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Healing critical sized bone defects has been a challenge that led to innovations in tissue 

engineering scaffolds and biomechanical stimulations that enhance tissue regeneration. Carbon 

nanocomposite scaffolds have gained interest due to their enhanced mechanical properties. 

However, these scaffolds are only osteoconductive and not osteoinductive. Stimulating 

regeneration of bone tissue, osteoinductivity, has therefore been a subject of intense research. We 

propose the use of carbon nanoparticle enhanced photoacoustic (PA) stimulation to promote and 

enhance tissue regeneration in bone tissue-engineering scaffolds. In this study we test the 

feasibility of using carbon nanoparticles and PA for in vivo tissue engineering applications. To 

this end, we investigate 1) the effect of carbon nanoparticles, such as graphene oxide 

nanoplatelets (GONP), graphene oxide nano ribbons (GONR) and graphene nano onions (GNO), 

in vitro on mesenchymal stem cells (MSC), which are crucial for bone regeneration; 2) the use of 
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PA imaging to detect and monitor tissue engineering scaffolds in vivo; and 3) we demonstrate 

the potential of carbon nanoparticle enhanced PA stimulation to promote tissue regeneration and 

healing in an in vivo rat fracture model. The results from these studies demonstrate that carbon 

nanoparticles such as GNOP, GONR and GNO do not affect viability or differentiation of MSCs 

and could potentially be used in vivo for tissue engineering applications. Furthermore, PA 

imaging can be used to detect and longitudinally monitor subcutaneously implanted carbon 

nanotubes incorporated polymeric nanocomposites in vivo. Oxygen saturation data from PA 

imaging could also be used as an indicator for tissue regeneration within the scaffolds. Lastly, we 

demonstrate that daily stimulation with carbon nanoparticle enhanced PA increases bone fracture 

healing. Rats stimulated for 10 minutes daily for two weeks showed 3 times higher new cortical 

bone BV/TV and 1.8 times bone mineral density, compared to non-stimulated controls. The 

results taken together indicate that carbon nanoparticle enhanced PA stimulation serves as an 

anabolic stimulus for bone regeneration. The results suggest opportunities towards the 

development of implant device combination therapies for bone loss due to disease or trauma. 

 

  



 

vi 

 

Dedication Page 

 

For my family, teachers and mentors over the years 

  



 

vii 

 

 

Table of Contents 

Table of Contents 

Chapter 1 ............................................................................................................................. 1 

Photoacoustic Stimulation for Bone Tissue Engineering ...............................................................1 

Bone defects and grafts ........................................................................................................................ 2 

Tissue Engineering ................................................................................................................................ 3 

Photoacoustic Effect ............................................................................................................................. 5 

Carbon Nanoparticles ........................................................................................................................... 5 

Preliminary data ...........................................................................................................................7 

In vitro PA stimulation enhances osteodifferentiation of mesenchymal stem cells ............................ 7 

O-SWGNR produce the highest intensity PA signal .............................................................................. 8 

Global Objective ...........................................................................................................................9 

Aim 1: Investigate the effect of graphene nanostructures on stem cells ............................................. 9 

Aim 2: Investigate PA imaging of tissue engineering scaffolds ........................................................... 10 

Aim 3: Investigate the effect of carbon nanoparticle enhanced PA on an in vivo rat fracture model

 ............................................................................................................................................................ 11 

References ................................................................................................................................... 12 

Tables ......................................................................................................................................... 16 

Figures ........................................................................................................................................ 17 

Chapter 2: Investigate the effect of Graphene Nanostructures on Mesenchymal Stem Cells

 ........................................................................................................................................... 21 

Abstract ...................................................................................................................................... 22 

Introduction ................................................................................................................................ 23 

Materials and Methods ............................................................................................................... 25 

1 Nanoparticle Synthesis and Characterization .................................................................................. 25 

2.1.1 Synthesis of nanomaterials ........................................................................................................ 25 

1.2 Raman spectroscopy ..................................................................................................................... 25 

1.3 Transmission electron microscopy ............................................................................................... 25 

1.4 Thermogravimetric analysis .......................................................................................................... 26 

1.5 Zeta potential and hydrodynamic diameter ................................................................................. 26 

2.2 Cell Culture .................................................................................................................................... 26 

2.3 Viability ......................................................................................................................................... 26 

2.4 AlamarBlue .................................................................................................................................... 27 

2.5 Calcein AM .................................................................................................................................... 27 

2.6 Adipogenic differentiation ............................................................................................................ 27 



 

viii 

 

2.7 Oil Red O ....................................................................................................................................... 28 

2.8 Osteogenic differentiation ............................................................................................................ 29 

2.8.1 Alizarin Red S .............................................................................................................................. 29 

2.8.2 Cellularity ................................................................................................................................... 29 

2.8.3 Alkaline Phosphatase activity .................................................................................................... 30 

2.8.4 Calcium Matrix Deposition ......................................................................................................... 30 

2.9 Nanoparticle uptake ..................................................................................................................... 30 

2.9.1 Transmission Electron Microscopy ............................................................................................ 30 

2.9.2 Confocal Raman Microscopy ...................................................................................................... 31 

2.10 Statistics ...................................................................................................................................... 31 

Results ........................................................................................................................................ 32 

3.1 Nanoparticle Characterization ...................................................................................................... 32 

3.1.1 Transmission electron microscopy ............................................................................................ 32 

3.1.2 Raman spectroscopy .................................................................................................................. 32 

3.1.3 Thermogravimetric analysis ....................................................................................................... 32 

3.1.4 Zeta Potential and hydrodynamic diameter .............................................................................. 33 

3.2 Viability ......................................................................................................................................... 33 

3.2.1 AlamarBlue ................................................................................................................................. 33 

3.2.2 Calcein AM ................................................................................................................................. 34 

3.3 Adipogenic differentiation ............................................................................................................ 34 

3.3.1 Oil Red O Staining and Elution ................................................................................................... 34 

3.4 Osteodifferentiation ..................................................................................................................... 35 

3.4.1 Alizarin Red S .............................................................................................................................. 35 

3.4.2 Cellularity ................................................................................................................................... 35 

3.4.3 Alkaline Phosphatase ................................................................................................................. 36 

3.4.4 Calcium Matrix Deposition ......................................................................................................... 36 

3.5 Cell uptake .................................................................................................................................... 36 

3.5.1 Transmission Electron Microscopy ............................................................................................ 36 

3.5.2 Confocal Raman Microscopy ...................................................................................................... 37 

Discussion ................................................................................................................................... 38 

Conclusion .................................................................................................................................. 44 

References:.................................................................................................................................. 45 

Figures ........................................................................................................................................ 53 

Tables ......................................................................................................................................... 64 

Chapter 3: Investigate PA imaging of tissue engineering scaffolds .................................... 68 

Introduction ................................................................................................................................ 71 

Materials and Methods ............................................................................................................... 75 

2. 1 SWCNT synthesis .......................................................................................................................... 75 

2. 2 Scaffold preparation ..................................................................................................................... 75 

2. 3 Atomic force microscopy ............................................................................................................. 76 

2. 4 Scanning Electron Microscopy ..................................................................................................... 76 



 

ix 

 

2. 5 Microcomputed Tomography ...................................................................................................... 76 

2. 6 Animals and subcutaneous scaffold implants .............................................................................. 77 

2. 7 Ultrasound Co-registered Photoacoustic Imaging ....................................................................... 78 

2. 8 Statistics ....................................................................................................................................... 78 

2. 9 Histology....................................................................................................................................... 79 

Results and Discussions ............................................................................................................... 80 

Conclusion .................................................................................................................................. 88 

References ................................................................................................................................... 89 

Figures ........................................................................................................................................ 97 

Chapter 4: Carbon Nanoparticle Enhance Photoacoustic Stimulation to Enhance Bone 

Fracture Healing .............................................................................................................. 102 

Abstract .................................................................................................................................... 103 

Introduction .............................................................................................................................. 104 

Methods .................................................................................................................................... 106 

Synthesis of nanomaterials ............................................................................................................... 106 

Fabrication of O-SWGNR films .......................................................................................................... 106 

Atomic Force Microscopy ................................................................................................................. 106 

Raman Spectroscopy ......................................................................................................................... 107 

Photoacoustic characterization ........................................................................................................ 107 

Animal model .................................................................................................................................... 107 

Photoacoustic stimulation ................................................................................................................ 108 

MicroCT analysis ............................................................................................................................... 108 

Histomorphometric analysis ............................................................................................................. 109 

Statistical Analysis ............................................................................................................................. 109 

Results and Discussion .............................................................................................................. 110 

References ................................................................................................................................. 117 

Figures ...................................................................................................................................... 121 

Chapter 5: Conclusion and Future Direction ................................................................... 125 

References ................................................................................................................................. 131 

 

 

  



 

x 

 

 

List of Figures 

Chapter 1 

Figure 1: Quantitative analysis of calcium matrix deposition of MSCs following 4, 9, 

and 15 days in culture with or without PA stimulation[30]. 

Figure 2: Quantitative analysis of alkaline phosphatase activity (ALP) of MSCs grown 

on glass cover slips (Light), PLGA or PLGA-SWCNT scaffolds following 4, 9, and 15 

days in culture with or without PA stimulation[30]. 

Figure 3: Quantitative analysis of osteopontin in culture media of MSCs grown on glass 

cover slips (Light), PLGA or PLGA-SWCNT scaffolds following 4, 9, and 15 days in 

culture with or without PA stimulation[30]. 

Figure 4: Alizarin red optical images from left to right, PA stimulated PLGA-SWNT 

(PLGA-SWNT), PA stimulated PLGA (PLGA), osteogenic supplemented control (Dex), 

PA stimulated direct light (Light). Circle diameters correspond to 15 mm[30]. 

Figure 5: PA spectra of blood, single-walled carbon nanotubes (SWCNTs), multi-walled 

carbon nanotubes (MWCNTs), oxidized single-walled graphene nanoribbons (O-

SWGNRs), oxidized multi-walled graphene nanoribbons (O-MWGNRs), micro-graphite 

flakes (GMPs), oxidized graphite microparticles (O-GMPs), and exfoliated graphene 

nanoplatelets (O-GNPs). PA signal amplitudes are normalized to that of blood at 

740 nm[31]. 

Chapter 2 



 

xi 

 

Figure 1: Representative HRTEM images of GNOs (A), GONRs (B), and GONPs (C). 

Scale bars: (A) 10 nm, (B) 50 nm, and (C) 10 nm. (D) Representative Raman spectra of 

GNOs (a), GONRs (b), and GONPs (c). (E) TGA profiles of GNOs, GONRs, and 

GONPs.  

Figure 2: AlamarBlue assay results at one and three days after treatment with GNOs (A), 

GONRs (B), and GONPs (C) for adMSCs; after treatment with GNOs (D), GONRs (E), 

and GONPs (F) for bmMSCs. 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, 5 μg/ml 

groups, and 10 μg/ml groups is denoted by (*), (#), and (+) respectively. 

Figure 3: Calcein AM assay results at one and three days after treatment with GNOs (A), 

GONRs (B), and GONPs (C) for adMSCs; after treatment with GNOs (D), GONRs (E), 

and GONPs (F) for bmMSCs. For each nanoparticle, cells were treated with PEG-DSPE, 

at 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, 5 μg/ml 

groups, and 10 μg/ml groups is denoted by (*), (#), and (+) respectively. 

Figure 4: Adipogenesis results. (A) Histological specimens of adMSCs incubated with 

GNOs, GONRs, and GONPs for 24 hours, followed by incubation with adipogenic 

differentiation media for 21 days, stained by Oil Red O. (B) Elution of Oil Red O stain. 

Data are normalized to control values and presented as mean +/- standard deviation 



 

xii 

 

(n=3). Statistical significance (p<0.05) compared to the control was determined by the 

Kruskal-Wallis test with Dunn’s post hoc (*). 

Figure 5: Osteogenesis results. adMSCs after treatment for 24 hours with either 10 or 50 

μg/ml of GNOs, GONRs, or GONPs respectively, followed by 14 days of incubation with 

osteogenic differentiation media stained with Alizarin Red S.  

Figure 6: Osteogenesis results. (A) Cellularity for adMSCs after treatment for 24 hours 

with either 10 or 50 μg/ml of GNOs, GONRs, or GONPs, followed by 14 days of 

incubation with osteogenic differentiation media. (B) ALP activity in adMSCs after 

treatment for 24 hours with either 10 or 50 μg/ml of GNOs, GONRs, or GONPs, 

followed by 14 days of incubation with osteogenic differentiation media. (C) Calcium 

content after treatment for 24 hours with either 10 or 50 μg/ml of GNOs, GONRs, or 

GONPs, followed by 14 days of incubation with osteogenic differentiation media. Data 

are presented as mean +/- standard deviation of mg of calcium per well (n=3). Statistical 

significance (p<0.05) compared to the control was determined by the Kruskal-Wallis test 

with Dunn’s post hoc (*). 

Figure 7: Representative TEM images of adMSCs treated with GNOs (A & B) and 

GONPs (C & D). GNOs aggregates (yellow arrow) are seen in vacuoles (green arrows) in 

the cytoplasm of the cell. GNOs are not seen inside the nucleus (black arrow).  GONPs 

particles (blue arrows) are seen in the cytoplasm enclosed in vacuoles. They can also 

been seen inside the nucleus (red arrows).  

Figure 8: A, D and G show representative brightfield images of adMSCs treated with 

GNOs, GONRs, and GONPs, respectively.  B, E, H show the confocal Raman map of 



 

xiii 

 

selected regions in A, D, and G. Parts C, F and I show characteristic D- and G-band 

spectra of GNOs, GONRs, and GONPs employed to obtain confocal Raman maps of 

these nanoparticles. 

Chapter 3 

Figure 1: (A) Representative AFM image of a SWCNT. Inset is a cross-sectional 

topography plot of this nanotube that shows its diameter to be ~ 1 nm. (B) Optical images 

of PLGA and SWCNT-PLGA (C) SEM images of SWCNT-PLGA scaffold with scale bar 

showing 1 µm. The orange arrows point to SWCNTs and the green arrows point to PLGA 

polymer matrix. (D) MicroCT image of SWCNT-PLGA scaffold with scale bar of 5 µm. 

Figure 2: US-PA images of PLGA (A, B & C) and SWCNT-PLGA (D, E and F) scaffold 

imaged at 680 nm embedded into chicken breast tissue at depths of (A & D) 0.5 mm, (B 

& E) 2 mm and (C & F) 6 mm. (G) 3D US-PA image rendition of SWCNT-PLGA 

scaffold embedded 0.5 mm in chicken breast tissue.  

Figure 3: Representative US-PA images of PLGA (A & B) and SWCNT-PLGA (C & D) 

scaffolds in vivo. The scaffolds were implanted into subcutaneous pockets and imaged on 

day 7 (A &C) and day 14 (B &D) post-surgery. (E) 3D rendering of SWCNT-PLGA 

scaffold under the skin at day 7 imaged at 780 nm. Scale bar represents 2 mm.  

Figure 4: Representative blood oxygen saturation maps of PLGA (A & B) and SWCNT-

PLGA (C & D) scaffolds taken day 7 (A & C) and 14 (B &D) post-surgery. Scale bar 

represents 2 mm.  



 

xiv 

 

Figure 5: Histology of tissue surrounding PLGA (A & B) and SWCNT-PLGA (C & D) 

scaffolds showing tissue regeneration and vascularization. Arrows point to scaffold 

fragments (red arrows), blood vessels (yellow arrows) and SWCNT aggregates (green 

arrows).  

Chapter 4 

Figure 1: Characterization of single walled graphene oxide nanoribbon(SWOGNR) 

films. (A) Representative optical image of GONR films coated on glass cover slips (red 

arrow) covered with water proof polyurethane film (yellow arrow) (B) Line plot of the 

region with the dotted line showing feature sizes observed in the AFM image (inset) with 

black scale bar of 1 micron referring to the x-y scale (C) Raman spectra of graphene 

oxide nanoribbons   

Figure 2: (A) Schematic of photoacoustic stimulation protocol showing SWOGNR film 

placed over fracture site on a rat femur stimulated with a NIR laser diode. (B) Width of 

the input current pulse measured from the electric input for the NIR laser diode used for 

PA stimulation. (C) Ultrasound pulse generated from SWOGNR film upon stimulation 

with a single pulse of NIR light.  

Figure 3: Three dimensional microCT rendition of rat femur fracture sites, two and four 

weeks following surgery, of non-stimulated controls and photoacoustic stimulated (PA) 

groups 

Figure 4: MicroCT analysis of the fracture site of non-stimulated controls and 

photoacoustic stimulated (PA) groups two weeks following surgery. (A) Total volume, 

(B) BV/TV of calcified cartilage and new bone, (C) BV/TV of dense cortical bone and 



 

xv 

 

(D) bone mineral density of whole callus formed at fracture site. Statistical significance, 

denoted by (*), was determined by two-tailed, unpaired student t-test with p<0.05  

Figure 5: MicroCT analysis of the proximal end of the fracture site of non-stimulated 

controls and photoacoustic stimulated (PA) groups two weeks following surgery. (A) 

Total volume, (B) BV/TV of calcified cartilage and new bone, (C) BV/TV of dense 

cortical bone and (D) bone mineral density of callus formed at the proximal end of the 

fracture site. Statistical significance, denoted by (*), was determined by two-tailed, 

unpaired student t-test with p<0.05  

Figure 6: MicroCT analysis of the distal end of the fracture site of non-stimulated 

controls and photoacoustic stimulated (PA) groups two weeks following surgery. (A) 

Total volume, (B) BV/TV of calcified cartilage and new bone, (C) BV/TV of dense 

cortical bone and (D) bone mineral density of callus formed at the distal end of the 

fracture site. Statistical significance, denoted by (*), was determined by two-tailed, 

unpaired student t-test with p<0.05 

Figure 7: Representative histological sections of fracture site from (A) non-stimulated 

controls and (B) photoacoustic stimulated groups two weeks following surgery stained 

with masson’s trichrome. (C) Graph shows cartilage area normalized to callus area of the 

two groups. Statistical significance, denoted by (*), was determined by two-tailed, 

unpaired student t-test with p<0.05  

  



 

xvi 

 

List of Tables 

Chapter 1 

Table 1. Summary of experimental groups showing either the presence or absence of the 

respective components[30] 

Chapter 2 

Table 1: Physicochemical characterization of GNOs, GONRs and GONPs by TEM, 

Raman spectroscopy, TGA and DLS. 

Table 2: Percentage decrease in viability assessed by Alamar Blue assay of adMSCs and 

bmMSCs treated with GNOs, GONRs and GONPs at concentration of 300 µg/ml at day 1 

and 3 compared to control.  

Table 3: Percentage decrease in viability assessed by Calcein AM assay of adMSCs and 

bmMSCs treated with GNOs, GONRs and GONPs at concentration of 300 µg/ml at day 1 

and 3 compared to control.  

Table 4: CD50 values of adMSCs and bmMSCs treated with GNOs, GONRs and GONPs 

evaluated by Alamar Blue and CalceinAM assays. 

