10 µg/ml) 

and high (50 ug/ml) doses of nanoparticles on the differentiation capabilities of MSCs. 

Moreover, these doses straddle the ~20 µg of particles per cm
3
 used to reinforce the PLGA 

scaffolds in the future studies. We found that only NIH-3T3 cells treated with MSNPs showed 

dose or time dependent increase in cytotoxicity. Differentiation markers of MSCs in treated 

groups were unaffected compared with untreated controls. We concluded that MSNPs and 

WSNTs at concentrations less than 50 μg/ml are potentially safe for treatment of fibroblasts or 

MSCs for up to 24 h. 

 In Chapter 3, we describe investigation of the in vitro bioactivity of nanocomposites 

soaked in simulated body fluid (SBF) for up to 14 days. We performed evaluation of apatite 

collection on 90% porous PLGA nanocomposite scaffolds reinforced with 0.2 wt% of the two-

dimensional organic (multiwalled graphene nanoribbons (MWGONR) and GONP) and inorganic 

(MSNP) nanoparticles that led to the greatest enhancement of mechanical properties 

(compressive and flexural modulus) when incorporated into non-porous poly(propylene 

fumarate) (PPF). Additionally, to investigate the effect of nanoparticle dimensionality, we 



 

131 
 

included the one-dimensional organic (multiwalled carbon nanotubes (MWCNT)) and inorganic 

(WSNT) nanoparticles that showed the highest mechanical properties. We found that apatite 

nodules formed on the surface of control and all nanoparticle reinforced scaffolds after 14 days 

incubation in SBF. GONP, MSNP, and WSNT reinforced scaffolds showed significantly greater 

phosphate accumulation compared to PLGA, MWCNT, or MWGONR groups. We concluded 

that the addition of 0.2 wt% of GONPs, MSNPs, or WSNTs to PLGA scaffolds may elicit a 

bioactive response when implanted in vivo. 

 In Chapter 4, we present the in vivo biocompatibility of 90% porous nanocomposite 

scaffolds reinforced with 0.2 wt% GONPs or MSNPs. These two nanoparticles were selected 

based the results of the previous chapters as well as earlier studies. Earlier studies reported that 

reinforcement with two-dimensional nanoparticles GONPs and MSNPs led to the greatest 

enhancement of compressive and flexural properties of the non-porous nanocomposites. GONRs 

and GONPs, MSNPs, and WSNTs showed similar cytocompatibility when exposed to cells 

directly and when incorporated into nanocomposites. Finally, GONP, MSNP, and WSNT 

reinforced scaffolds were found to prompt the greatest apatite collection when soaked in SBF. 

From these results we selected GONPs and MSNPs to implant in a non-critical sized 

monocortical defect in the tibia or subcutaneously on the dorsum of a rat. Comparable in vivo 

biocompatibility was observed between the nanoparticle reinforced scaffolds and PLGA alone. 

In addition, 2 weeks after implantation, significantly less bone growth was observed for the 

PLGA group compared to the empty defect group that was not observed for the experimental 

groups. This result may indicate that the addition of the nanoparticles induces bioactivity of the 

scaffolds. We conclude that scaffolds reinforced with GONPs or MSNPs show promise for bone 

tissue engineering applications.  
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We set out in this work with the objective of finding the most promising nanoparticle 

composition and dimensionality in order to improve upon current bone tissue engineering 

scaffolds. More specifically, we wanted to answer three questions: 1) Are these nanoparticles 

safe for exposure to cells? 2) Does the addition of these nanoparticles change the bioactivity of 

the constructs? 3) Does the addition of these nanoparticles change the biocompatibility of the 

constructs? Looking at the first of these questions, we found that the inorganic nanoparticles 

investigated were indeed safe for exposure to cells at the concentration required for mechanical 

reinforcement. However, the results indicate that these particles are safe for cells at higher 

concentrations, leading to increasing possibilities beyond scaffold reinforcement, including drug 

delivery and bioimaging where higher concentrations of nanoparticles might be needed. 

Examining the second question, we found that there was indeed an effect of nanoparticle 

incorporation on the bioactivity of the constructs and that inorganic nanoparticles led to greater 

bioactivity than organic nanoparticles regardless of dimensionality. This is valuable as it 

indicates better integration of these scaffolds with the surrounding environment and faster bone 

growth. Finally, looking at the third question, we found that incorporation of two-dimensional 

organic and inorganic nanoparticles did not negatively affect the biocompatibility of the 

constructs and also found further evidence of the bioactivity of these nanocomposite scaffolds 

and should be safe to use in vivo. Overall, the use of the two-dimensional organic and one- and 

two-dimensional inorganic nanoparticles investigated here improve upon previously studied 

nanoparticle reinforced scaffolds through decreased cytotoxicity and improved bioactivity. 

