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Project Summary 
Bone loss due to various etiologies (e.g., trauma, neoplasia, congenital defects) is a global problem and limited 
treatment options are available.  Successful bone regeneration must mimic the natural process of fracture 
healing where both angiogenic and osteogenic factors are expressed in specific spatiotemporal patterns.  In this 
proposal, we are testing the following hypothesis: hyperthermia, generated using focused ultrasound (FUS), can 
pattern blood vessel and bone growth by controlling the expression of angiogenic and osteogenic factors in cells 
containing heat shock responsive gene switches.  
 
The following specific aims have been proposed: 

1. Define acoustic parameters for FUS-dependent induction of transgene expression in vitro and in vivo. 
2. Demonstrate FUS-patterned blood vessel and bone growth in vivo following the induction of vascular 

endothelial growth factor (VEGF) or bone morphogenetic protein 2 (BMP2).   
 
Progress 
To regenerate bone, cells containing the gene switch for a therapeutic transgene will be encapsulated within a 
hydrogel scaffold that is subsequently implanted at the defect site.  Hydrogel scaffolds, which are composed 
primarily of water, have a low acoustic attenuation. Thus, a high FUS intensity and/or long exposure duration is 
required to generate hyperthermia within a conventional hydrogel. To increase the attenuation of the hydrogel, 
we doped fibrin with particles of hydroxyapatite (HA), the mineral component of bone. We formulated composite 
scaffolds containing different particle sizes (Æ: < 200 nm, < 2.5 µm, 10 µm) and concentrations (5-50 mg/mL) of 
HA.  The homogeneity of the scaffolds was assessed using B-mode ultrasound (Fig. 1).  Settling was observed 
with scaffolds containing 10 µm HA, and thus this size of HA was excluded from futher testing.  
 

 
 
 
Fig. 1. Macroscopic (A-C) and B-mode ultrasound images (D) of HA-doped fibrin scaffolds that were polymerized in a 24 well plate (Æ: 
15.6 mm). Rows A, B, and C correspond to top, bottom, and side views of the scaffolds. The left and right columns contain 200 nm HA 
(50 mg/mL) and 2.5 µm HA (25 mg/mL), respectively.     
 
We developed a robust method of wetting the HA particles such that scaffolds containing HA (< 200 nm or < 2.5 
µm) were homogenous and free of gas inclusions (Fig. 1).  The acoustic attenuation of the scaffolds was 
measured and was found to increase linearly with HA concentration (Fig. 2A).  For a given HA concentration, 
scaffolds containing the larger HA particle (i.e., < 2.5 µm) had a higher attenuation than scaffolds containing the 
smaller HA particle (i.e., < 200 nm). We then selected two HA concentrations (< 200 nm at 50 mg/mL, < 2.5 µm 
at 25 mg/mL) that had similar attenuation as soft tissue. Hyperthermia, following exposure to FUS (2.5 MHz, 2 
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or 5 min continuous wave (CW)), was spatially mapped in the doped scaffolds using a needle thermocouple (Fig. 
2B).   
 

 
 
Fig. 2. A) The acoustic attenuation of HA-doped fibrin hydrogels increases linearly with HA concentration.  B) The maximum temperature 
change was mapped, as a function of distance from the ultrasound focus to the tip of the thermocouple, following FUS-induced 
hyperthermia. The temperature was mapped at 1-3 mm distances, following a 2 min CW exposure of FUS (2.5 MHz), or at a 1 mm 
distance, following a 5 min CW exposure.  The approximate temperature increase required to activate transgene expression is shown.     
 
 
The viability of C3H/10T1/2 cells carrying the gene switch for firefly luciferase (C3H-fLuc) was determined in vitro 
(Fig. 3A).  Next, we demonstrated that significant gene activation was observed in HA-containing scaffolds 
following exposure to FUS at ultrasound intensities (ISPTA) of 201, 258, and 314 W/cm2 (Fig. 3B).  Similar 
exposures in conventional fibrin scaffolds did not generate activation, which was expected due to the low 
attenuation of fibrin.  
 

 
 
Fig. 3. A) Viability of C3H/10T1/2 cells co-encapsulated in fibrin or HA-doped fibrin scaffolds.  B) Robust gene activation was observed 
following FUS exposures capable of producing sufficient hyperthermia in fibrin scaffolds doped with 200 nm HA particles.   
 
 
 
We then transitioned to in vivo experiments where we subcutaneously implanted the HA-doped scaffolds in C3H 
mice. An initial experiment was performed with acellular scaffolds to confirm the biocompatibility of the scaffold.  
Histological (i.e., H&E) and immunohistochemical (CD68, marker of macrophages) analysis of explanted, 
acellular scaffolds revealed normal morphology and no immune response.  The ability to activate, as well as 
subsequently reactivate, fLuc expression in HA-doped scaffolds using FUS has been demonstrated in vivo (Fig. 
4).  
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 Fig. 4.  

 
Fig. 3.  HA-doped scaffolds containing C3H-fLuc cells were implanted subcutaneously in C3H mice (2 scaffolds per mouse).  The scaffolds 
contained Alexa Fluor 647-labeled fibrinogen to enable visualization of the scaffolds (A).  One day following FUS-induced hypethermia, 
the bioluminescence signal was imaged (B). Scaffolds exposed to FUS display greater transgene activation than the controls (i.e.. –US).  
The arrow colors denote the FUS exposure condition: green (-FUS), red (+FUS, 2 min at 258 W/cm2), or yellow (+FUS, 5 min at 201 
W/cm2).  The quantified bioluminescence signal, corresponding to each implant in one mouse, is shown (C). The initial heat shock using 
FUS was applied on day 0.  A second heat using FUS was applied on day 6.            
 
 
Future Work 
We are currently completing the in vivo gene activation studies using C3H-fLuc cells by increasing the number 
of replicates per experimental condition. We will then transition to studies with cells carrying the gene switch for 
VEGF and BMP2.  We anticipate that we will submit at least two journal articles – one describing the acoustic 
characterization data and fLuc activation and another describing results from the functional (i.e., VEGF, BMP2) 
transgene experiments.   
 
Presentations 
None 
 
Publications 
None 
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Grant title: Patterning of bone regeneration via ultrasound activation of heat shock-responsive gene switches 
Grantor: NIH 
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Research Goals and Timeline 
Aim 1: Optimize scaffold composition; Identify optimal FUS parameters required for in vitro transgene activation 
(completed) 
Aim 1: Identify optimal FUS parameters required for fLuc activation in mice (nearly completed) 
Aim 1: Conduct FUS-induced VEGF/BMP2 expression study in mice (started) 
Aim 2: Conduct FUS-induced angiogenesis/osteogenesis study in mice (to be completed) 
 
In our proposal, we estimated 9 months to complete Aim 1 and 3 months to complete Aim 2. We anticipate 
completing the experiments outlined in our proposal according to our original timeline.    
 
 