 

  



 

xvii 

 

List of Abbreviations  

ALP Alkaline phosphate  

ANSI American National Standards Institute 

BMD Bone mineral density 

bmMSCs Bone derived mesenchymal stem cells 

BV/TV Bone volume to total volume ratio 

CA Cartilage area 

CEPS Carbon nanoparticle enhanced photoacoustic stimulation 

CNT Carbon nanotubes 

CON Control 

CT X-ray computed tomography  

DSPE-PEG 

 

Distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)] 

EM Electromagnetic 

GNR Graphene nanoribbons 

GONP Graphene oxide nanoplatelets  

GONR Graphene oxide nanoribbons 

LIPUS low intensity pulsed ultrasound 

MRI Magnetic resonance imaging  

MSC Mesenchymal stem cells 

MWCNT Multi walled carbon nanotubes 

NIR Near infrared  

O-MWGNR Oxidized multi walled graphene nanoribbons 



 

xviii 

 

O-SWGNR Oxidized single walled graphene nanoribbons 

OCT Optical coherence tomography  

OPN Osteopontin 

PA  Photoacoustic  

PAM Photoacoustic microscopy  

PAS Photoacoustic signals 

PET Positron emission tomography  

PEMF Pulsed Electromagnetic Field 

PLGA Poly(lactic-co-glycolic acid)  

SEM Scanning electron microscopy  

SWCNT Single walled carbon nanotubes 

SWCNT-PLGA SWCNT incorporated PLGA scaffold 

TCA Total callus area 

TEM Transmission electron microscopy  

TGA Thermogravimetric analysis  

TV Total volume 

US Ultrasound 

US-PA Ultrasound coregistered PA image 



 

xix 

 

 



 

 
 

xx 

Publications 

1. Talukdar Y, Avti P, Sun J, Sitharaman B. Multimodal ultrasound-photoacoustic imaging of tissue 

engineering scaffolds and blood oxygen saturation in and around the scaffolds. Tissue 

Engineering Part C: Methods. 2014;20(5):440-9. 

 

2. Talukdar Y, Rashkow JT, Lalwani G, Kanakia S, Sitharaman B. The effects of graphene 

nanostructures on mesenchymal stem cells. Biomaterials. 2014;35(18):4863-77. 

 

3. Rashkow JT, Talukdar Y, Lalwani G, Sitharaman B. Interactions of 1D-and 2D-layered inorganic 

nanoparticles with fibroblasts and human mesenchymal stem cells. Nanomedicine. 

2015;10(11):1693-706. 

 

4. Lalwani G, D'Agati M, Gopalan A, Patel SC, Talukdar Y, Sitharaman B. Three Dimensional 

Carbon Nanotube Scaffolds for Long‐Term Maintenance and Expansion of Human Mesenchymal 

Stem Cells. Journal of Biomedical Materials Research Part A. 2017. 

 

5. Avti PK, Talukdar Y, Sirotkin MV, Shroyer KR, Sitharaman B. Toward single‐walled carbon 

nanotube–gadolinium complex as advanced MRI contrast agents: Pharmacodynamics and global 

genomic response in small animals. Journal of Biomedical Materials Research Part B: Applied 

Biomaterials. 2013;101(6):1039-49. 

 

6. Sitharaman B, Avti PK, Schaefer K, Talukdar Y, Longtin JP. A novel nanoparticle-enhanced 

photoacoustic stimulus for bone tissue engineering. Tissue Engineering Part A. 2011;17(13-

14):1851-8. 

 



 

 
 

1 

Chapter 1 

 

 

Photoacoustic Stimulation for Bone Tissue Engineering 

  



 

 
 

2 

Bone defects and grafts 

Bones give structure and shape to the body and allow locomotion. They provide protection and 

support to internal organs and act as storage for minerals and fat[1]. Even though they appear to 

be inert and stable, bones are dynamic tissues undergoing constant breakdown and renewal. A 

healthy bone, composed of 35% organic matrix and 65% inorganic elements, is maintained by 

osteoblasts and osteoclasts that strike a balance between bone formation and resorption 

respectively, in response to environmental mechanical and chemical cues[1]. This dynamic nature 

of the bone allows it to heal itself when injured. Injury to the bone is most commonly in the form 

of fractures, which are discontinuities in the bone caused by application of mechanical load 

higher than its allowable stress.[2] Most fractures heal by themselves with minimal or no medical 

interventions. But a healthy bone can heal itself only when the fractured ends are near. This is a 

major limitation in bone defects that are too large for the body to heal on its own. Most common 

causes for large bone defects are trauma, infection and cancer. These defects are filled with grafts 

that provide mechanical support and a suitable environment for regenerating bone tissue.[3] 

The gold standard of bone grafts is autografts, that are bone tissues taken from another part of the 

body, usually the iliac crest, and placed at the defect site.[4] Since autografts are taken from the 

patient’s own body, they pose no risks of immune rejection. Autografts contain complete bone 

tissue with mineralized matrix, bone cells and blood vessels and provide the best possible 

environment for regeneration. They are osteoconductive, allow bone cells to adhere, proliferate 

and produce bone matrix; osteoinductive, stimulate differentiation of preosteoblasts to 

osteoblasts; and osteogenic, provide stem cells and osteoblasts for new bone formation. The 

limitations of autografts, include, but are not limited to, necessity of additional surgery, risks of 

infection at surgery site, bone morbidity at donor site and lack of availability. To address these 

limitations allografts and xenografts have been developed as alternatives. 
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Allografts are bone tissues obtained from cadavers that donated their bodies for medical purposes 

and xenografts are either cow bone tissue or corals[5, 6]. These tissues are treated with freeze-

drying, irradiation, acid washes, etc that could potential alter the mechanical and chemical 

structure of the grafts. Even with these treatments designed to minimize infection and transplant 

rejection, these grafts pose significant risks of inter and intra species disease transmission. To 

avoid such complications, scientists are invested in tissue engineering to develop synthetic grafts 

with various biomaterials that mimic native bone tissue or its properties to support and stimulate 

bone tissue regeneration.  

Tissue Engineering 

Tissue engineering is the use of biomaterials, chemicals and cells to replace or regenerate 

biological functions of damaged or injured tissue. Knowledge of mechanical properties, 

physiology and biochemistry is used to engineer scaffolds that would support and promote tissue 

regeneration[3]. Tissue engineering has developed exponentially over the past decade and has 

shown potential in regenerating small defects to whole organs[7-9]. Even though it is being 

investigated for regenerating various tissue types, most advances have been made in developing 

bone tissue engineering scaffolds[10]. Global tissue engineering scaffold market is expected to 

increase at the rate of 15% per year[11]. More than half a million bone grafts are performed each 

year in USA, with a market value forecasted to reach $3.3 billion in 2017[3]. Bone tissue 

engineering scaffolds could not only provide an alternative to contemporary bone grafts, but 

could potentially be the most efficient and cost-effective treatment of critical sized bone defects. 

The number of companies involved in tissue engineering has grown from 50 in 2007 to 391 in 

2010, but only a few of these companies have successfully developed products that are currently 

in clinic[3]. This is mostly due to the complex design and regulatory considerations involved in 

developing bone tissue engineering scaffolds. 
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An ideal bone tissue engineering scaffold would be osteoconductive, osteoinductive and 

osteogenic. It will have mechanical properties like that of bone and be highly porous to allow 

tissue penetration. The scaffold needs to be made of material that would allow bone cells to 

adhere, proliferate and deposit extracellular matrix. The material and its degraded products have 

to be biocompatible[12]. The scaffold must be degradable; to allow bone tissue to eventually 

replace the scaffold material, but it must be mechanically strong enough to support the defect site 

till enough tissue has regenerated to take over its function. These scaffolds need to be sterilizable 

and stable on storage[12]. These design challenges have significantly delayed clinical entry of 

synthetic bone grafts, but advances in cell biology, nanotechnology and biomedical engineering 

has opened avenues to potential solutions. Mesenchymal stem cells (MSC) and preosteoblasts can 

now be directed to osteoblast lineages via chemical or mechanical cues [3, 6, 13]. Systemic or 

local delivery of therapeutic agents can accelerate bone formation or hinder bone resporption. 

Administration of these therapeutic agents have been challenging due to poor physiological 

stability, non-specific targeting and low cell-membrane permeability [14]. To overcome these 

limitations various mechanical stimulation technologies have been developed for bone tissue 

regeneration. To achieve functional tissue regeneration, mechanical stimulation of the bone cells 

is crucial. Such stimulation could be in the form of vibration, ultrasound, fluid shear stress etc. 

[13] In this study, we propose the use of a novel biophysical stimulus, photoacoustic (PA) effect, 

to enhance tissue regeneration in bone tissue engineering scaffolds. Furthermore, we propose to 

demonstrate the feasibility of using PA technology to image tissue engineering scaffolds and 

monitor tissue regeneration in vivo. With the synergistic effect of biocompatible polymers, 

nanoparticles and mechanical stimulation, our technology will encompass all the aforementioned 

criteria required to make an ideal tissue engineering scaffold. 
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Photoacoustic Effect 

Photoacoustic effect is the formation of ultrasound waves from a surface following absorption of 

pulsed electromagnetic waves. The energy from each pulse causes a rapid expansion followed by 

contraction of the surface, which produces pressure waves that decimate as ultrasound[15]. PA 

technology is currently being developed for bioimaging applications[16-18]. It is advantageous 

over contemporary imaging modalities due to its high penetration depth, compared to optical 

imaging, and high contrast, compared to ultrasound (more in Chapter 3). PA images have high 

ultrasound resolution and high optical contrast due to selective absorption of the stimulating 

electromagnetic wave. In-vivo melatonin and hemoglobin are the only endogenouos absorbers 

and can be imaged without any contrast agents[19]. Furthermore, differential absorption of 

oxyhemoglobin and hemoglobin allows determination of oxygen saturation within the tissue. In 

this proposed research, we will use this technology to determine tissue regeneration within tissue 

engineering scaffolds. Longitudinal monitoring of oxygen saturation within the scaffold will 

allow determination of vasculogenesis and angiogenesis within these scaffolds. PA signal 

generated by hemoglobin, although sufficient for imaging, could potentially not be robust enough 

for mechanically stimulating bone cells to enhance tissue regeneration in vivo. To enhance PA 

intensity, we will utilize carbon nanoparticles that could be used a film on the skin surface at the 

fracture site or potentially be embedded into polymeric scaffold matrix.  

Carbon Nanoparticles 

Nanoparticles are particles that have at least one dimension smaller than 100 nm. Carbon 

nanoparticles are allotropes of carbon with hexagonal lattice structure formed by conjugated sp2 

carbon atoms. They can form tubes, sheets, spheres or various other geometric forms. Carbon 

nanotubes (CNT) and graphene, which are single layer sheets, have gained most prominence in 
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biomedical research due to their interesting physicochemical properties[20, 21]. CNT can either 

be single walled (SWCNT) or multiwalled (MWCNT) with diameters ranging from 0.8-2 nm and 

2-100 nnm respectively. They have young’s modulus of 0.27-1.34 TPa and tensile strength of 11-

200 GPa[20]. When incorporated into polymeric matrix, they can significantly increase 

mechanical properties of the nanocomposites by up to 36-42%. It is this property of these 

nanoparticles that make it so attractive for tissue engineering applications. They can be 

incorporated into biocompatible polymers that have poor mechanical properties and used for bone 

tissue engineering applications[22]. Furthermore, CNT have very strong absorbance of ~0.99 

from far ultraviolet to far infrared, making them highly suitable as PA agents[23, 24]. They have 

PA intensity 6 times higher than blood when stimulated with near infrared light making them 

ideal as in vivo contrast agents [25]. Therefore, in Aim 2, we will utilize CNT as a PA contrast 

agent to visualize tissue engineering scaffolds in-vivo. 

Even though CNT is an excellent PA agent and could be used for PA stimulation for bone 

regeneration in vivo, graphene nanoparticles are better suited for applications in bone tissue 

engineering. Graphene are 2-dimensional single sheet of conjugated sp2 carbon atoms with 

various geometric shapes. It is the thinnest, strongest and stiffest material currently known to man 

[26] with young’s modulus of 1TPa and tensile strength of 130 GPa [27]. Graphene incorporated 

into polymeric matrix not only enhances mechanical properties of bone tissue engineering 

scaffolds[22] but also enhances cell adhesion, proliferation and stem cell differentiation [21, 28, 

29]. To develop graphene as PA agents for enhancing bone tissue regeneration in tissue 

engineering scaffolds we must first determine its effects on viability and differentiation of 

mesenchymal stem cells which are crucial for tissue regeneration in vitro. 
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Preliminary data 

In vitro PA stimulation enhances osteodifferentiation of mesenchymal stem cells  

We have previously studied the effect of carbon nanotube (SWCNT) enhanced PA stimulation on 

differentiation of mesenchymal stem cells (MSCs) grown on poly(lactic-co-glycolic acid) 

(PLGA) films in vitro[30]. For the experimental groups (Table 1), MSCs seeded onto glass 

coverslips (Light), PLGA films (PLGA) or PLGA-SWCNT films (PLGA-SWCNT) were 

stimulated for 10 minutes/day with a 527nm Nd:YLF laser (200ns pulse duration, 10 Hz 

repetition rate) consecutively for 4, 9 and 15 days. The controls included baseline controls like 

experimental groups without PA stimulation and one positive control (Dex) in which the MSCs 

were cultured with osteogenic supplement media. We performed alkaline phosphate (ALP), 

calcium and osteopontin (OPN) assays and alizarin red staining to determine differences in 

osteogenic differentiation between the groups. 

The stimulated groups showed significantly higher calcium content, whereas the non-stimulated 

controls, except for positive control, Dex, had negligible levels of calcium throughout the 

experiment (p<0.05) (Figure 1). By day 15, PLGA-SWCNT samples had a 131 %, 146%, and 

347% greater calcium expression than PLGA, Light, and Dex respectively. At all three time 

points the positive control, Dex, had similar trends but lower levels of calcium than the PA 

stimulated groups. These results were congruent with alkaline phosphate and osteopontin assays 

along with the qualitative alizarin red staining of the extracellular matrix. The stimulated PLGA-

SWCNT group had 10% higher ALP activity compared to stimulated PLGA group and 65% 

higher activity compared to light control (p<0.05) (Figure 2). OPN secretion was 6 to 7-fold 

higher in the PA stimulated Light, PLGA and PLGA-SWCNT groups compared to the positive 

control following 15 days of stimulation (p<0.05) (Figure 3). Further, PA stimulated PLGA-

SWCNT group had 11% and 22% higher OPN content compared to PA stimulated Light and 
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PLGA groups respectively at day 15. These results indicate that PA stimulation holds promise for 

bone tissue engineering, and that nanomaterials that enhance the PA effect should allow 

development of biophysical rather than biochemical strategy to induce osteoinductive properties 

[30]. 

O-SWGNR produce the highest intensity PA signal 

Oxidized graphene nanoribbons (GNR) made from single walled carbon nanotubes (O-SWGNR) 

was chosen to make the PA enhancing films because of its excellent PA properties. We 

investigated the PA signal generated when various carbon nanoparticles are stimulated with 

pulsed light of varying wavelengths[31]. The results indicate GNR have the highest PA intensity 

(Figure 5) compared to single-and-multi walled carbon nanotubes, micro-graphite flakes, 

oxidized graphite microparticles, and exfoliated graphene nanoplatelets. Furthermore, O-SWGNR 

had the higher PA intensity compared to GNR made from multi walled carbon nanotubes (O-

MWGNR)[31]. Cell adhesion, proliferation and viability of fibroblasts and preosteoblasts were 

not affected when O-SWGNRs were incorporated into polymeric nanocompsites in vitro[32]. 

Dispersions of the particles themselves do not affect viability or differentiation of mesenchymal 

stem cells[30] in vitro (Chapter 2). Therefore, if GNR were to be used for in vivo applications, 

nanoparticles released from degraded scaffolds is not expected to have any toxic effects at low 

concentrations. Due to its high intensity PA generation and relatively low toxicity compared to 

other carbon nanoparticles, GNR were chosen to prepare carbon nanoparticle films for PA 

stimulation in Chapter 4.  
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Global Objective 

The overall goal of this thesis is to develop carbon nanoparticle enhanced photoacoustic 

stimulation (CEPS) for bone tissue engineering. We believe carbon nanoparticle incorporated 

nanocomposite scaffolds, when stimulated by PA, could be an ideal solution for treating critical 

sized bone defects. It would enhance fracture healing while subsequently allow detection and 

monitoring by PA imaging. Towards this end, we investigate three separate components of CEPS 

that would eventually lead to its development for use in pre-clinical or clinical applications. As a 

proof of concept investigation, we seek to answer the following questions: 

1) Do carbon nanoparticles affect normal cellular activity of stem cells crucial to bone tissue 

engineering? 

2) Can PA imaging be used to detect and monitor tissue engineering scaffolds in vivo?  

3) Does PA stimulation enhance healing in bone in vivo? 

To answer these questions we designed the following aims: 

Aim 1: Investigate the effect of graphene nanostructures on stem cells 

Hypothesis: Graphene nanoparticles do not affect viability and differentiation of mesenchymal 

stem cells at low concentrations.  

Carbon nanoparticles with varying synthesis and morphologies give them complex 

physicochemical properties. To develop them for tissue engineering applications we need to first 

investigate their interaction with cells crucial to tissue engineering. In this aim, we will treat bone 

derived (bmMSCs) and adipose derived stem cells (adMSCs) with 0-300 μg/ml concentrations of 

graphene with three different morphology: nanoonions (GNO), nanoplatelets (GNP) and 

nanoribbons (GNR) for 1 and 3 days. We will determine viability of treated groups with 
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Alamarblue and Calcien AM assays compared to untreated controls. Effect of treatment with 

GNO, GNP and GNR on osteo-and-adipogenic differentiation of adMSCs, following 24 hour 

treatment with 10 or 50 μg/ml dispersions, will be assessed by alkaline phosphatase activity, 

matrix calcium content and alizarin red staining for osteogenesis; and oil red o staining and 

elution for adipogenesis. Uptake of nanoparticles by adMSCs will be assessed by confocal raman 

and TEM.  