The first bone replacement materials had the main objective of being bioinert. Next, 

researchers began to take advantage of the natural bioactivity of some materials in order to create 

better bone bonding and integration of materials. Now, the objective of bone biomaterials is to 
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integrate and allow for regeneration of native tissue. The materials investigated here fall into the 

second two categories and the results observed here are promising for the use of two-dimensional 

GONP and MSNP reinforced scaffolds for bone tissue engineering applications. Based on results 

of previous mechanical testing studies, two-dimensional nanoparticles lead to the enhancement 

of mechanical properties in the range of trabecular bone. The bioactivity study in Chapter 3 

showed that inorganic nanoparticles lead to the greatest bioactivity. Taken together with the 

thinner capsule thickness and fewer multinucleated giant cells observed in the biocompatibility 

study in Chapter 4, we suggest that MSNPs show the most promise for future investigation 

toward clinical use as a scaffold reinforcing agent. 
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Future Work 

 

 This work has opened many avenues for future studies. While in the work in this study, 

we have described nanocomposites that fulfill many of the requirements of the ideal tissue 

engineering scaffold, many improvements could still be made. Moreover, before these scaffolds 

could be used clinically, more studies need to be completed. Below we summarize some of the 

studies that would be necessary as preclinical studies and some which aim to improve scaffold 

interactions with the in vivo environment. 

 

1) While we provide some evidence of the bioactivity of these scaffolds through in vitro 

study with SBF and in vivo study, further study of the bioactivity of these scaffolds is 

required. This would include an in vivo study with a critical-sized defect to act as a 

negative control. In this way, all healing that occurs throughout the study is only due 

to the placement of a scaffold and not natural healing processes. This would allow for 

a better comparison of healing through nanoparticle reinforced scaffolds compared to 

a negative and positive control. In addition, to examine the osteoinductivity of these 

scaffolds, a study should be carried out in which nanocomposite scaffolds are 

implanted subcutaneously or intramuscularly in a large animal. It is known that most 

materials cannot elicit formation of bone subcutaneously in small animals, but can in 

large animal models. Therefore, this would be an indication of the nanoparticles 

osteoinductivity.  

2) We selected the nanoparticles used in these studies based on the results of mechanical 

property studies of non-porous PPF nanocomposites. However, the addition of 
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porosity to a scaffold can lead to extreme loss of mechanical strength. Porous PPF 

based nanocomposites have compressive strength similar to that of porous trabecular 

bone; meaning these materials still cannot be used for load-bearing applications. 0.2 

wt% nanoparticle reinforcement is based on previous work which has shown that this 

is the maximum concentration at which the nanoparticles do not aggregate and the 

nanocomposites do not act as viscoelastic solids. Future work should focus on a 

method to better disperse these particles within the polymer matrix without 

aggregation so that greater loading and thereby greater mechanical reinforcement can 

be achieved. This may be attained through use of high shear mixing, functionalization 

of the nanomaterials, or through acid purification. 

3) While we have shown potential bioactivity of these nanocomposite scaffolds there are 

methods by which osteoinductivity could be increased. As observed in the Chapter 4, 

BMP-2, a member of a natural group of proteins expressed during bone development 

and repair, is a strong osteoinductive factor that has been used to augment the 

osteoinductivity of scaffolds. The addition of BMP-2 to the scaffolds reinforced with 

nanoparticles may show enhanced bone growth compared even to positive control 

scaffolds of PLGA soaked with BMP-2. BMP-2 however, is not the only 

osteoinductive factor that could be included in scaffolds. Other factors that have 

increased bone growth include mesenchymal stem cells, endothelial growth factor, 

fibroblast growth factor, SAOS-2 human osteosarcoma cells, or platelet rich plasma. 

4) Some of the nanoparticles used in this study are known bioimaging agents for 

magnetic resonance, computed tomography, ultrasound, and photoacoustic. The 

incorporation of these nanoparticles into scaffolds could allow for enhanced 
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longitudinal monitoring of the healing within a defect. Additionally, this would allow 

for tracking of the particles as the scaffolds degrade so as to learn more about 

excretion pathways. Besides imaging, some of the above techniques (ultrasound and 

photoacoustic) and some other methods including applied electrical field have been 

used to stimulate bone growth. The addition of these nanoparticles to scaffolds could 

lead to stimulated bone regeneration within the defect. 

 

 