 

Aim 2: Investigate PA imaging of tissue engineering scaffolds  

Hypothesis: Carbon nanoparticle incorporated polymeric scaffolds have significantly higher PA 

intensity and can be delineated from surrounding tissue in PA images 

Carbon nanoparticles have previously been shown to have strong PA intensity. Incorporating 

these particles in polymeric scaffolds would therefore allow for detection with PA imaging 

modality. The goal of this aim is to determine the strengths and weaknesses of carbon 

nanoparticle enhance photoacoustic imaging for bone tissue engineering applications. To this end, 

we will image PLGA and SWCNT-PLGA scaffolds with mutlimodal ultrasound and PA imaging 

(US-PA) ex vivo, in chicken breast tissue, at varying depths and stimulation wavelengths. We will 

then implant PLGA and SWCNT-PLGA scaffolds in subcutaneous pockets of wistar rats and 

image them in vivo 7 and 14 days post surgery. PA intensity within the scaffolds and oxygen 

saturation in and around the scaffolds will be compared between the groups. Following 

euthanasia, the scaffolds and surrounding tissue will be resected and analyzed by histology. 
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Aim 3: Investigate the effect of carbon nanoparticle enhanced PA on an in vivo rat 

fracture model 

Hypothesis: Daily stimulation of fractures with PA will increase bone healing in rats 

 

PA stimulation has never been investigated for applications in tissue engineering. In this aim, we 

will test its effect of healing closed transverse fracture in the femur of Sprague dawley rats. We 

will place carbon nanoparticle films on the skin surface directly above the fracture site and 

stimulate with PA. Stimulations will be provided with near infrared (NIR) laser at 20kHz 

repetition rate, with 60 ns pulse width, for 10 minutes daily. The quantity and quality of bone 

formation within the callus will be analyzed by microCT and histology at the end of 2 weeks. 
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Tables 

Table 1. Summary of experimental groups showing either the presence or absence of the 

respective components[30]. 
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Figures 

 

Figure 1: Quantitative analysis of calcium matrix deposition of MSCs following 4, 9, and 15 days 

in culture with or without PA stimulation[30]. 
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Figure 2: Quantitative analysis of alkaline phosphatase activity (ALP) of MSCs grown on glass 

cover slips (Light), PLGA or PLGA-SWCNT scaffolds following 4, 9, and 15 days in culture 

with or without PA stimulation[30]. 
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Figure 3: Quantitative analysis of osteopontin in culture media of MSCs grown on glass cover 

slips (Light), PLGA or PLGA-SWCNT scaffolds following 4, 9, and 15 days in culture with or 

without PA stimulation[30].

 

Figure 4: Alizarin red optical images from left to right, PA stimulated PLGA-SWNT (PLGA-

SWNT), PA stimulated PLGA (PLGA), osteogenic supplemented control (Dex), PA stimulated 

direct light (Light). Circle diameters correspond to 15 mm[30]. 
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Figure 5: PA spectra of blood, single-walled carbon nanotubes (SWCNTs), multi-walled carbon 

nanotubes (MWCNTs), oxidized single-walled graphene nanoribbons (O-SWGNRs), oxidized 

multi-walled graphene nanoribbons (O-MWGNRs), micro-graphite flakes (GMPs), oxidized 

graphite microparticles (O-GMPs), and exfoliated graphene nanoplatelets (O-GNPs). PA signal 

amplitudes are normalized to that of blood at 740 nm[31]. 
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Chapter 2: Investigate the effect of Graphene Nanostructures 

on Mesenchymal Stem Cells 

 

Portions of this chapter have been reproduced from: 

 

Yahfi Talukdar, Jason T. Rashkow, Shruti Kanakia, Balaji Sitharaman. “The effects of graphene 

nanostructures on mesenchymal stem cells.” Biomaterials. 2014;35(18):4863-77. 

 

*The authors listed in the above manuscript have contributions towards data reported in this 

chapter 
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Abstract 

We report the effects of two-dimensional graphene nanostructures; graphene nano-onions 

(GNOs), graphene oxide nanoribbons (GONRs), and graphene oxide nanoplatelets (GONPs) on 

viability, and differentiation of human mesenchymal stem cells (MSCs). Cytotoxicity of GNOs, 

GONRs, and GONPs dispersed in distearoyl-sn-glycero-3-phosphoethanolamine-N-

[amino(polyethylene glycol)] (DSPE-PEG), on adipose derived mesenchymal stem cells 

(adMSCs), and bone marrow-derived mesenchymal stem cells (bmMSCs) was assessed by 

AlamarBlue and Calcein AM viability assays at concentrations ranging from 5-300 µg/ml for 24 

or 72 hours. Cytotoxicity of the 2D graphene nanostructures was found to be dose dependent, not 

time dependent, with concentrations less than 50 µg/ml showing no significant differences 

compared to untreated controls. Differentiation potential of adMSCs to adipocytes and 

osteoblasts,--characterized by Oil Red O staining and elution, alkaline phosphatase activity, 

calcium matrix deposition and Alizarin Red S staining-- did not change significantly when treated 

with the three graphene nanoparticles at a low (10 µg/ml) and high (50 µg/ml) concentration for 

24 hours. Transmission electron microscopy (TEM) and confocal Raman spectroscopy indicated 

cellular uptake of only GNOs and GONPs. The results lay the foundation for the use of these 

nanoparticles at potentially safe doses as ex vivo labels for MSC-based imaging and therapy. 
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Introduction 

Carbon nanoparticles such as zero dimensional (0D) fullerene, one dimensional (1D) carbon 

nanotubes, and recently two dimensional (2D) graphene [1] have been investigated for 

applications in therapeutics [2-5], bioimaging [6-8], and regenerative medicine [9]. Mesenchymal 

stem cells (MSCs) are an important class of adult or somatic stem cells, found in various tissues 

including bone marrow and adipose tissue. MSCs are multipotent cells that differentiate readily 

into osteocytes, chondrocytes, or adipocytes; express phenotypic characteristics of endothelial, 

neural, smooth muscle, skeletal myoblasts, and cardiac myocyte cells; and support hematopoietic 

stem cells or embryonic stem cells in culture [10-12]. MSC therapies are currently being widely 

investigated to repair, regenerate, and restore damaged tissues [13, 14], with some of these 

therapies in clinical trials  [15, 16]. 

Nanoparticles have been employed to deliver growth factors/genes into MSCs to manipulate their 

differentiation [17, 18]. They have also been used as contrast agents/nanoprobes for stem cell 

tracking [19, 20] to locate the site of stem cell activity, and determine the efficacy of the therapy. 

Recent reports have indicated that graphene nanoparticles show excellent efficacy as delivery 

agents of genes and biomolecules as well as multimodal imaging agents [21-23], and thus could 

be suitable as multifunctional agents for MSC imaging and therapy.  

The development of graphene nanoparticles for MSC applications necessitates thorough 

examination of their effects and interactions with these cells to identify the potential therapeutic 

doses. To date, very few studies have investigated the cytotoxicity of graphene nanoparticle 

formulation with specific focus on progenitor cells, or MSCs [24, 25]. Zhang et. al. examined the 

toxicity of graphene quantum dots (GQDs), single reduced graphene sheets with diameters in the 

range of 5 to 10 nm, on three progenitor cell types: neurospheres cells, pancreas progenitor cells, 

and cardiac progenitor cells [24]. Akhavanet. al. employed umbilical cord-derived MSCs and 
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investigated the size-dependent cytotoxicity of graphene oxide nanoplatelets and reduced 

graphene oxide nanoplatelets (prepared using the modified Hummer’s method) [25]. 

Graphene nanoparticles, depending on the synthesis method, can exhibit different morphologies, 

chemical properties, and physical properties. Graphene nano-onions (GNOs) are spherically 

shaped concentric layers of graphene. Graphene nanoribbons (GONRs), synthesized using 

multiwalled carbon nanotubes, are ribbon-shaped graphene stacks. Graphene nanoplatelets 

(GONPs), synthesized using graphite as the starting material, are disc-shaped multi-layered 

graphene. Reports indicate that graphene nanoparticles, depending on their morphology and 

synthesis method, show diverse responses on cells and tissues [26-29]. Thus, it is necessary to 

systematically investigate the effects that graphene nanoparticles with different morphologies, 

synthesized by various methods, have on MSC viability and differentiation. In this study, the 

dose- and time- dependent effects were investigated of three graphene nanoparticles-- GNOs, 

GONRs, and GONPs-- which were water-dispersed with 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)] (DSPE-PEG), on the viability and 

differentiation of human MSCs. 
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Materials and Methods 

1 Nanoparticle Synthesis and Characterization  

2.1.1 Synthesis of nanomaterials 

GNOs were purchased from Graphene Laboratories Inc. (NY, USA). GONRs were synthesized 

from multi-walled carbon nanotubes (MWCNTs) possessing outer diameters between 20-30 nm 

(Cat. No. 636487, Sigma Aldrich, New York, USA) using a modified longitudinal unzipping 

method [30]. GONPs were synthesized from graphite flakes using a modified Hummer’s method 

[21]. Nanoparticles were dispersed in a 1.2 mg/ml solution of DSPE-PEG and bath sonicated for 

1 hour to ensure homogenous stable dispersions before treating the cells. 

1.2 Raman spectroscopy 

Raman spectroscopy was performed using a WITec alpha300R Micro-Imaging Raman 

Spectrometer equipped with a 532 nm Nd-YAG excitation laser. Spectra were recorded between 

50 -3750 cm-1 at room temperature. 

1.3 Transmission electron microscopy 

Nanomaterials were dispersed in ethanol:water (1:1) by probe sonication (Cole Parmer 

Ultrasonicator LPX 750) using a 1 sec “on”, 2 sec “off” cycle. The samples were subjected to 

ultracentrifugation (5000 rpm for 5 minutes), and the supernatant was dropped onto lacey carbon 

grids (300 mesh size, copper support, Ted Pella, USA). HRTEM imaging was performed using a 

JOEL 2100F high-resolution analytical transmission electron microscope at the Center for 

Functional Nanomaterials, Brookhaven National Laboratory, New York. Samples were imaged at 

an accelerating voltage of 200 kV. 
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1.4 Thermogravimetric analysis  

Thermogravimetric analysis (TGA) was performed on GNOs, GONRs, and GONPs using a 

Perkin-Elmer Diamond 500 (Waltham, MA, USA) instrument at the Center for Functional 

Nanomaterials, Brookhaven National Laboratory, New York. The samples were heated from 

50oC to 800oC with the heating rate of 10oC /min under the argon flow of 20 ml/min. 

1.5 Zeta potential and hydrodynamic diameter 

Zeta potential and hydrodynamic diameter of GNOs, GONRs, and GONPs dispersed in DSPE-

PEG was measured at 25oC using Malvern Zetasizer Nano ZS instrument at the Center for 

Functional Nanomaterials, Brookhaven National Laboratory, New York. The electrophoretic 

mobility values were calculated based on three separate measurements of 20 runs each. The zeta 

potential values were calculated from the electrophoretic mobility by the software using the 

Helmholtz-Smoluchowski equation. The hydrodynamic diameter of nanoparticles was calculated 

by measuring the velocity of particles under Brownian motion using the Stokes-Einstein equation. 

2.2 Cell Culture 

Adult human MSCs were isolated from lipoaspirate (Lifeline Cat No. FC-0034) and normal bone 

marrow (Lonza Cat NO. PT-2501). StemLifeTM MSC medium (Lifeline, Cat No. LL-0034) was 

used for cell cultures, with a media change every 2-3 days. The cells were incubated at 37° C and 

5% CO2 throughout the experiment. Passages 4 through 8 were used for the studies.  

2.3 Viability 

Adipose-derived human MSCs (adMSCs) and bone marrow-derived MSCs (bmMSCs) were used 

for the viability studies. Cells were plated in 96-well plates with 5000 cells/well. Twenty-four 

hours after plating, the cells were treated with a 10% volume of DSPE-PEG (control), or of 
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GNOs, GONRs, and GONPs concentrations at 0 μg/ml, 5 μg/ml, 10 μg/ml, 50 μg/ml, 100 μg/ml 

and 300 μg/ml. Viability was assessed 24 or 72 hours after treatment with alamarBlue and 

Calcein AM assays.  

2.4 AlamarBlue 

Viability of adMSCs and bmMSCs treated with various concentrations (0-300 μg/ml) of graphene 

nanoparticles was determined using an alamarBlue assay. Untreated cells were used as a positive 

control. Cells treated with ice-cold methanol were used as a negative control. Twenty-four or 72 

hours after treatment, the culture media were removed from the wells. After washing the wells 

with phosphate buffer solution (PBS), 100 μl of media were added. Ten μl of alamarBlue (Life 

Technologies, St. Louis, MO, USA) reagent was added to the wells. After incubating for two 

hours, fluorescence was measured at an excitation wavelength of 530 nm and emission 

wavelength of 580 nm. 

2.5 Calcein AM 

Viability of cells treated with different concentrations (0-300 μg/ml) of graphene nanoparticles 

was evaluated with a Calcein AM assay. At each time point, culture media were removed, and 

each well was washed with 100 µl of PBS to remove nanoparticles. Next, the PBS was 

completely removed and 100 µl of 0.05% Calcein AM reagent was added to each well and 

incubated for 30 minutes at room temperature. The fluorescence was measured at an excitation 

wavelength of 485 nm and an emission wavelength of 530 nm.  

2.6 Adipogenic differentiation 

Adipose-derived MSCs (adMSCs) were used for the differentiation studies. adMSCs were plated 

in 24-well plates at a density of 20,000 cells/well. The cells were treated with DSPE-PEG and 

either 10 μg/ml or 50 μg/ml of GNOs, GONRs, or GONPs. After incubation with the 
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nanoparticles for 24 hours, the wells were washed with PBS to remove nanoparticles and treated 

with adipogenic and osteogenic differentiation media (Lonza, Cat No. PT-3004 & PT-3002). For 

adipogenic differentiation, the wells were treated with three rounds of adipogenic induction 

media, three days each round, and then incubated with the adipogenic maintenance media for a 

total of 21 days, with a media change every three days. Adipogenic differentiation was 

characterized with Oil Red O staining and elution and quantification of this dye. For osteogenic 

differentiation, the cells were treated with the osteogenic media for 14 days. Alizarin red S 

staining, alkaline phosphatase activity, and calcium matrix deposition were analyzed as markers 

of osteogenic differentiation.   

2.7 Oil Red O 

 A well-established protocol was used for staining triglycerides and esters within the cells. Oil 

Red O stain was used to determine differences in adipogenic differentiation between the groups 

[31]. After incubation, the culture media were removed from the wells, and the cells were washed 

with PBS. The wells were then treated with 1 ml of 4% paraformaldehyde solution for 10 

minutes, followed by 60 minutes of incubation with 1ml of fresh 4% paraformaldehyde solution. 

The paraformaldehyde was then removed, and the cells were washed with water, followed by a 

60% isopropanol solution. After drying at room temperature, the wells were filled with a 0.5ml 

Oil Red O working solution made of two parts Oil Red O stock solution (0.35% solution in 

isopropanol) with three parts isopropanol. The wells were then incubated for 10 minutes. Excess 

Oil Red O dye was removed by incubating with a 100% isopropanol solution for 10 minutes. The 

wells were then washed immediately with double-distilled water four times. They were then 

imaged using a BX-51 Olympus microscope (Hamburg, Germany). The concentration of Oil Red 

O dye eluted was quantified by optical absorbance (wavelength = 500 nm). Optical absorbance of 

elute from each well was measured in triplicates (Varioskan Flash, Thermo Electron, Finland) 

and compared to the 100% isopropanol controls.  
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2.8 Osteogenic differentiation 

2.8.1 Alizarin Red S 

The well-established Alizarin Red S staining method was used to characterize a mineralized 

matrix due to osteodifferentiation of adMSCs[32]. Alizarin Red S solution (40 mM) was prepared 

in water and adjusted to a pH of 4.1 using 0.5 N ammonium hydroxide. After incubation with 

differentiation media, media were removed from the wells and the cells were washed with PBS. 

The cells were fixed using 1 ml of a 4% paraformaldehyde solution for 15 minutes. After fixation, 

the wells were washed twice with deionized water, and 1 ml of Alizarin Red S was added to each 

well. Following 20 minutes of incubation with light shaking, the wells were washed four times 

with deionized water while shaking for five minutes. The wells were imaged using a BX-51 

Olympus microscope (Hamburg, Germany). 

2.8.2 Cellularity 

The number of cells per well was determined using QuantiFluor Dye Systems (Promega, WI, 

USA). A standard curve of double-stranded DNA was used to determine DNA content in 

each well. Subsequently, a standard curve of a known number of adMSCs was used to 

determine the number of cells per well corresponding to the calculated DNA content. 100 

µl of sample or standard were added to a 96-well plate. 100 µl of 1x TE buffer were 

added with 100 µl of a QuantiFluor dye working solution. The 96-well plate was 

incubated in the dark at room temperature for 10 minutes. Fluorescence for each well was 

measured at an excitation wavelength of 480 nm and an emission wavelength of 570 nm. 

Data are presented as number of cells per well.  
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2.8.3 Alkaline Phosphatase activity 

The ALP activity for the cells was measured using a well-established protocol utilizing the 

conversion of p-nitrophenylphosphate (pNPP) to p-nitrophenolate [33]. To perform this assay, 

cells in a 24-well plate were washed with PBS, and 2 ml of fresh PBS were added. These cells 

were then lysed by sonication for 30 minutes. 100 μl of pNPP were added to the cell lysate, 

placed in a 96-well plate in triplicates, and incubated at 37°C for one hour. After incubation, 100 

μl of NaOH stop solution was added to each well, and absorbance was measured at 405 nm 

(Varioskan Flash, Thermo Electron, Finland). Data are presented as ALP activity in μmol per 

minute per cell. 

2.8.4 Calcium Matrix Deposition 

Arsenazo III Calcium Assay was used to determine calcium matrix deposition [34]. 100 μl of cell 

lysate were placed in triplicates in a 96-well plate with an equal volume of 1 M acetic acid. After 

overnight incubation, 20 μl of solution from each well or calcium chloride standard was added to 

280 μl of Arsenazo III Calcium Assay reagent in a 96-well plate. Absorbance was measured at 

650 nm wavelength (Varioskan Flash, Thermo Electron, Finland). 

2.9 Nanoparticle uptake 

2.9.1 Transmission Electron Microscopy 

Histological specimens for transmission electron microscopy (TEM) were prepared by standard 

techniques. Briefly, adMSCs were cultured on ACLAR embedding film (Electron Microscopy 

Sciences) and placed in a 6-well plate for 24 hours before being treated with a 10% volume of 

DSPE-PEG (control) or a 50 µg/ml concentration of GNOs, GONRs, and GONPs for 24 hours. 

Cells were then washed with PBS and fixed using 1 ml of a 1% glutaraldehyde solution for one 

hour. After fixation, glutaraldehyde was removed, and a 1% osmium tetroxide solution in 0.1M 



 

 
 

31 

PBS was added to the cells. The samples were then dehydrated by graded ethanol washes, and 

embedded in Durcupan resin (Sigma Life Science, St. Louis, MO). Sections of 80 nm were cut 

using a Reichert-Jung UltracutE ultramicrotome and placed on formvar-coated slot copper grids. 

Uranyl acetate and lead citrate were used to counterstain the sections. Samples were viewed with 

a TEM (JOEL JEM-1400) at 120 kV, and digital images were acquired with a Gatan CCD Digital 

Camera system and compiled using Adobe Photoshop.  

2.9.2 Confocal Raman Microscopy 

For investigating cellular uptake of nanoparticles using confocal Raman microscopy, adMSCs 

were incubated with GNOs, GONRs, and GONPs at 50 μg/ml in glass chamber slides (Nunc Lab-

Tek II) for 24 hours. Following incubation, the cells were washed with PBS and fixed with ice-

cold methanol. Confocal microscopy images were taken using an excitation laser set at 532 nm on 

an Alpha combination microscope (WITec, Knoxville, TN). An objective of 100x was used for 

brightfield images, and area maps were constructed using G-band intensity of GNOs, GONRs, 

and GONPs respectively. 

2.10 Statistics 

Cell viability of the treated samples is presented as percentage of live cells compared to untreated 

cells at one day and three-day time points. CD50 values, or the concentration at which 50% of the 

cells are viable, were calculated from viability vs. concentration graphs. Statistical significance of 

the difference in viability after one and three days between the control (PEG-DSPE) stem cells 

and the nanoparticle-treated stem cells was analyzed by the Kruskal-Wallis test with Dunn post 

hoc. Differences in differentiation of cells treated with 10 or 50 µg/ml of GNOs, GONRs, or 

GONPs were analyzed with the Kruskal-Wallis test with Dunn post hoc. All statistics were done 

using Graph Pad InStat 3 software with comparisons having p <0.05 considered to be 

significantly different.  
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Results 

3.1 Nanoparticle Characterization 

3.1.1 Transmission electron microscopy 

TEM images of various nanostructures are presented in Figure 1. GNOs (Figure 1 A) were 

hollow, multiwalled, and concentric polyhedral structures shaped like onions with diameters in 

the range of 50-300 nm. Multiwalled GONRs (Figure 1 B) appeared as rectangular sheets with 

breadths and lengths of ~60-90 nm and 500-1500 nm, respectively. GONPs (Figure 1 C) were 

disk-shaped with diameters between 20-40 nm and thicknesses between 3-5 nm. 

3.1.2 Raman spectroscopy 

Representative Raman spectra of all the nanomaterials are presented in Figure 1 D. Peaks at 1335 

cm-1 (D band), 1576 cm-1 (G band), and 2680 cm-1 (G’ band) were observed for GNOs (Figure 1 

D [a]). Peaks at 1340 cm-1 (D band) and 1580 cm-1 (G band) were observed for GONRs (Figure 1 

D [b]), and peaks at 1351 cm-1 (D band) and 1604 cm-1 (G band) were observed for GONPs 

(Figure 1D [c]). The ID/IG ratios for GNOs, GONRs, and GONPs were 0.92, 1.28, and 1.09, 

respectively. 

3.1.3 Thermogravimetric analysis  

Figure 1 E shows TGA spectra of GNOs, GONRs, and GONPs. The TGA spectra of pristine 

GNOs showed a negligible weight loss of (~0.03%) up to 800°C. The thermal decomposition of 

GONRs and GONPs can be divided into three temperature zones: 0-100°C, 100-200°C and 

>200°C. GONRs showed ~10% weight loss and GONPs showed ~6% weight loss in the first 

temperature zone between 0-100°C. In the second temperature zone between 100-200°C, weight 



 

 
 

33 

loss for GONRs and GONPs was ~30% and ~10%, respectively. In the third temperature zone 

(>200°C), both GONRs and GONPs showed a gradual weight loss of ~25%. 

3.1.4 Zeta Potential and hydrodynamic diameter 

The zeta potential and hydrodynamic diameter values for GNOs, GONRs, and GONPs are listed 

in Table 1. All nanomaterials were dispersed in DSPE-PEG and vortexed before measurements to 

ensure uniformity. The zeta potential values for GNOs, GONRs, and GONPs were -32.3±1.35 

mV, -26.30±0.75 mV and -12.47±0.12 mV, respectively. The hydrodynamic diameter for GNOs 

was 460.76±53.58 nm; for GONRs was 457.5±35.70; and for GONPs was 296.4±20.32 nm.  

3.2 Viability 

3.2.1 AlamarBlue 

AlamarBlue assay works on the basis of conversion of resazurin to fluorescent resorufin by live 

cells [35]. Figure 3 shows viability of adMSCs (Figure 2 A, B and C) and bmMSCs (Figure 2 D, 

E and F) treated with GNOs (Figure 2 A and D), GONRs (Figure 2 B and E), and GONPs (Figure 

2 C and F) at concentrations ranging from 0-300 μg/ml. The viability of the cells treated with 

DSPE-PEG alone was ~50% of controls in adMSCs and ~80% in bmMSCs: significantly lower 

compared to the untreated control. For the groups treated with GNOs, GONRs, and GONPs, 

viability decreased with increasing concentration. The lowest viability was at a nanoparticle 

concentration of 300 μg/ml for all groups. Table 2 lists the percentage decrease in viability at day 

one and day three for adMSCs and bmMSCs treated with 300 μg/ml concentration of GNOs, 

GONRs, or GONPs. Table 4 lists CD50 values of adMSCs and bmMSCs treated with GNOs, 

GONRs, and GONPs assessed by alamarBlue assay. 
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3.2.2 Calcein AM 

Calcein AM is used to determine viability of cells by measuring fluorescence of calcein, which is 

a product of intercellular esterase activity in live cells [36]. Figure 3 displays the cell viability-- 

determined using Calcein AM assay-- on day one and day three of adMSCs (Figure 2 A, B and C) 

and bmMSCs (Figure 2 D, E and F) treated with GNOs (Figure 3 A and D), GONRs (Figure 3 B 

and E), and GONPs (Figure 3 C and F) at concentrations between 0-300 μg/ml. For both time 

points, the viability decreased with increasing nanoparticle concentration, with the lowest 

viability occurring at 300 μg/ml. Table 3 lists the decrease in viability at day one and day three 

for adMSCs and bmMSCs treated with a 300 μg/ml concentration of GNOs, GONRs, or GONPs. 

Table 4 lists CD50 values of adMSCs and bmMSCs treated with GNOs, GONRs, and GONPs 

assessed by Calcein AM assay. 

3.3 Adipogenic differentiation 

3.3.1 Oil Red O Staining and Elution 

Oil Red O, a fat-soluble diazol dye, stains neutral lipids and cholesteryl esters without staining 

biological membranes [37]. Figure 4 A shows representative images of adMSCs stained with Oil 

Red O. The images were taken three weeks post 24 hour incubations with GNOs, GONRs, and 

GONPs. Fat vacuoles (black arrows, Figure 4 A) could be seen within the cells for all groups 

(including the control group) in optical microscopy images. Figure 4 B shows Oil Red O stain 

elution concentrations that allow quantification of adipocytes present in the experimental and 

controls groups. Elution concentrations showed no significant difference in staining in any of the 

graphene nanoparticle groups compared to the control. 
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3.4 Osteodifferentiation 

3.4.1 Alizarin Red S 

Alizarin Red S is a dye which binds to calcium and is used to detect calcium deposits in the 

extracellular matrix of cultured cells [38]. Figure 5 shows adMSCs stained with Alizarin Red S to 

characterize calcium deposition after incubation with GNOs, GONRs, or GONPs at 

concentrations of 10 and 50 μg/ml for 24 hours, followed by incubation with osteogenic media 

for 14 days. Red staining (black arrows) of calcium matrix deposition could be observed for all 

the groups. There was no difference in distribution of the staining pattern between the groups 

treated with graphene nanoparticles and those untreated. For cells treated with GNOs, traces of 

the nanoparticles (black circles) are seen in the images (Figure 5). There was a higher amount of 

nanoparticles with some traces of large aggregates observed in GONR treated cells. Groups 

treated with GONPs showed visible aggregates of varying sizes. Groups treated with 50 µg/ml of 

GONPs had large aggregates of nanoparticles with Alizarin Red S staining seen at a distance 

around these nanoparticles.  

3.4.2 Cellularity 

DNA content was quantified by QuantiFluor Dye Systems and used to determine cellularity of 

each group. The number of cells per well was used to calculate the ALP activity in each cell of 

the different groups. Figure 6 A shows the number of adMSCs per well after 24 hours of 

incubation with GNOs, GONRs, or GONPs at concentrations of 10 and 50 µg/ml, followed by 14 

days of incubation with osteogenic differentiation media. There were ~100,000 cells in each well, 

with no significant differences between the treated groups or control. 
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3.4.3 Alkaline Phosphatase 

Alkaline Phosphatase (ALP) is an early-stage marker in osteogenesis [39]. Figure 6 B shows ALP 

activity in adMSCs after 24 hours of incubation with GNOs, GONRs, or GONPs at 

concentrations of 10 and 50 μg/ml, followed by 14 days of incubation with osteogenic 

differentiation media. ALP activity between the groups ranged from 3.6 x 10-7 to 2.7 x 10-6 

µmoles/min/cell, with no significant difference observed for all groups. 

3.4.4 Calcium Matrix Deposition 

Matrix calcium content is a late-stage marker of osteogenesis [34]. Figure 6 C shows calcium 

content per well for adMSCs treated with 10 or 50 μg/ml of GNOs, GONRs, or GONPs for 24 

hours, followed by incubation with osteogenic differentiation media for 14 days. The calcium 

matrix content for all the groups ranged from 2-6 mg/well. At both concentrations, no significant 

difference in calcium content was found between the experimental and control groups. 

3.5 Cell uptake 

3.5.1 Transmission Electron Microscopy 

The uptake of nanoparticles into the cells was characterized by transmission electron microscopy 

(TEM). Figure 7 shows representative TEM images of cells incubated with GNOs and GONPs at 

concentration of 50 μg/ml for 24 hours. No cellular uptake of GONRs was observed. GNOs 

(yellow arrows, Figure 7 A& B) were found in the cell membrane (red arrow, Figure 7 A) and 

cytoplasmic vesicles (green arrows, Figure 7 A & B). GNO particles were absent in or around the 

nucleus (black arrow, Figure 7 A). For cells treated with GONPs (blue arrows, Figure 7 C & D), 

individual and aggregated nanoparticles were observed in vesicles (green arrows, Figure 7 C & 

D) throughout the cytoplasm. GONPs were also seen on the nuclear membrane and inside the 

nucleus (red arrows, Figure 7C). 
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3.5.2 Confocal Raman Microscopy 

The TEM results were corroborated with confocal Raman mapping. G-band intensities of GNOs, 

GONRs, and GONPs were used to image the uptake of these nanoparticles into cells. Figure 8A 

displays representative bright-field microscope images showing GNOs (yellow arrows) within the 

cytoplasm of the cells. Figure 8B-C shows Raman microscopy analysis, confirming these 

particles as GNOs. Raman spectra of intracellular GNOs showed a red shift of the D- and G- 

bands compared to spectra of pristine samples shown in Figure 1(a). Many these particles were 

observed to gather around the nucleus. The bright-field image and Raman map indicate that the 

GNOs did not penetrate the nuclear membrane. Figure 8D shows bright-field images of adMSCs 

treated with GONRs. Aggregates of GONRs (yellow arrows) were seen in the extracellular space 

and embedded on the cell membrane. Figure 8E shows the confocal Raman map confirming the 

presence of GONRs on the outside of the cells. No characteristic GONR spectrum was noticed 

inside the cells. Figure 8G shows bright-field images of GONPs (yellow arrows) attached to the 

cell membrane, as well as within the cytoplasm of the cells. Raman mapping, shown in Figure 

8H, confirmed the presence of GONPs within the cells, though there were no distribution 

patterns. Figure 8I shows the Raman spectra of intercellular GONPs, with a red shift on the D- 

and G- bands which could be related to their intercellular environment [40, 41].   
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Discussion 

The objective of this study was to investigate the dose and time-dependent effects of aqueous 

dispersions of GNOs, GONRs, and GONPs on MSCs. Cellular interactions of graphene 

nanoparticles could depend on several factors, such as morphology (size and shape), surface 

charge, chemical state (functionalization), particulate state (dispersion), and the number of layers. 

These factors may also affect the cellular uptake and cytotoxicity [30, 42, 43]. Therefore, 

graphene nanoparticles with three distinct morphologies (onions – polyhedral spherical; ribbons – 

longitudinal flat sheets; and platelets – circular stacks of graphene) were included in this study. 

adMSCs and bmMSCs were chosen since these cells are widely used for tissue engineering 

applications[44, 45]. Additionally, these cells can be isolated from bone marrow and adipose 

tissue from patients to maintain biocompatibility and minimize host rejection [46]. The initial 

cytotoxicity screening, over a broad range of concentrations (0-300 μg/ml) and time points (one 

and three days), was performed on adMSCs and bmMSCs to identify a range of potentially safe 

doses. adMSCs were then employed to investigate whether these graphene nanoparticles at a 

potentially safe low and high dose affect the differential capabilities of MSCs. The cytotoxicity 

and differentiation studies together allowed identification of the range of doses for the three-

graphene nanoparticle formulations that do not elicit any significantly adverse outcomes on the 

viability and differentiation capabilities of MSCs. 

The Raman spectroscopy of GNOs, GONRs, and GONPs are presented in Figure 1 D. All the 

nanoparticles exhibit characteristic Raman spectra of graphene (presence of D, G, and 2D bands). 

The D-band is a first order Raman peak, corresponding to the presence of structural defects 

(disruption of C=C sp2 domains) in the graphene sheet. The G-band corresponds to the in-plane 

vibrations of pristine graphene (stretching between carbon-carbon bonds), whereas the G-band 

corresponds to the number of graphene layers [47]. The D-band, which occurs in the range of 

1350 cm-1, is a one-phonon double resonance process [47]. The G-band, at about 2700 cm-1, is a 
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two-phonon double resonance phenomenon [40, 47]. The ratio of D- and G-band intensities has 

been routinely used to infer the amount of defects in the sp2-bonded carbon [48]. Table 1 lists the 

ID/IG ratio for GNOs, GONRs, and GONPs. The ID/IG ratio for GNOs was slightly lower than 

GONRs and GONPs, but higher than pristine graphene sheets, which suggested the presence of 

structural defects. GONRs and GONPs showed an increased ID/IG ratio compared to pristine 

multi-walled carbon nanotubes and graphite flakes, which indicated the presence of defects 

attributed to the disruption of the sp2-bonded carbon due to oxidative unzipping of nanotubes [21, 

49].  

TGA has been widely used for characterization of carbon-based nanomaterials [49, 50]. As 

shown in Figure 1 E, the TGA spectra of pristine GNOs showed a negligible weight loss up to 

800°C, confirming its high thermal stability and purity. The thermal decomposition of GONRs 

and GONPs observed between 0-100°C corresponds to the removal of adsorbed water vapor and 

other volatiles formed during their synthesis. The observed weight loss in the second temperature 

zone (between 100-200°C) can be attributed to the removal of hydroxyl and carboxylic acid and 

ester functional groups from the basal plane and edges of the graphene sheets. In the third 

temperature zone (>200°C), the observed weight loss corresponded to the gradual structural 

degradation of sp2 and sp3 bonded carbon atoms in GONRs and GONPs. A significantly higher 

weight loss was observed for GONRs and GONPs compared to GNOs, suggesting that the 

surface of GONRs and GONPs are highly functionalized. 

Nanoparticles with a surface charge attract ions of the opposite charge, which form a thin 

electrical double layer around the surface of the nanoparticles. The electric potential at the 

boundary of the double layer is known as the zeta potential. As shown in Table 1, the zeta 

potential values for all the nanoparticles were negative. This can be attributed to the presence of 

hydroxyl and carboxyl functional groups on the surface of GNOs, GONRs, and GONPs during 

their synthesis. For colloidal suspension, zeta potential values greater than -30 mV are generally 
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considered to have good stability. GNO and GONR dispersions in DSPE-PEG showed a zeta 

potential value of -32.3 ± 1.35 mV and -26.30 ± 0.75 mV, respectively, suggesting good and 

medium stability. GONP dispersions in DSPE-PEG showed a low zeta potential value of -12.47 ± 

0.12 mV, which is too low for electrostatic stabilization. Although zeta potential plays a key role 

in determining the stability of colloidal dispersions, it does not measure the sizes of nanoparticles 

or their aggregates in dispersions. Dynamic light scattering is routinely employed for this 

purpose. This measures the hydrodynamic diameter: the diameter of a hypothetical sphere with a 

diffusion coefficient like that of the nanoparticle or aggregates in dispersion. The hydrodynamic 

diameter of GNOs, GONRs, and GONPs (Table 1) dispersed in DSPE-PEG were 460.76 ± 53.58 

nm, 457.5 ± 35.70 nm, and 296.4 ± 20.32 nm, respectively. However, graphene particles have an 

anisotropic shape, so it is difficult to interpret whether the hydrodynamic diameter values refer to 

individual nanoparticles or their aggregates. Nevertheless, these numbers suggest that GNOs, 

GONRs, and GONPs dispersed in DSPE-PEG may exist as sub-micron sized aggregates. 

The alamarBlue and calcein AM cytotoxicity assays showed a corresponding decrease in viability 

of both stem cell types with an increasing concentration of nanoparticles. Although the results of 

the two assays showed similar trends, the viability values for each assay were not similar. This 

variability is due to differences in how these assays assess viability, which in turn influence their 

sensitivity. At lower incubation concentrations (5 and 10 µg/ml) for all the graphene nanoparticle 

groups, the cells were more viable compared to the PEG-DSPE controls. Overall, for all groups, 

bmMSCs showed higher viability compared to adMSCs. A significant decrease in viability with 

an increase in time points was not observed consistently. The CD50 values followed the trend 

GNOs > GONRs > GONPs, and were >50 μg/ml for all three graphene nanoparticles The CD50 

values of graphene nanoparticles have been shown to vary greatly based on synthesis methods, 

size, morphology, surface coatings, and cell types used for those investigations [25, 30, 42, 43]. 

These studies indicate that concentrations <50 μg/ml are relatively safe for most cell types. Taken 
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together with the viability results of this study, GNOs, GONRs ,or GONPs with incubation 

concentrations of ≤50 μg/ml could be potentially suitable for treating adMSCs and bmMSCs.  

For differentiation studies, two representative differentiation pathways of MSCs, osteogenesis 

and adipogenesis, were chosen [51, 52]. adMSC were treated with two concentrations of the 

GNOs, GONRs, or GONPs: a low concentration of 10 μg/ml that showed near 100% viability at 

both time points, and a higher concentration of 50 μg/ml that showed >50% viability when 

compared to groups treated with DSPE-PEG. The assessment of adipogenesis by Oil Red O 

staining (Figures 4 A and B) indicated no significant differences in absorbance of Oil Red O stain 

elute for experimental and control groups. Assessment of ALP activity as an early indicator of 

osteogenesis of adMSCs showed normal levels at both concentrations, 14 days after treatment 

with GNOs, GONRs, or GONPs [33]. adMSCs treated with 10 μg/ml of GONRs had the highest 

ALP activity, ~75% compared to the control. However, this increase was not statistically 

significant. Assessment of calcium content, a late stage indicator of osteogenesis of adMSCs, 

showed calcium concentrations similar to untreated controls 14 days after treatment with GONPs 

at both concentrations. adMSCs treated with 50 μg/ml of GNOs or GONRs also showed calcium 

concentrations similar to untreated controls. Groups treated with 10 µg/ml of GNOs or GONRs 

showed approximately half the amount of calcium compared to groups treated at the 50 µg/ml 

concentration or untreated controls, even though the differences were not statistically significant. 

Alizarin Red S staining of calcium deposits further qualitatively confirms the above quantitative 

results. ALP is an early stage marker of osteo-differentiation and its activity declines as the 

matrix matures. In contrast, calcium is a late stage marker of osteodifferentiation, and its activity 

increases as the matrix matures. Thus, lower levels of ALP activity, combined with lower calcium 

concentrations for GNOs and GONRs at 10 µg/ml compared to untreated control groups, suggest 

that the matrix had not completely matured. This assessment is further corroborated by an 

Alizarin Red S stained histological evaluation. 
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TEM and confocal Raman microscopy of histological specimens of adMSCs treated with the 

various graphene nanoparticles showed differences in cellular uptake, and followed the trend 

GONRs < GNOs <GONPs. GONPs were found in the cytoplasm and nucleus; GNOs in 

cytoplasmic vacuoles; GONRs were not found within the cells. The red shift in Raman peaks for 

GNOs and GONPs could be related to their interaction with the intercellular environment [40, 

41]. The differential uptake of the various graphene nanoparticle dispersions may be related their 

distinct size/aspect ratio, surface properties (charge and functional groups), and aggregation states 

(hydrodynamic diameter); --attributes that could affect their uptake [53, 54]. However, a higher 

uptake of a graphene nanoparticle cannot be attributed as the main reason for the observed 

cytotoxicity[55]. As stated above, the CD50 values followed the trend GNOs > GONRs > 

GONPs, and suggest that GONRs are more cytotoxic compared to GONPs, even though they do 

not show cellular uptake. Thus, other reasons could also play a role, such as differences in 

reactive oxygen species (ROS) generation and/or peroxidation of cell membrane lipids by the 

various graphene nanoparticles [56]. 

The above results indicate that effects of GNOs, GONPs, and GONRs on MSCs are significantly 

different from studies with other types of graphene nanoparticles. A study by Zhang et. al. 

focused on the effects of graphene quantum dots (GQDs) on three progenitor cell types: 

neurospheres cells, pancreas progenitor cells, and cardiac progenitor cells. Zhang et. al. indicated 

that after 72 hours, at concentrations in the range of 1 to 200 µg/ml, all three cell types showed 

viability of at least 50% [24]. The lowest viability was observed with the 200 µg/ml treatment 

group, with decreases in viability of about 25% to 30% for all three cell types. GQDs also showed 

no effect on differentiation and proliferation of neurospheres. Akhavanet. al. [25] treated 

umbilical cord-derived MSCs with graphene nanoplatelets of four sizes: 11 ± 4 nm, 90 ± 37 nm, 

418 ± 56 nm, and 3.8 ± 0.4 µm each at concentrations ranging from 0.01 µg/ml to 100 µg/ml. The 

results showed that the viability of cells incubated with various sizes of graphene oxide 
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nanoplatelets for 24 hours were both size- and concentration-dependent. The smallest particles 

(size = 11 ± 4 nm) at a concentration of 100 µg/ml showed >50% reduction in viability. However, 

their effects on the differentiation of the MSCs were not reported in this study. 

Several studies report that in vitro cytotoxicity and intracellular uptake mechanisms (such as 

passive diffusion and endosomal uptake) of nanoparticles are dependent on their surface charge 

and/or aggregation state [57, 58]. For instance, individually dispersed and small-sized graphene 

were more toxic than their aggregated counterparts [25, 43]. The results of TEM (Figure 1 A-C), 

Raman spectroscopy (Figure 1 D), TGA (Figure 1 E), zeta potential, and hydrodynamic diameter 

(Table 1) measurements of GNOs, GONRs, and GONPs taken together indicated that these 

graphene nanoparticles not only possess distinctly different morphological features, but also 

surface properties. Since the differences in cytotoxicity and cellular uptake results observed in 

this study are due to complex interplay of various physical and chemical properties of GNOs, 

GONRs, and GONPs, these results cannot be generalized for all graphene-based nanoparticles. 

More thorough investigations are currently underway to better understand the differences in 

cellular uptake of various graphene nanoparticles, including their uptake mechanism and the 

reasons for the observed variation in cell death. 

Graphene-based biomaterials are being increasingly investigated for applications in tissue 

engineering [59-61]. Their high surface area, strong mechanical properties and ability to be 

functionalized make them suitable for biomaterial developments for tissue engineering 

applications. When incorporated into polymeric matrix of bone tissue engineering scaffolds they 

have been show to increase cell adhesion, proliferation and stem cell differentiation[59]. The 

above results provide guidelines on potentially safe ranges for biomedical applications, which 

could be further explored for more specific applications such as nanocomposite scaffold 

development and tissue regeneration in in vivo.  
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Conclusion 

GNOs, GONRs, and GONPs elicited a dose-dependent (0-300 µg/ml), but not a time-dependent 

(24 and 72 hours) cytotoxic response on adMSCs and bmMSCs. For all three nanoparticles, 

concentrations of less than 50 µg/ml showed no significant differences compared to untreated 

controls. The adipogenic and osteogenic differentiation potential of adMSCs was not adversely 

affected after treatment with a low (10 µg/ml) or high (50 µg/ml) concentration. GNOs and 

GONPs were internalized by adMSCs, while GONRs were not. The results suggest that GNOs, 

GONRs, and GONPs at concentrations of less than 50 µg/ml for 24 or 72 hours could be 

considered potentially safe incubation conditions for ex vivo labeling for MSCs. The results open 

avenues for use of these graphene nanoparticle formulations for applications in regenerative 

medicine.  
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Figures 

 

 

Figure 1: Representative HRTEM images of GNOs (A), GONRs (B), and GONPs (C). Scale bars: 

(A) 10 nm, (B) 50 nm, and (C) 10 nm. (D) Representative Raman spectra of GNOs (a), GONRs 

(b), and GONPs (c). (E) TGA profiles of GNOs, GONRs, and GONPs.  
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Figure 2: AlamarBlue assay results at one and three days after treatment with GNOs (A), GONRs 

(B), and GONPs (C) for adMSCs; after treatment with GNOs (D), GONRs (E), and GONPs (F) 

for bmMSCs. 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, 5 μg/ml groups, and 10 μg/ml groups is denoted by (*), 

(#), and (+) respectively. 
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Figure 3: Calcein AM assay results at one and three days after treatment with GNOs (A), GONRs 

(B), and GONPs (C) for adMSCs; after treatment with GNOs (D), GONRs (E), and GONPs (F) 

for bmMSCs. For each nanoparticle, cells were treated with PEG-DSPE, at 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, 5 μg/ml groups, and 10 μg/ml groups is denoted by (*), 

(#), and (+) respectively. 
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Figure 4. Adipogenesis results. (A) Histological specimens of adMSCs incubated with GNOs, 

GONRs, and GONPs for 24 hours, followed by incubation with adipogenic differentiation media 

for 21 days, 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) 

compared to the control was determined by the Kruskal-Wallis test with Dunn’s post hoc (*). 
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Figure 5. Osteogenesis results. adMSCs after treatment for 24 hours with either 10 or 50 μg/ml of 

GNOs, GONRs, or GONPs respectively, followed by 14 days of incubation with osteogenic 

differentiation media stained with Alizarin Red S.  



 

 
 

61 

 

Figure 6. Osteogenesis results. (A) Cellularity for adMSCs after treatment for 24 hours with 

either 10 or 50 μg/ml of GNOs, GONRs, or GONPs, followed by 14 days of incubation with 

osteogenic differentiation media. (B) ALP activity in adMSCs after treatment for 24 hours with 

either 10 or 50 μg/ml of GNOs, GONRs, or GONPs, followed by 14 days of incubation with 

osteogenic differentiation media. (C) Calcium content after treatment for 24 hours with either 10 

or 50 μg/ml of GNOs, GONRs, or GONPs, followed by 14 days of incubation with osteogenic 

differentiation media. Data are presented as mean +/- standard deviation of mg of calcium per 

well (n=3). Statistical significance (p<0.05) compared to the control was determined by the 

Kruskal-Wallis test with Dunn’s post hoc (*). 



 

 
 

62 

 

Figure 7. Representative TEM images of adMSCs treated with GNOs (A & B) and GONPs (C & 

D). GNOs aggregates (yellow arrow) are seen in vacuoles (green arrows) in the cytoplasm of the 

cell. GNOs are not seen inside the nucleus (black arrow).  GONPs particles (blue arrows) are seen 

in the cytoplasm enclosed in vacuoles. They can also been seen inside the nucleus (red arrows).  
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Figure 8. A, D and G show representative brightfield images of adMSCs treated with GNOs, 

GONRs, and GONPs, respectively.  B, E, H show the confocal Raman map of selected regions in 

A, D, and G. Parts C, F and I show characteristic D- and G-band spectra of GNOs, GONRs, and 

GONPs employed to obtain confocal Raman maps of these nanoparticles.  
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Tables 

Table 1: Physicochemical characterization of GNOs, GONRs and GONPs by TEM, Raman 

spectroscopy, TGA and DLS. 

Nanoparticle Dimensions (nm) Raman peaks ID/iG 

Zeta potential 

(mV) 

Hydrodynamic 

diameter (nm) 

GNO (d) 50–300 1335 cm−1(D), 

1576 cm−1(G), 

2680 cm−1(G′) 

0.92 −32.3 ± 1.35 460.76 ± 53.58 

GONR (w) × (l) 

60–90 × 500–1500 

1340 cm−1(D), 

1580 cm−1(G) 

1.28 −26.30 ± 0.75 457.5 ± 35.70 

GONP (d) 20–40 1351 cm−1(D), 

1604 cm−1(G) 

1.09 −12.47 ± 0.12 296.4 ± 20.32 
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Table 2: Percentage decrease in viability assessed by Alamar Blue assay of adMSCs and 

bmMSCs treated with GNOs, GONRs and GONPs at concentration of 300 µg/ml at day 1 and 3 

compared to control.  

 

adMSC 

 

bmMSC 

 

Day 1 Day 3 Day 1 Day 3 

GNOs 86% 69% 50% 39% 

GONRs 93% 79% 67% 72% 

GONPs 100% 98% 62% 93% 
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Table 3: Percentage decrease in viability assessed by Calcein AM assay of adMSCs and 

bmMSCs treated with GNOs, GONRs and GONPs at concentration of 300 µg/ml at day 1 and 3 

compared to control.  

 

adMSC 

 

bmMSC 

 

Day 1 Day 3 Day 1 Day 3 

GNOs 98% 38% 19% 21% 

GONRs 94% 91% 39% 74% 

GONPs 65% 80% 62% 74% 
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Table 4: CD50 values of adMSCs and bmMSCs treated with GNOs, GONRs and GONPs 

evaluated by Alamar Blue and CalceinAM assays. 

 

 

CD50 (μg/ml) 

 

adMSC 

 

bmMSC 

 

Alamar Blue Calcein AM Alamar Blue Calcein AM 

GNOs 244 164 615 128 

GONRs 142 137 200 123 

GONPs 79 125 167 198 
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Chapter 3: Investigate PA imaging of tissue engineering 

scaffolds  

 

Portions of this chapter have been reproduced from: 

 

Yahfi Talukdar, Pramod Avti, John Sun, Balaji Sitharaman. “Multimodal ultrasound-

photoacoustic imaging of tissue engineering scaffolds and blood oxygen saturation in and around 

the scaffolds”. Tissue Engineering Part C: Methods. 2014;20(5):440-9. 

 

 

*The authors listed in the above manuscript have contributions towards data reported in this 

chapter 
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Abstract 

Preclinical, noninvasive imaging of tissue engineering polymeric scaffold’s structure and/or the 

physiological processes such as blood oxygenation remains a challenge. In vitro or ex vivo, the 

widely used scaffold characterization modalities such as porosimetry, electron or optical 

microscopy, and X-ray micro-computed tomography has limitations or disadvantages - some are 

invasive or destructive, others have limited tissue penetration (few hundred micrometers) and/ or 

show poor contrast under physiological conditions. Post-mortem histological analysis, the most 

robust technique for the evaluation of neo-vascularization is obviously not appropriate for 

acquiring physiological or longitudinal data. Herein, we have explored the potential of ultrasound 

(US)-coregistered photoacoustic (PA) imaging as a non-invasive multimodal imaging modality to 

overcome some of the above challenges and/ or provide complementary information. US-PA 

imaging was employed to characterize poly(lactic-co-glycolic acid) (PLGA) polymer scaffolds or 

single-walled carbon nanotube (SWCNT)-incorporated PLGA (SWCNT-PLGA) polymer 

scaffolds as well as blood oxygen saturation within and around the scaffolds. Ex vivo, PLGA and 

SWCNT-PLGA scaffolds were placed at 0.5 mm, 2 mm and 6 mm depths in chicken breast 

tissues. PLGA scaffolds could be localized with US imaging, but generate no PA signal 

(excitation wavelengths 680 nm and 780 nm). SWCNT-PLGA scaffolds generated strong PA 

signals at both wavelengths due to the presence of the SWCNTs and could be localized with both 

US and PA imaging depths between 0.5-6 mm (lateral resolution = 90 µm, axial resolution = 40 

µm). In vivo, PLGA, and SWCNT-PLGA scaffolds were implanted in subcutaneous pockets at 2 

mm depth in rats, and imaged at 7 and 14 days post-surgery. The anatomical position of both the 

scaffolds could be determined from the US images. Only SWCNT-PLGA scaffolds could be 

easily detected in the US-PA images. SWCNT-PLGA scaffolds had significant four times higher 

PA signal intensity compared to surrounding tissue and PLGA scaffolds. In vivo blood oxygen 

saturation maps around and within the PLGA scaffolds could be obtained by PA imaging. There 
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was no significant difference in oxygen saturation for the PLGA scaffolds at the two-time points. 

The blood oxygen saturation maps complemented the histological analysis of neo-vascularization 

of the PLGA scaffolds.  

  



 

 
 

71 

Introduction 

A variety of synthetic biodegradable polymer-based scaffolds have thus far been developed for 

tissue engineering applications.[1-7] Poly-lactic-co-glycolic (PLGA), a FDA-approved polymer, 

is widely used to fabricate scaffolds because of its mechanical properties, biocompatibility and 

biodegradability. [2, 3, 8, 9] Recently, nanoparticle-incorporated PLGA nanocomposites have 

also been developed.[1, 10] The nanoparticles, apart from enhancing the mechanical properties of 

PLGA, have shown to affect the differentiation of progenitor cells.[11]  

In vivo non-invasive imaging of polymeric scaffolds remains a challenge. Even though, ex vivo, 

many characterization techniques such as mercury porosimetry, scanning electron microscopy 

(SEM), laser scanning optical microscopy techniques (e.g. confocal and two-photon microscopy), 

and X-ray micro-computed tomography (µCT) are available to assess polymeric scaffold 

properties such as structure, porosity and pore size; in vivo, these techniques have significant 

limitations.[12] The contrast of wet polymeric scaffolds such as PLGA immersed in blood or 

biological media using µCT is poor, while mercury porosimetry and SEM require sample 

preparation that is only possible ex vivo. Thus, for in vivo studies, invasive post mortem histology 

is considered as the gold standard to investigate the changes in the scaffold properties, 

degradation as well as tissue regeneration and vascularization within the scaffolds.[4] Especially, 

for longitudinal studies, large number of animals implanted with scaffolds are sacrificed at 

various time points, the scaffold along with the surrounding tissue explanted, and micrometer 

thick sections are prepared for histological analysis. This procedure could cause scaffolds debris, 

small proteins, nucleic acids, extracellular complex carbohydrates and other soluble metabolites 

to be washed away,[13-15] and thus, affects and limits the analysis of the scaffold’s 

physicochemical properties and deposited extracellular matrix. Additionally, porous scaffolds 

with lower mechanical properties compared to the tissue could crumble, fall out of the 

surrounding tissue or get displaced during the histological specimen preparation making it 
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challenging to characterize its structural properties and/or investigate tissue regeneration within 

these scaffolds. Furthermore, although blood vessel cross-sections can be located in histological 

sections, the process of vasculogenesis[16] cannot be characterized by histological analysis alone, 

and complementary physiological information such as blood oxygen saturation cannot be 

monitored. Monitoring oxygen saturation or oxygenation of tissue engineering scaffold is very 

important during the process of tissue regeneration. Scaffolds with low oxygen penetration fail to 

support live cells and prevent tissue regeneration. It is important for aerobic metabolism, cell 

proliferation and even differentiation of mesenchymal stem cells (MSC). Upon implantation of 

the scaffolds in vivo, it takes about 8-12 days before neovascularization occurs.[17] During this 

period the cells in the scaffolds rely solely on blood perfusion for oxygen and nutrition. Oxygen 

saturation of tissue engineering scaffold decreases exponentially with depth.[18] As the 

interstitial fluid enters the scaffold, the cells on outer layers of the scaffold use up the oxygen 

leaving hypoxic regions at the center of the scaffold. In these regions, MSCs fail to proliferate 

and differentiate into osteoblasts, delaying the process of tissue regeneration.[19-21]  

To this end various superficial and whole-body small animal imaging modalities have recently 

been explored for imaging tissue engineering scaffolds.[22-28]Each modality has its advantages 

and limitations. Superficial optical imaging techniques, with excellent sub- μm resolutions, such 

as bioluminescence, fluorescence, optical coherence tomography (OCT) and two-photon imaging 

have various limitations such as low tissue penetration (tens to hundreds of micrometers), optical 

scattering and attenuation, or interferences due to background tissue auto-fluorescence. 

Additionally, techniques such as bioluminescence imaging require genetically modified small 

animal model, and fluorescence or two-photon microscopy require the use of fluorophores that 

may photobleach or interfere with normal physiological processes.[25] Deep tissue imaging 

modalities, such as X-ray computed tomography (CT), magnetic resonance imaging (MRI), or 

positron emission tomography (PET) allow whole body imaging. However, µCT of tissue 
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engineering scaffolds, show poor contrast when perfused with body fluids.[12] Additionally, 

imaging blood vessels is possible only after injection of contrast agents into the blood vessels 

post mortem, and thus, not appropriate to obtain longitudinal or real-time information on the 

process of neo-vascularization[27]. Unlike CT that uses harmful x-ray radiation; MRI is 

considerably safer. [26, 29-34] However, the contrast of tissue engineering scaffolds monitored 

using MRI is poor until water can penetrate and perfuse the scaffold. [33-35] This method also 

requires the use of contrast agents with high relaxivity values. In addition to contrast agents, the 

strong magnetic fields required for MRI might not be suitable for studying metallic (e.g. titanium) 

scaffolds. PET has also been proposed for imaging vasculature and although it can effectively 

target highly vascular tumors[34, 35] with a resolution of 1-2 mm, it is incapable of imaging neo-

vasculature or micron-sized blood capillaries in tissue engineering scaffolds.  

Recently, photoacoustic microscopy (PAM) imaging has shown promise to non-invasively 

characterize the porosity and pore size of tissue engineering scaffolds in vitro, and 

neovascularization within scaffolds in vivo.[12, 36] Additionally, the same technique could also 

be used for histological and histomorphometric analysis of scaffolds.[12] Differential absorption 

by exogenous (e.g. single-walled carbon nanotubes (SWCNTs)) or endogenous (e.g. hemoglobin) 

materials, at a specific optical wavelength, is responsible for the contrast generated in PA imaging 

systems.[12, 28, 36-38] Most biological molecules do not absorb at near infrared (NIR) 

wavelengths, and therefore do not generate robust PA signals. Oxyhemoglobin and hemoglobin 

are two of the relatively few endogenous molecules that absorb in this region, and due to their 

differential absorption spectra, allow mapping of in vivo oxygen saturation by PAM.[36] 

SWCNTs absorb strongly at the near infrared region and generate PA signal stronger than 

endogenous absorbers such a hemoglobin and melanin.[38, 39] 

Pure PA imaging does not typically provide the appropriate contextual anatomic information for 

useful localization of the photoacoustic imaging signals within the animal.[40] Although white 
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light overlay methods are beneficial, due to difficulty in animal repositioning, repeated imaging 

of the same animal in different imaging sessions often results in misinterpretation of the signal 

localization.[41] The white-light reference image typically used in a pure PA imaging system 

may be suitable for localization of large objects such as tumor masses, but lacks the anatomical 

context required for repeatedly localizing smaller signals of interest and/or mapping the 

molecular signals to bones or other anatomical structures within the animal. Ultrasound (US)-

based co-registration of the PA signal has been reported to allow suitable contextual anatomical 

information of generated PA signals.[42] Using US-PA multi modal imaging both anatomical and 

physiological data can be obtained. US-PA has thus far been investigated for various preclinical 

applications such as intravascular imaging of atherosclerotic plaques, tumor detection and 

staging, in vivo stem cell tracking. [43-47] To the best of our knowledge, till date, the potential 

benefits of US-PA in the field of tissue engineering have not been explored. Therefore, in this 

study, we investigate the suitability of multimodal US-PA system to image tissue-engineering 

scaffolds and monitor oxygen saturation in vivo in a rat model. 
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Materials and Methods 

2. 1 SWCNT synthesis 

SWCNTs were synthesized as described previously.[12] Diblock copolymer templating method 

was used to coat Fe on Si wafers and placed in a 3-inch-diameter quartz reaction chamber (Easy 

Tube 2000; First Nano, Central Islip, NY). The chamber was then filled with H2 for 2 minutes 

followed by CH4 as carbon feedstock for 20 minutes. The furnace was then switched off and 

cooled to room temperature. 

2. 2 Scaffold preparation 

Porous polylactic-co-glycolic-acid (PLGA) scaffolds were prepared as previously described.[12, 

48] PLGA scaffolds with single walled carbon nanotubes (SWCNT-PLGA) were made by 

uniformly distributing the nanotubes in PLGA (Polysciences Inc. Warrington, PA) dissolved in 

chloroform at 0.5 wt% concentration. Particulate leaching technique was used to make porous 

polymer composites using NaCl as a porogen (100-500 μm). The amount of NaCl required to 

achieve 90% porosity was calculated using the equation: 

 

Where VPLGA, VSWCNT and VNaCl are the volumes of PLGA, SWNT, and NaCl, respectively. The 

mixture of PLGA or SWCNT-PLGA with NaCl was poured into cylindrical Teflon™ molds of 4 

mm diameter and 1.5 mm in height. Uniform distribution of SWCNT was obtained by stirring the 

mixture vigorously and vortexing before pouring it into the molds. After complete removal of 

chloroform, the scaffolds were removed from the molds and immersed in deionized water to 
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leach NaCl. The vials containing scaffolds were placed on a shaker table (80 rpm) and the water 

was changed every 6 hours. After 48 hours the scaffolds were removed from water, blotted dry, 

and air-dried at room temperature for 24 hours.  

2. 3 Atomic force microscopy 

The structure and dimensions of SWCNTs prepared by the method described above were 

determined with atomic force microscopy (AFM) as described previously.[49] In short, SWCNTs 

in 1:1 ethanol:water solution were dispersed by probe sonication (Cole-Parmer Ultrasonicator 

LPX 750) for 1 minute using a 1 second “on” and 2 second “off” cycle. To prepare samples for 

AFM, we spin coated 50 µl of dispersed SWCNT solution onto silicon wafers (Ted Pella, USA) 

at 300 rpm for 5 minutes. We used NanoSurf EasyScan 2 Flex AFM (NanoScience Instruments 

Inc. Phoenix) in tapping mode with a V-shaped cantilever (APP Nano ACL -10, frequency ƒc  = 

145-230 kHz, L = 225 µm, W = 40 µm, tip radius < 10 nm, spring constant k = 20-95 N/m) for 

the images. 

2. 4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM; Schottky Field Emission Scanning Electron Microscope, 

LEO Gemini 1550) was used to examine the structure of SWCNT-PLGA nanocomposites. The 

porous scaffolds were sliced, mounted on metal studs and sputter coated with gold before 

imaging at an acceleration voltage of 20 KV with Everhart-Thornley secondary electron detector. 

2. 5 Microcomputed Tomography  

Microcomputed tomography (microCT; Scanco Medical AG) was used to characterize the 

porosity and pore size of the scaffolds. Imaging was done with resolution of 12 μm with 55 KV 

energy and intensity of 145 μA. Software provided by Scanco Medical AG was used for image 

reconstruction and analysis. A threshold of 41 was used to represent gray scale tomograms of the 
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scaffold. The pore sizes were determined from 3D rendered images of the scaffold. For 

calculating the porosity, total volume (TV), scaffold volume (SV) and volume fraction (SV/TV) 

was determined. Three separate regions per scaffold was analyzed and the average was used to 

determine the porosity of the scaffolds using the following equation[50]: 

 

 

2. 6 Animals and subcutaneous scaffold implants 

Animal experiments were performed in compliance with the Institutional Animal Care and Use 

Committee (IACUC). Three Male Sprague Dawley rats (12 weeks old) were obtained from 

Charles River Laboratories (Wilmington, MA). Rats were individually housed, allowed free 

access to water, fed standard rat chow pellet, and kept on a 12-hour light-dark cycle. Before the 

experiments were conducted, the animals were acclimatized for a week at the above conditions. 

The scaffolds were implanted in subcutaneous pockets using a well established animal surgical 

model for tissue engineering strategies, using preanesthesia by isoflurane (5%) in % O2 inhalation 

and maintained further by 1-2.5% isoflurane. To reduce pre-operative infection risk and to 

minimize post-operative discomfort, antibiotic (Enrofloxacin (Baytril), 2.5-5 mg/kg SQ for 5 

days, s.c) and analgesic (ketorolac 2-4 mg/kg, s.c) were administered to the rats. For the 

installation of subcutaneous implants, the dorsum of rats was shaved, washed, and disinfected 

with povidone-iodine. Four longitudinal incisions of ~1 cm were made through the full thickness 

of the skin at both sides of the spinal column. Subsequently, lateral to the incisions a 

subcutaneous pocket was created by blunt dissection and then the scaffolds were placed into these 

pockets. The skin was closed using a subcuticular vicryl suture. Post surgery, the animals were 

housed singly and allowed full activity in their cages and monitored for any adverse effects.  
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2. 7 Ultrasound Co-registered Photoacoustic Imaging 

US and PA images of PLGA and SWCNT-PLGA scaffolds embedded in chicken breast tissue 

were taken using Visual Sonics Vevo LAZR Photoacoustics Imaging System (LZ550 imaging 

probe, 40 MHz center frequency, bandwidth 22-55 MHz). Scaffolds placed on chicken breast 

tissue were covered with layers of chicken breast of varying thickness (0.5 mm, 2 mm and 6 mm). 

A thin layer of ultrasound gel was applied on the surface of the chicken breast to reduce 

attenuation due to air pockets between the skin and transducer. The transducer was placed in 

contact with the gel. Images were obtained using a 680 nm and 780 nm laser and analyzed using 

Vevo 2100 Workstation software (v1.4.0).  

PA images of the scaffolds in vivo were taken at 7 and 14 days post-surgery at 680, 780, 880 and 

970 nm wavelengths. The energies of the lasers used for imaging were all within the American 

National Standards Institute (ANSI) limitation (20 mJ/cm2). For PA imaging the rats were 

preanesthetized with isoflurane (5%) in O2 mixture and maintained under 1-2.5% isoflurane. 

Animals were placed on flat stationary surface designed for rats on the PA instrument and 

ultrasound gel was applied for imaging. Photoacoustic signals were detected by placing the 

transducer on the gel applied portion to perform imaging. Two and three-dimensional images of 

scaffolds were taken and oxygen saturation levels within the scaffolds were determined using 

Vevo 2100 Workstation software (v1.4.0). Oxygen saturation (sO2) measurements were assessed 

using the Oxyhemo mode, an inbuilt software algorithm, that uses a dual-wavelength (750nm and 

850nm) approach.[51] A region of interest (ROI) was created to include the scaffold in the 2D 

acquired sO2 images.  

2. 8 Statistics 

Data was analyzed as a ratio of average photoacoustic signal obtained from the scaffold with 

signal obtained from surrounding tissue. One sample T test was used to determine significance of 
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difference of signal from the scaffold and surrounding tissue. Furthermore, non-parametric Man 

Whitney U test was used to analyze significance in difference between PLGA and SWCNT-

PLGA groups. Differences with P<0.05 are considered significant.  

2. 9 Histology 

Subcutaneous tissue containing scaffolds were excised and fixed in 10% buffered formalin (pH 

7.2), dehydrated through a series of ethanol solutions, embedded in paraffin, and routinely 

processed for histological analysis. Sections of 5-micron thickness were cut and stained with 

hematoxylin-eosin (H&E) for histological analysis. The stained tissues were observed through a 

microscope (Carl Zeiss, Oberkochen, Germany), photographed by a charge-couple device (CCD) 

camera and histopathological analysis was performed. 
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Results and Discussions 

The studies reported in this article were performed to answer the following questions: 1) Can US-

coregistered PA imaging non-invasively characterize PLGA and SWCNT-PLGA scaffolds, and 

monitor blood oxygen saturation levels in and around these scaffolds? 2) If yes, what are the 

strengths and weaknesses of this modality for applications mentioned above? PLGA and 

SWCNT-PLGA scaffolds were chosen since, they have previously been used for in vitro PA 

imaging.[12] Additionally, these scaffolds do not show adverse biological responses in vitro and 

in vivo.[52, 53] The NIR wavelengths used for PA imaging were selected to achieve optimal laser 

power, and PA signal amplitude, as well as greater tissue penetration. 

SWCNTs used for the study were characterized by AFM. SWCNT-PLGA scaffolds were 

characterized using optical microscopy, SEM, and MicroCT. The SWCNTs had a diameter of 

1.0-1.5 nm, and had lengths ranging from 1-5 µm (Figure 1A). Figure 1B shows a representative 

optical image of the PLGA and SWCNT-PLGA scaffold. SWCNT-PLGA scaffolds with SWCNT 

incorporated throughout the polymer scaffolds appear gray in the optical images and are 

morphologically similar to PLGA scaffolds. Figure 1C shows a SEM image of SWCNT-PLGA 

scaffold with SWCNT embedded into the polymer matrix. SWCNTs within the polymer matrix 

are seen bridging the micro cracks within the scaffold and protruding out from the polymer 

matrix.[54, 55] Furthermore, microCT image of the scaffold shows a porous structure with inter 

connecting pores. Analysis shows porosity of about 89% with 145 µm as the average size of the 

pores.[12] 

US-PA imaging of PLGA and SWCNT-PLGA scaffolds was first performed ex vivo. Figure 2 

shows representative US-coregistered PA images of PLGA and SWCNT-PLGA scaffolds 

embedded in chicken breast tissue at depths of 0.5, 2, and 6 mm. Regions pseudo-colored in 

bright red are the PA signals overlaid on black and grey ultrasound images. Anatomical 
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information obtained from US images was used to determine the position and depth of the 

scaffolds within the tissue. PLGA scaffolds generated no PA signal at all the depths, except in 

some regions (Figure 2 A-C). In these regions, the generated PA signals (colored in red) were due 

to trace amounts of SWCNTs used to indicate the distal lining of chicken breast tissue. SWCNT-

PLGA scaffolds showed PA signal intensity up to four times higher than PLGA scaffolds and 

surrounding tissue and appear red in the images (Figure 2D-F). PA images of the entire scaffold 

could be obtained at a depth of 0.5 mm and 2 mm. At 6 mm depth, PA images of only the top 

portion of the scaffold could be obtained, and the entire scaffold could not be imaged at depths 

below 6 mm. SWCNT-PLGA scaffolds generated strong PA signals at both 680 nm and 780 nm 

wavelengths, due to the presence of SWCNTs. The 680 nm wavelength laser had a higher power 

compared to the 780 nm wavelength laser, which resulted in higher fluence and thus, a stronger 

PA signal. 3D reconstruction of the 2D planar US-PA images allowed better registration of the 

location and dimensions of the scaffolds. Figure 2G displays 3D reconstructed image of a 

representative scaffold embedded 0.5 mm deep in the tissue, which clearly shows the scaffold 

shape and dimensions (4 mm x 1.5 mm). The lateral resolution of the images was 90 µm and axial resolution was 40 

µm. The porosity or the pore size of these scaffolds could not be measured from these images, 

since the pore sizes were ~ 145 µm and pore interconnects were ~ 40-100 µm.[12]  

Figure 3 shows US-PA images of PLGA (A & B) and SWCNT-PLGA (C & D) scaffolds 

implanted subcutaneously in a rat. The scaffolds were imaged on days 7 (A & C) and 14 

(B & D) post-surgery. US images obtained from the US-PA Imaging system were used to 

detect the scaffolds implanted 2 mm deep in subcutaneous pockets on the dorsal region of 

the rats. The full thickness and the cross-section of the scaffold could be determined in 

the images. PA signal from endogenous absorbers such as hemoglobin, from as deep as 8 

mm was visible in the images. PLGA (Figures 3 A & B) (Figures 3 C &D) scaffolds are 

indistinguishable in the US-PA images, and have poor contrast with respect to 
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surrounding tissue. PA signal obtained from PLGA scaffold shows no significant 

difference compared to signal obtained from surrounding tissue (One sample t test, 

P>0.05).  SWCNT-PLGA scaffolds, outlined in Figure 3 C & D, have significantly higher 

PA intensity compared to surrounding tissue. Average PA intensity of SWCNT-PLGA 

scaffolds, normalized with PA intensity of surrounding tissue, is 4 times greater than that 

of PLGA scaffolds (Man Whitney U test, p<0.05). Images taken in day 7 and day 14 

show no particular trends in signal distribution within the scaffold. Distribution of the PA 

signal within the scaffold varies based on the 2D slice chosen from the 3D images. 3D 

rendering of the 2D slices shows the morphology of the scaffold in vivo surrounded by 

endogenous absorbers oxy-and-deoxy hemoglobin (Figure 3E). The epidermal layer 

produces PA signals due to the presence of melanin and appears as a continuous layer on 

the surface of the skin. Previous report on PA imaging of scaffolds have applied spectral 

imaging would allow removal of signal from endogenous absorbers.[56] Since SWCNT 

has characteristic absorption spectrum, it could easily be delineated from surrounding 

tissue with spectral imaging and also be quantified.[56] Although NIR lasers with 

wavelengths between 700 nm-1100 nm have low absorbance and better depth of 

penetration than visible lasers in biological tissue,[57] biomolecules such as melanin and 

hemoglobin have significant absorbance at 780 nm wavelength used for in vivo PA 

imaging.[35] In Figure 3E, PA signal from melanin can be seen on the epidermal layer 

and signal from hemoglobin can be detected in surrounding tissues in Figure 3 A-D. 

Since PA signal produced from SWCNTs is much stronger than signal produced by these 

biomolecules,[38, 58] SWCNT-PLGA scaffolds have a very high contrast and can be 

easily distinguished from surrounding tissue. 
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Other PA imaging modalities, such as optical or acoustic resolution PAM, possess a better 

resolution and allow determination of porosity in vitro. Optical resolution PAM has a lateral 

resolution of 2.6 µm, axial resolution of 15 µm with penetration of 660 µm in vitro and, 1 mm in 

vivo.[12, 37, 59, 60] Acoustic resolution PAM (AR-PAM) has a spatial resolution of 45 µm, axial 

resolution of 15 µm with penetration of 2 mm.[12] Compared to PAM, US-PA imaging allows 

greater tissue penetration, making it more suitable for in vivo small animal studies that require 

deep tissue (> 1 mm) monitoring of scaffolds for applications such as bone or cardiovascular 

tissue engineering. For these applications, the various PA imaging modalities should provide 

complementary information at multiple length-scales using the same contrast mechanism.[61] 

The US-PA imaging should provide anatomy of the tissue surrounding the scaffolds, as well as 

real-time longitudinal changes in the overall shape, and size of scaffold. Once the scaffolds are 

explanted, PAM should provide immediate 3D information of changes in pore size and porosity 

of the explanted scaffolds, and co-validate these scaffold properties in vitro during histological 

and histomorphometric analysis.[12]  

Figure 4 shows the blood oxygen saturation maps, at day 7 and 14 post implantation, in and 

around the PLGA and SWCNT scaffolds. PA signal obtained at 750 nm and 850 nm were used to 

obtain the blood oxygen saturation maps. Oxygen saturation or dissolved oxygen is the 

concentration of oxygen in a given media. In the case of blood vessels in biological tissues, it is 

determined as a ratio of oxy-hemoglobin and total hemoglobin in a given region. Due to the 

differential absorbance of NIR light by deoxyhemoglobin (Hb) and oxyhemoglobin (HbO) at 

different wavelengths,[62] relative absorbance of Hb and HbO can be used to determine in vivo 

oxygen saturation with PA imaging.[36] Figures 4 A-D show oxygen saturation maps of the skin 

and underlying areas. There were regions of high saturation around the PLGA and SWCNT-

PLGA scaffolds. PLGA scaffolds showed oxygen saturation on the edges of the scaffold on day 7 

(Figure 4A) and at day 14, the regions of high oxygen saturation, appearing red and white, are 
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also seen within the scaffold (Figure 4B). PLGA scaffolds had lower, oxygen saturation of 12% 

on day 14 as compared to 16% on day 7. SWCNT-PLGA scaffolds, indistinguishable from 

surrounding tissue, appear to have high oxygen saturation throughout the scaffold (Figure 4C & 

D). SWCNT-PLGA scaffolds had 2-3 fold higher oxygen saturation values at both time points 

with an average oxygen saturation of 41% on day 7 and 36% on day 14. This is due to the 

additional optical absorbance by the SWCNTs in the scaffolds in the NIR. Unlike Hb and HbO, 

SWCNT absorbs equivalently at the two NIR wavelengths (750 and 850nm) used for oxygen 

saturation measurements. SWCNT produces strong PA signal at both wavelengths giving rise to 

false positive oxygen saturation signal in SWCNT-PLGA scaffolds. Spectroscopic PA imaging 

can be used to differentiate and quantify SWCNTs as well as Hb and HbO in a given region and 

eliminate SWCNT-generated false positive signal in the scaffolds.[28, 63] This information can 

then be used to accurately map blood oxygen saturation of SWCNT-PLGA scaffolds without 

false positive signal from SWCNTs. Since oxygen saturation is measured from relative 

concentration of Hb and HbO, it is also a good surrogate indicator of vasculogenesis, and 

neovascularization.[16] Upon vascularization of the scaffold, there would be an increase in PA 

signal due to the presence of Hb and HbO within the scaffold. Thus, in small animals, US-PA 

could provide not only longitudinal anatomical information about the scaffold, but also important 

physiological information such as Hb, HbO, and oxygen saturation during the process of tissue 

regeneration. 

H&E stained sections of tissue surrounding PLGA and SWCNT-PLGA scaffolds were examined 

under the microscope to investigate tissue regeneration and vascularization (Figure 5). 

Surrounding tissue is seen to have penetrated the scaffold with evidence of vascularization around 

and within the scaffold. The morphology of the regenerated tissue (Figure 5A) matches and 

validates the oxygen saturation maps obtained in vivo (Figure 4B). Red blood cells can be seen in 

the newly formed capillaries in the regenerated tissue (yellow arrows, Figure 5 A, B, C & D). 
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Small fragments of the scaffolds were surrounded by newly formed healthy tissue with no signs 

of fibrosis (red arrows, Figure 5 C & D). SWCNT aggregates can also be seen within the scaffold 

region surrounded by healthy tissue (green arrows, Figure 5D). The histological results are 

similar to previous studies that show no adverse host response of highly porous scaffolds, which 

allow better oxygenation within the scaffolds, of these dimensions.[1, 2, 9]  

The above results indicate US-PA imaging should allow longitudinal monitoring of scaffold 

architecture and oxygen saturation in and around the scaffolds. PLGA is a slowly degrading 

polymer and previous in vitro degradation studies show that scaffolds with similar porosity (89%) 

and pore size (145 µm) used in this study show negligible degradation.[9] Furthermore, previous 

in vitro studies on similarly prepared scaffolds have shown negligible degradation within two 

weeks.[12] Histological analysis shows intact PLGA scaffold structures within the regenerated 

tissue indicating that observed PA signal are mainly from SWCNT incorporated in the scaffolds 

and not from any SWCNT released from the scaffold. To validate the utility and feasibility of this 

imaging technique in tissue engineering applications further investigation is required. The effect 

of varying scaffold parameters such as size, porosity, pore size, degradation kinetics and 

nanoparticle concentration on imaging tissue regeneration in vivo should be investigated. 

Compared to other multi-modal small animal imaging systems that provide both anatomical and 

functional imaging, such as MRI-PET and PET-CT, US-PA has significant advantages. It has a 

higher spatial resolution compared to PET-CT, allowing imaging of vasculature possible, and 

does not use harmful radiation. Compared to MRI-PET, US-PA has higher temporal resolution 

allowing real time monitoring of oxygen saturation and does not require exogenous contrast 

agents for either anatomical or functional imaging.  

Our in vitro and in vivo data provide proof-of-principle demonstration that US-PA imaging hold 

potential as a preclinical tool for spatial and temporal imaging and characterization of key 

anatomical and physiological information (structure, and oxygenation) in and around polymeric 
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scaffolds overcoming the limitations of current structural and histological techniques. Our study 

in conjunction with reports by others on photoacoustic acoustic microscopy (PAM) indicate that 

multi-scale PA imaging enhanced with nanoparticle contrast agents has the potential to 

complement conventional diagnostic approaches for monitoring scaffold structure and 

vasculogenesis in engineered tissue while overcoming many limitations of existing imaging 

technologies for small animals. We expect the complete development / adaption of this imaging 

technique will significantly impact translational research. Tissue engineering scaffolds are 

biomedical implants. Clinical development of any therapeutic biomedical implant technology is a 

long and expensive process involving extensive developmental research, animal model testing 

and then clinical studies. Shortening this development process is critical to managing 

development-associated costs and time frame.  Preclinical non-invasive in vivo small animal 

imaging bridges the gap between in vitro exploratory and in vivo clinical research facilitating 

more direct and rapid transfer of preclinical studies in animal models to clinical investigation.[56, 

64] Preclinical non-invasive imaging can dramatically increase the efficiency of lead candidate 

selection by providing earlier and more highly predictive data compared to traditional methods 

based on histology results alone. Longitudinal imaging of the same animal at multiple time points 

will result in more valuable information than would be obtained from multiple individual animals. 

In these systems, the animal acts as its own control and analysis of dynamic data charts 

progressive biological changes and therapeutic response without need for large numbers of 

animals. Multi-scale PA imaging, as a non-invasive preclinical modality shows promise to allow 

longitudinal monitoring and characterization of key structural and tissue regeneration parameters 

(i.e., size and porosity of scaffolds, neovascularization and oxygen saturation), facilitating more 

rapid selection of candidate polymeric scaffolds for further development. It will also provide 

important insights into sequence of events that occur during in vivo regeneration within polymeric 

scaffolds, enabling more efficient translation from preclinical testing to clinical evaluation. In 

addition, low-power photoacoustic imaging is non-ionizing, user-friendly and less expensive than 
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other 3D small animal imaging modalities used to monitor bone regeneration. Therefore, it is 

appropriate for use by researchers for rodent studies to improve understanding of the tissue 

development process, and could be widely adapted for other tissue engineering applications (e.g., 

skin, bone, and cardiovascular tissue regeneration).  
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Conclusion 

We demonstrate that US-PA imaging allows deep tissue (up to 6 mm) imaging of SWCNT-PLGA 

scaffolds ex vivo with lateral resolution of 90 μm and axial resolution of 40 μm. The modality 

also allows 2-D and 3D non-invasive longitudinal imaging of SWCNT-PLGA scaffolds 

subcutaneously implanted into rats. Longitudinal oxygen saturation maps in and around 

subcutaneously implanted PLGA scaffolds can be obtained using US-PA imaging. Post mortem 

histological analysis qualitatively corroborates this result. The results suggest that US-PA 

imaging is a promising multi-modal small animal imaging modality for non-invasive longitudinal 

monitoring of changes to polymeric tissue engineering scaffold architecture (size, shape, 

degradation) and key physiological indicators of tissue regeneration such as changes in oxygen 

saturation.  
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Figures 

 

 

Figure 1: (A) Representative AFM image of a SWCNT. Inset is a cross-sectional 

topography plot of this nanotube that shows its diameter to be ~ 1 nm. (B) Optical images 

of PLGA and SWCNT-PLGA (C) SEM images of SWCNT-PLGA scaffold with scale bar 

showing 1 µm. The orange arrows point to SWCNTs and the green arrows point to PLGA 

polymer matrix. (D) MicroCT image of SWCNT-PLGA scaffold with scale bar of 5 µm. 
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Figure 2: US-PA images of PLGA (A, B & C) and SWCNT-PLGA (D, E and F) scaffold 

imaged at 680 nm embedded into chicken breast tissue at depths of (A & D) 0.5 mm, (B 

& E) 2 mm and (C & F) 6 mm. (G) 3D US-PA image rendition of SWCNT-PLGA 

scaffold embedded 0.5 mm in chicken breast tissue.  
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Figure 3: Representative US-PA images of PLGA (A & B) and SWCNT-PLGA (C & D) 

scaffolds in vivo. The scaffolds were implanted into subcutaneous pockets and imaged on day 7 

(A &C) and day 14 (B &D) post-surgery. (E) 3D rendering of SWCNT-PLGA scaffold under the 

skin at day 7 imaged at 780 nm. Scale bar represents 2 mm.  
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Figure 4: Representative blood oxygen saturation maps of PLGA (A & B) and SWCNT-PLGA (C 

& D) scaffolds taken day 7 (A & C) and 14 (B &D) post-surgery. Scale bar represents 2 mm.  

 

 

 

Figure 5: Histology of tissue surrounding PLGA (A & B) and SWCNT-PLGA (C & D) 

scaffolds showing tissue regeneration and vascularization. Arrows point to scaffold 

fragments (red arrows), blood vessels (yellow arrows) and SWCNT aggregates (green 

arrows).  
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Abstract 

Stimulus-responsive nanomaterials have mainly been employed to ablate or destroy 

tissues or to facilitate controlled release of drugs or biologics. Herein, we demonstrate the 

potential of stimulus responsive nanomaterials to promote tissue regeneration and healing 

via a non-pharmacological and non-invasive strategy. Thin films of single-walled 

oxidized graphene nanoribbons (O-SWGNR) were placed on the skin of a rodent femoral 

fracture site. A nanosecond pulsed laser diode was employed 10 minutes a day for 2 

weeks to generate photoacoustic (PA) signals (PAS) from the nanoparticles. Results 

showed significant increases in bone quantity at the fracture sites of rats exposed to the 

nanoparticle-generated PAS. In these rats, up to three fold increase in bone volume to 

callus volume ratio and two fold increase in bone mineral density within the callus were 

noted, compared to rats that were not exposed to the photoacoustic signals. The results 

taken together indicate that nanoparticle generated photoacoustic signals serve as an 

anabolic stimulus for bone regeneration. The results in conjugation with the known 

ability of these nanoparticles to serve as PA contrast agents suggest opportunities towards 

the development of integrated non-invasive imaging and non-invasive or invasive 

treatment strategies for bone loss due to disease or trauma. 
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Introduction 

The physical (electromagnetic, magnetic, acoustic) properties of variety of nanoparticles 

have been exploited to treat various disease conditions.1,2 In these treatment strategies, 

upon stimulation by appropriate external sources (e.g. electromagnetic radiation, 

magnetism), nanoparticles facilitate the controlled release of therapeutic moieties (drugs, 

biologics) or transduction of the energy into physical (heat) or chemical (reaction oxygen 

species) effects that lead to cell or tissue destruction3. Very little4 to no progress has been 

made in the development of stimulus-responsive nanoparticles that stimulate tissue 

regeneration.  

The photoacoustic (PA) effect - generation of acoustic waves by the absorption of 

electromagnetic (EM) energy.5 has been exploited for imaging and therapy. 6 Typically, 

low intensity EM radiation with fluence that conforms to limits placed by the American 

National Standards Institute (ANSI) standards have been utilized for PA imaging and 

high intensity EM radiation has been utilized for PA tissue ablation.6 A number of 

nanomaterials such as single-walled carbon nanotubes (SWNTs), gold and graphene 

nanoparticles with strong intrinsic electromagnetic absorption at visible, near IR 

wavelengths and in the radiofrequency domain can be used as contrast agents for PA 

imaging.7 These nanoparticles could also facilitate PA-stimulated drug delivery.8  

Previous in vitro studies showed that nanoparticle-enhanced PA signals differentiate 

multipotent marrow stromal cells (MSCs) towards osteoblasts. However, no in vivo study 

has investigated the efficacy of nanoparticle-enhanced PA effect signals to promote tissue 

regeneration. In vivo bone regeneration is a multistage complex process that requires a 
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delicate balance of anabolic and catabolic pathways. Herein we present a strategy that 

utilizes the inherent physical properties of carbon nanoparticles called single walled 

oxidized graphene nanoribbon (O-SWGNR) to induce anabolism in a rat bone fracture 

model.  
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Methods 

Synthesis of nanomaterials 

SWGONR nanoparticles were synthesized by longitudinally unzipping single walled 

carbon nanotubes 25 The characterization of these nanoparticles have been reported 

elsewhere. 26 

Fabrication of O-SWGNR films 

SWGONR were mixed into a 1 mg/mL ethyl acetate dispersion and bath sonicated for 1 

hour to disperse aggregated particles. The dispersion was fed into a 130kHz ultrasonic 

spray nozzle with a cylindrical spray shaper (Sonaer Ultrasonics, Farmingdale, NY. 

USA). Spray coating was performed in a rastering pattern utilizing an automated XYZ 

gantry. The suspensions were coated onto 12 mm diameter glass coverslips. Inert 

nitrogen gas was fed into the spray shaper as the carrier gas. While spray coating, the 

glass circles were clamped by an aluminum vacuum chuck. The vacuum chuck sat on top 

of an aluminum hotplate with a set point temperature of 135°C. The coated cover slips 

were then sandwiched between two films of TegadermTM  (3MTM Nexcare, Maplewood, 

MN). 

Atomic Force Microscopy  

O-SWGNR films were imaged with a NanoSurfEasyScan 2 Flex AFM (NanoScience 

Instruments Inc, Phoenix, Az) using a V-shaped cantilever (APP Nano ACL – 10, 

frequency ƒc 145-230 kHz, L=225 µm, W = 40 µm, tip radius < 10 µm, spring constant k 
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= 20-95 N/m) in tapping mode under ambient conditions of 50% relative humidity and 

25º C.   

Raman Spectroscopy 

O-SWGNR films were analyzed by Raman spectroscopy (Enwave Optronics, Irvine, CA) 

using a 40x objective and 532 nm laser source. Point spectra were acquired from 500-

3000 cm-1.  

Photoacoustic characterization 

O-SWGNR film was placed 2 cm away from a 905 nm standard pulsed laser diode 

(OSRAM, Munich, Germany) pulsed at 20 kHz frequency. Absorption of NIR light was 

verified with a digital power meter (Thorlabs, Newton, NJ). Production of ultrasound was 

verified using a high frequency delay line ultrasonic transducer (Olympus, Center Valley, 

PA) and oscilloscope (Fluke, Everett, WA). 

Animal model 

Female Sprague dawley rats (200 - 225 g) were used for this study (n = 6). Femoral 

fractures were induced using a standard technique using a Bonnarens and Einhorn 

fracture induction system.27 Briefly, all animals were anesthetized by Isoflurane (1-2.5%) 

in an O2/Air mixture by inhalation and a small skin incision was made in the knee and the 

patella was deflected. A hole was drilled into the intercondylar notch and a kirschner wire 

(1.1 mm, Smith and Nephew Richards, Memphis, TN, USA) was inserted into the 

medullary cavity. The muscle and skin were then sutured in layers with absorbable 

suture. Unilateral closed femoral fractures were made in all the groups. For fracture 
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induction, femur was placed in a three-point bending device and a 500 g weight dropped 

from a height of 35 cm. X-ray images of the fracture were used to confirm transverse 

fractures at the diaphysis of the femur. The rats were given buproprion analgesics (0.015 

mg/ml, dose 0.05 mg/kg) for pain relief and allowed unrestricted ambulation around the 

cage. 

Photoacoustic stimulation 

All PAS stimulation was carried out on rats anesthetized by Isoflurane (1-2.5%) in an 

O2/Air mixture by inhalation. After anesthetic induction, the hair around the proximal 

tibia/distal femur was shaved to allow dermal exposure. A transparent ultrasound 

coupling gel was applied to the skin over the fracture site and a O-SWGNR film was 

placed on top. A 60 ns pulsed, near infrared light (905 nm) stimulated the film at 20 kHz 

frequency. The rats were stimulated for 10 minutes daily for two weeks. At the end of the 

study, all the groups were euthanized using carbon dioxide inhalation. Femur was 

collected from each rat for MicroCT analysis and histology. Krishner wire was removed 

from the intramedullary canal and soft tissue surrounding the bone was removed before 

analysis.  

MicroCT analysis 

The fracture site in each femur was scanned using Sanco µCT 4 with an energy of 55 

kVp, current of 145 µA. This produced a resolution of 15µm3 voxel size. Fracture 

analysis was done on 600 slices from each sample. Analysis of regions proximal and 

distal to the fracture was done on 100 slices on respective fracture ends. The outer 

boundary of the callus was defined and the outlined area in each slice was used for 
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analysis. We gaussian filtered (σ= 1.2, support = 1) the grey scale images and applied 0-

225, 225-330 and 331-700 threshold values to produce segmented images of the entire 

bone, dense new bone and calcified cartilage, and very dense cortical bone respectively. 

We used manufacture provided software to determine total volume (TV), bone volume 

(BV), bone volume fraction (BV/TV).  

Histomorphometric analysis 

Rat femurs were decalcified with ethylenediaminetetraacetic acid and embedded in 

paraffin for sectioning. Sections of 10 µm thickness were then stained with masson’s 

trichrome and imaged using a BX-51 Olympus microscope (Hamburg, Germany). 

Cartilage area and callus area were outlined and area calculated using ImageJ software 

(US NIH, Bethesda, MD).  

Statistical Analysis 

Statistical analysis was performed with student t-test. Differences in mean, between PA 

stimulated experimental group and non-stimulated control groups, with P < 0.05 was 

considered statistically significant. All results are reported as mean ± standard deviation. 
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Results and Discussion 

In this study, transverse closed fractures in rats were stimulated with PAS stimulation. 

PAS was generated by stimulating O-SWGNR films with high frequency pulsed NIR 

laser. The generation of ultrasonic PAS was validated by transducers prior to stimulating 

the animals. O-SWGNR particles have excellent PA properties9 that are superior to single 

walled carbon nanotubes that were previously used in in vitro PAS studies.10,11 NIR light 

was used for the study due to its high penetration depth in biological tissue compared to 

visible light. O-SWGNR films were coated on 12 mm glass cover slips using ultrasonic 

spray deposition technique.12 Figure 1A displays a digital image of a O-SWGNR film 

sandwiched with TegadermTM – a transparent polyurethane membrane that allows 

moisture and air to pass through but prevents passage of larger particles. TegadermTM 

were used to prevent direct contact of the nanoparticle with the skin during stimulation. 

AFM image of the film (Figure 1B) shows a uniform coating of the glass surface with 

SWGONR feature sizes congruent with dispersed individual O-SWGNR particles. 

Raman spectra of the films following spray coating showed characteristic peaks for O-

SWGNR at 1340 cm-1 (D band) and 1580 cm-1 (G band) (Figure 1C). 

The goal of the fabrication process was to create films that allowed little to no NIR light 

to pass through. This was achieved by coating the glass cover slips with 50 passes of 

ultrasonic spray nozzle. The films transmitted only 10% of NIR light (905 nm 

wavelength) with intensity of NIR light passing through the films, placed 2 cm away 

from the laser diode, measured to be 3.5 mW/cm2, which is significantly below the ANSI 

time-averaged intensity limit of 300 mW/cm2 for NIR light.13 Each pulse of NIR light 
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shown in Figure 1B produced a corresponding ultrasonic pulse from the O-SWGNR film 

(Figure 1C).  

A closed transverse fracture on Sprague dawley rats was used as a suitable animal model 

for this study. The experimental groups (PA) consisted of rats with transverse fractures 

stimulated for 10 minutes daily with O-SWGNR enhance PAS and the control groups 

(CON) consisted of rats with fractures that were not stimulated with PAS. The PAS 

stimulations were performed with a 905 nm laser diode at a pulse rate of 20 kHz with a 

pulse width of 60 ns. O-SWGNR films were placed directly above the fracture site using 

an ultrasound coupling gel to ensure minimal attenuation of the PAS signals generated 

from the film. The laser diode was placed 2 cm above the O-SWGNR film for maximum 

coverage of the film surface (Figure 1D). The animals were kept under anesthesia using 

isofluorane gas during the procedure to ensure minimal movement during the stimulation. 

Fracture healing was assessed after 2 with microCT and histology.All animals showed 

normal activity and recovered full weight bearing capabilities within a few hours of the 

surgery. There were no significant differences in body weight between the groups 

throughout the duration of the study.  

Figure 2 shows representative 3D rendition of fracture sites from CON (A) and PA (B) 

groups following 2 weeks of stimulation. The images show the gross morphology of the 

fracture site with a longitudinal cross section showing cortical bone (#) surrounded by 

newly formed woven bone (*). The fracture can be seen as a discontinuity in the cortical 

bone in the cross-section view. PA groups in general had smaller callus volume compared 

to CON after two weeks of stimulation. Longitudinal cross sections showed higher 



 

 
 

112 

degree of calcification of callus in PA groups compared to CON. PA group had smaller 

overall volume and thicker dense cortical bones at the fracture site. 

Fracture healing process was quantitatively analyzed by measuring total volume (TV), 

bone volume over total volume (BV/TV) and bone mineral density (BMD). The healing 

process begins with the formation of a cartilaginous callus. The callus then starts to 

calcify and forms woven bone surrounding the fracture site. This process is analyzed by 

measuring the BV/TV of calcified cartilage and woven bone. The woven bone is then 

organized into lamellar bone producing dense cortical bone. The extent of healing is 

dependent on the quantity of bone formation within the callus, the density of the bone, as 

defined by BMD and whether the newly formed bone connected the proximal and distal 

ends of the fracture. Overall, PA groups showed a greater extent of healing compared to 

CON groups. MicroCT analysis of whole callus showed 44% higher BV/TV of dense 

cortical bone in PA groups compared to CON (Figure 2C iii) following two weeks of 

stimulation (p = 0.04). Total volume, BV/TV of calcified cartilage and new bone, and 

bone mineral density (BMD) showed no statistical differences between the groups 

(Figure 2C i, ii & iv).  

The results of this study suggest PAS stimulations positively affect fracture healing 

leading to a faster mineralization and maturation of the callus. Following two weeks of 

stimulation, PA groups had smaller callus volume compared to CON due to accelerated 

maturation of the callus in PA groups. The fracture sites of PA groups had 44% more 

dense cortical bone and had already started to remodel leading to a smaller callus volume.  
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Histological analysis of the fracture sites is congruent with findings from microCT. All 

groups showed secondary fracture healing characterized by cartilaginous callus (CA) 

formation followed by intramembranous and endochondral ossification. At two weeks, 

both groups had varying degrees of periosteal woven bone (WB) within the cartilaginous 

tissue filled callus (Figure 3 A & B). PA group had more intramembranous bone (IB) 

formation compared to CON. Following two weeks of stimulation, CON group had two 

animals with remaining cartilage and woven bone at the fracture site with one of the two 

animals having incomplete bridging. Only one animal in PA group had some remaining 

cartilage and woven bone resulting in incomplete bridging.  

Histology slides were quantitatively analyzed by measuring the amount of cartilage area 

compared to the callus area (Figure 3C). PA group had 26% less total callus area (TCA) 

and half the cartilage area (CA) compared to CON. Ratio of CA/TCA of PA was 37% 

lower than CON. The difference in CA and CA/TCA were found to be statistically 

significant (t-test, p = 0.005 and 0.015 respectively). Difference in TCA was not found to 

be statistically significant (t-test, p = 0.12). PA groups with smaller regions of cartilage in 

callus and higher amounts of intramembranous and woven bone show more bone healing 

and callus maturation. The fracture site was subdivided into proximal and distal ends with 

100 microCT slices each. During fracture healing calcification of the cartilage and 

formation of woven bone initiates at the proximal and distal ends and slowly propagates 

towards the center leading to bridging of the two sections of the bone. The proximal end 

of the callus, which is closer to the hip joint, showed PA groups had 48% lower TV 

compared to CON for 2 week groups (p = 0.00067). BV/TV of calcified cartilage and 

dense cortical bone of PA groups were higher by 60% and 213% respectively compared 
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to CON (p= 0.003 and 0.0006). BMD was 88% higher in PA compared to CON (p = 

0.0005).  

Analysis of the distal end of the callus, the end closer to the knee joint, showed similar 

trends to the proximal end. Following two weeks of stimulation, PA groups had 28% 

lower TV compared to CON (p= 0.04). BV/TV of calcified cartilage and new bone in PA 

was 59% higher compared CON (p= 0.047). BV/TV of dense cortical bone was higher by 

93% (p = 0.03). BMD was also higher in PA by 55% compared to CON (p= 0.039).  

The results clearly indicate that dense cortical bone and bone mineral density were all 

significantly higher in PA groups compared to the CON group at two weeks. This is 

because at the edge of the calluses, bone formation occurs by the process of 

intramembranous ossification, where MSCs in the periosteum proliferate and differentiate 

into osteoblast that are responsible for bone matrix formation.14 This process leads to the 

formation of trabecular bone growth at the distal and proximal ends separated by 

cartilaginous callus at the middle. Interestingly, BV/TV of dense cortical bone and BMD 

in proximal end were significantly higher than that of the distal end for PA groups. There 

were no such differences found for the CON groups. Fractures in femurs heal from distal 

to proximal end 15 with callus formation originating from the distal end. Therefore, 

proximal end having more bone quantity compared to distal end is unlike normal fracture 

healing. This phenomenon cannot be explained by differential blood supply since 

proximal end of the fracture usually has lower blow flow compared to the distal end.16 

Neither can it be explained by differential access to MSCs since both regions are in the 

diaphysis and are equally exposed to intramedullary marrow. Since bone formation is a 

balance between anabolic and catabolic events, an increase in bone quantity could also be 
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due to a decrease in bone resorption as opposed to increased bone formation. Further 

investigations in the cellular and molecular mechanism would be required to elucidate the 

effect of PAS on bone formation and resorption within the callus. 

Healing a bone fracture is a multistage complex process that requires a delicate balance 

of anabolic and catabolic pathways. Healing occurs naturally in healthy individuals with 

non-critical sized bone defects. In cases where anabolic pathways are compromised due 

to disease or increased size of defect, various pharmacological or mechanical stimulations 

can be used to enhance healing. Non-pharmacological mechanical stimulations are 

favored over pharmacological interventions due to their non-invasive, localized 

application which limits systemic side effects. Stimulation of bone defects with low 

intensity pulsed ultrasound (LIPUS) has been shown to enhance regeneration.17,18 LIPUS 

increases recruitment, proliferation and differentiation of mesenchymal stem cells (MSC) 

into osteoblasts at fracture sites.19,20 PAS stimulation of nanoparticles could be employed 

in enhancing anabolism in fracture healing. 

The underlying rationale for the current study is the propensity of various sources of low 

intensity electromagnetic (continuous or pulsed laser) and mechanical (ultrasound, 

mechanical vibrations) signals to promote osteogenesis. There are a few limitations for 

this study. Firstly, the effect of PAS signal without enhancement with carbon 

nanoparticle was not investigated in this study. Only 10% of the NIR light intensity is 

transmitted through the O-SWGNR films. Stimulation with pulsed laser has been shown 

to increase proliferation and differentiation of osteoblasts 21,22. However, in vitro studies 

with PAS effect on mesenchymal showed significantly higher efficacy in enhancing 

osteodifferentiation with carbon nanoparticles than without.10,11 Secondly, bone 
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resorption was not investigated in this study. Fracture healing requires bone resorption 

for remodeling. This process has been shown to be affected by laser and ultrasonic 

stimulation.23 24 Following this proof of concept study, further studies need to be done in 

order to answer these questions. 

The results of this study, for the first time, demonstrate the anabolic effects of 

nanoparticle enhanced PAS in fracture healing in vivo. PA stimulation increased BV/TV 

of new cortical bone by three folds and BMD by two folds following two weeks of 10 

minute daily stimulation. The biological mechanisms that mediate fracture healing need 

to be investigated extensively to elucidate the mechanism by which nanoparticle 

enhanced PAS increases healing in bone. PA stimulation in conjunction with 

nanocomposites, that have nanoparticles embedded within a polymeric tissue engineering 

scaffolds, could potentially lead to the development of anabolic tissue engineering 

constructs that can be stimulated to promote tissue regeneration. The findings of this 

study could potentially lead to the development of a device implant combined therapy for 

healing difficult to heal non-union bone defects. Even though, in this study NIR laser was 

used to stimulate O-SWGNR films place superficially over the skin, it could potentially 

be used for applications that required stimulation of nanoparticle implants placed 

subcutaneously or within a bone defect. 
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Figures 

 

Figure 1: Characterization of oxidized single walled graphene nanoribbon(O-SWGNR) films 

and schematic of protocol used for photoacoustic stimulation. (A) Representative optical image of 

GONR films coated on glass cover slips (red arrow) covered with water proof polyurethane 

TegadermTM film (yellow arrow) (B) Line plot of the region with the dotted line showing feature 

sizes observed in the AFM image (inset) with black scale bar of 1 micron referring to the x-y 

scale (C) Raman spectra of graphene oxide nanoribbons. (D) O-SWGNR film placed over 

fracture site on a rat femur stimulated with a NIR laser diode (E) Width of the input current pulse 

measured from the electric input for the NIR laser diode used for PA stimulation. (F) Ultrasound 

pulse generated from O-SWGNR film upon stimulation with a single pulse of NIR light.  
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 Figure 2: Three dimensional microCT rendition of rat femur fracture sites, two weeks following 

surgery, of non-stimulated CON (A) and stimulated PA groups (B). The whole callus area is 

shown with proximal and distal ends marked with yellow and red boxes respectively. Cut plane 

views show old cortical bone (#) and newly formed woven bone in callus (*). Red arrows indicate 

regions of incomplete bridging. Scale bar represents 2 mm. (C) MicroCT analysis of the fracture 

site of the two groups showing (i) Total volume, (ii) BV/TV of calcified cartilage and new bone, 

(iii) BV/TV of dense cortical bone and (iv) bone mineral density of whole callus formed at 

fracture site. Statistical significance, denoted by (*), was determined by two-tailed, unpaired 

student t-test with p<0.05  
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Figure 3: Representative histological sections of fracture site from (A) non-stimulated controls 

and (B) photoacoustic stimulated groups two weeks following surgery stained with masson’s 

trichrome. Cartilage (CA), intramembranous bone (IB), and cortical bone (CB) are indicated with 

arrows. (C) Graph shows cartilage area normalized to callus area of the two groups. Statistical 

significance, denoted by (*), was determined by two-tailed, unpaired student t-test with p<0.05  
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Figure 4: MicroCT analysis of the proximal (A) and distal (B) end of the fracture site of non-

stimulated controls and photoacoustic stimulated (PA) groups two weeks following surgery. (i) 

Total volume, (ii) BV/TV of calcified cartilage and new bone, (iii) BV/TV of dense cortical bone 

and (iv) bone mineral density of callus formed at the proximal end of the fracture site. Statistical 

significance, denoted by (*), was determined by two-tailed, unpaired student t-test with p<0.05  
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Chapter 5: Conclusion and Future Direction 
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The aim of this dissertation was to investigate the use of nanoparticle enhanced PA in 

regenerating bone tissue and to demonstrate its utility in in vivo imaging. PA is investigated for 

imaging applications and has never been considered as an anabolic stimulus for tissue 

regeneration. This is the first time PA stimulus has enhanced bone healing in an in vivo model. It 

sets up premises to develop a combined device implant therapy to treat critical sized bone defects 

caused by disease or trauma. Furthermore, the findings from this dissertation have implications 

within and outside the field of bone tissue engineering.  

In the first aim, we investigated the effect of treating MSCs with graphene nanoparticles of 

varying 2 dimensional morphologies. These nanoparticles have interesting physicochemical 

properties that make them desirable for tissue engineering applications. When incorporated in 

tissue engineering scaffolds, these particles increase surface roughness which facilitates cell 

adhesion[1] and increase scaffold mechanical strength [2]. Our results indicate that treating 

MSCS with GNO, GONP and GONR carbon nanoparticles in up to 50 μg/ml DSPE-PEG 

dispersions have no effect on viability for at least 72 hours. Furthermore, they do not affect 

osteodifferentiation of MSCs when incubated for 24 hours. Interestingly, the varying 

morphologies lead to differential uptake by MSCs. GONR was not taken up into the cells where 

as GONP and GNO were. This finding could be used to choose graphene nanoparticles in 

developing applications that require uptake of nanoparticles, such as drug or gene delivery, or 

avoid uptake from nanocomposite scaffolds or PA enhancing thin films.  

The findings from this study have opened avenues for further research in the use of graphene 

nanoparticles in bone tissue engineering. GONP and GONR incorporated poly (propylene 

fumarate) (PPF) nanocomposites were tested for in vitro cytocompatibility[1]. Varies 

concentrations of nanomaterial, cross linking agents and degradation products from these 

scaffolds were also tested for their effect on viability of NIH3T3 fibroblasts and MC3T3 pre-

osteoblasts. The results showed high cellular viability and attachment on nanocomposites made 

with GONP and GONR[1]. Furthermore, in vivo biocompatibility of GONP nanocomposites was 
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also investigated recently (yet to be published). Nanocomposites made with PLGA were 

implanted in non-critical sized monocortical defects in rat tibia. Bone growth within the scaffolds 

was then analyzed with microCT and histology two weeks after implantation. The results indicate 

nanocomposites made with GONP had comparable biocompatibility with PLGA alone. These 

results, taken together with results from aim 3 that demonstrate carbon nanoparticle enhanced PA 

increases bone growth, indicate that carbon nanoparticles are suitable for in vivo bone tissue 

engineering applications and could potentially be used to develop a combined device implant 

therapy for using PA to enhance bone tissue regeneration. 

The implications of this study extend beyond bone tissue engineering. GONP nanoparticles have 

excellent contrast in magnetic resonance imaging.[3-5] Synthesis of GONP leads to confinement 

of trace amounts of Mn2+ ions between graphene sheets. This leads to GONP having relaxivity 

values ~20 times greater than clinically used contrast agents making them suitable as low 

concentration blood pool agents or molecular and cellular tags. Since GONP is taken up into cells 

even at low concentrations, as demonstrated in chapter 2, they can be used to tag MSCs for in 

vivo imaging with MRI. Furthermore, due to their ability to produce PA signals, they could also 

be used for PA imaging. This makes GONP a truly multi modal contrast agent that could allow 

MSCs, tagged with GONP, to be tracked in vivo. MSCs used for various therapeutic purposes 

could be tagged with GONP to allow for monitoring and ensuring targeted delivery.  

In chapter 3 of this dissertation we investigate the use of multimodal ultrasound photoacoustic 

(US-PA) imaging for tissue engineering applications. Whole body imaging modalities has poor 

resolution and cannot distinguish tissue-engineering scaffolds from surrounding tissue. In this 

study, we demonstrate the use of multimodal US-PA imaging for tissue engineering applications. 

The location and morphology of polymeric and nanocomposite scaffolds can easily be detected 

and monitored using this modality. Furthermore, with the presence of carbon nanoparticles, such 

as SWCNT, in the polymeric matrix, nanocomposites can be imaged with PA generated from 

SWCNT. The scaffold structure and location can easily be delineated from surrounding tissue and 
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can be monitored longitudinally over time. Functional imaging is also facilitated with US-PA. 

Oxygen saturation calculated using PA could be used to monitor tissue penetration within the 

polymeric scaffolds. Since carbon nanoparticles produce strong PA signals at the wavelengths 

used to determine oxygen saturation they give false positive values for oxygen saturation. It is 

therefore only suitable for use with polymeric scaffolds without carbon nanoparticles.  

The results from this study opens possibilities of further improving PA imaging modality for use 

with carbon nanoparticles. With modifications in imaging protocols and algorithms it is possible 

to obtain oxygen saturation values even with the presence of carbon nanoparticles in the sample. 

To calculate oxygen saturation within tissue or a polymeric scaffold, the area of interest is imaged 

using two different wavelengths. Differential PA intensity from the two wavelengths is used for 

calculations. Using known molar extinction coefficients of oxy hemoglobin and deoxy 

hemoglobin the concentrations of oxy hemoglobin and deoxy-hemoglobin can be calculated.[6] 

The ratio of these molecules is used to determine oxygen saturation. This protocol could be 

modified to utilize three wavelengths to determine three unknown concentrations: oxy 

hemoglobin, deoxy hemoglobin and carbon nanoparticles.[7] This would allow the determination 

of oxygen saturation and nanoparticle concentration in vivo using PA imaging for applications in 

an outside tissue engineering. 

PA signals, currently used only for imaging applications, was demonstrated to have anabolic 

properties in enhancing bone fracture healing in chapter 4. This is the first study of its kind that 

demonstrates carbon nanoparticle enhanced PA stimulation increases bone regeneration in vivo. 

Bone regeneration can be enhanced with various mechanical stimulations such as whole body 

vibrations, LIPUS or pulsed electromagnetic field (PEMF)[8-11] etc. Most common clinically 

prescribed non-pharmacological therapies for non-unions or critical sized defects are LIPUS and 

PEMF [12, 13]. LIPUS treatment is usually applied for only 20 minutes daily while PEMF 

treatment requires up to 8 hours daily stimulation; making patient compliance crucial for 

successful treatment. LIPUS has been shown to be efficacious in healing delayed union and stress 
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fractures in various clinical trials [13]. It has also been shown to accelerate healing in critical 

sized defects treated with bone grafts. PEMF is similarly effective in healing non-union or 

delayed union long bone fractures but it is more commonly used to increase vascularization to 

treat osteonecrosis. Carbon nanoparticle enhance PA (CEPS) technology is different from these 

stimulations because it combines a mechanical stimulation with an implant. Furthermore, CEPS 

would provide therapy while simultaneously allow anatomical and functional PA imaging to 

monitor and assess healing over time. Carbon nanocomposite implanted at the critical sized defect 

site would provide the mechanical strength required for weight bearing, while simultaneously 

increase tissue attachment and regeneration in the micro and nano scale due to the presence of 

carbon nanoparticles. Upon stimulation with NIR light, these nanoparticles will produce 

ultrasonic signals that would provide highly localized mechanical stimulation at the defect site. 

This could in turn activate pathways that enhance bone tissue regeneration within the scaffold 

[14-17] without affecting neighboring tissue. The differentiating factor of CEPS from LIPUS or 

PEMF is its ability to provide feedback of the healing process. Oxygen saturation information 

obtained from PA imaging would give physicians real time feedback of the efficacy of the 

treatment and allow for adjustments in therapy. Oxygen saturation, a potentially useful indicator 

of healing, could also be used to assess osteonecrosis at fracture site. However, PA imaging 

modality is limited by penetration depth of the laser. NIR used in CEPS is limited to ~1 cm 

penetration in tissue[18]. This would limit the use of CEPS to bones with proximity to the skin 

surface. Fractures in scaphoid and hamate in the wrist, fifth metatarsal in the feet, and periosteal 

tibia in the leg are notorious for non-unions or delayed healing[19-21]. Since all these bones lie 

near the skin surface, they could potentially be treated with CEPS. Taken together, CEPS could 

be an ideal device implant solution to delayed, non-union or critical sized bone defects that would 

accelerate while simultaneously monitor healing in real time. Even though the dissertation does 

not test such an implant, it lays the foundation of knowledge required to develop a device implant 

combined PA therapy to treat bone defects. This dissertation investigates components of safety, 
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utility and efficacy of carbon nanoparticle enhanced photoacoustic imaging and therapy for bone 

tissue engineering. 
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