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      Nanoparticles for Ultrasound-Guided Imaging 
of Cell Implantation                     

     James     Hartanto     and     Jesse     V.     Jokerst    

1            Stem Cell Therapy   

 Stem cell therapy is established for many  regenerative medicine   applications and 
has shown remarkable impact in treating disease.  Stem cell therapy   is part of a 
larger component of medicine known as regenerative medicine. While the exact 
defi nition of regenerative medicine continues to evolve [ 1 ], one defi nition is that it 
creates living, functional tissues to repair or replace tissue or organ function lost due 
to age, disease, damage, or congenital defects [ 2 ,  3 ]. Cell-based therapies are par-
ticularly attractive because cells are the basic building block of tissue and can create 
functional tissue when added in suffi cient numbers.  Cell-based therapy   often deliv-
ers cells directly to the site of disease, which can provide much greater effi cacy than 
therapeutics that are delivered intravenously. Finally, stem cells can be directed into 
diverse lineages that are in turn tailored to specifi c diseases. 

 Cell-based therapy has been used for many applications in  regenerative medi-
cine  . Examples include increasing the volume of  blood   being pumped by the left 
ventricle after myocardial infarction [ 4 ,  5 ], increasing the strength of muscles and 
the size of muscles in muscular dystrophy patients [ 6 ,  7 ], and decreasing joint pain 
in arthritis [ 8 ]. Other groups have shown that cells and tissues can be grown on sup-
port scaffolds to create entire new bulk pieces of tissue including the larynx and 
cornea [ 9 ].  Stem cell therapy   has been described with many diverse starting materi-
als including mesenchymal stem cells, embryonic stem cells, induced pluripotent 
stem cells, and adipose-derived stem cells [ 10 ]. Before, during, and after delivery of 
cells, researchers, physicians, and patients may have many questions about the fate 
of the cells including the following: (1) Are the cells alive? (2) What proteins are the 
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cells expressing? (3) Where are the cells located? (4) How are the cells interacting 
with the surrounding tissue? (5) How has the cells’ biochemical signature changed 
after delivery? 

 In vivo imaging is ideally suited to answer these questions because it can be done 
serially in real time, is noninvasive, and can often be carried out with high temporal 
and spatial resolution. The repeat nature of imaging is particularly important in stem 
cell therapy because the repair is a dynamic process and it is important to frequently 
assess the status of the therapy. Alternative techniques that do not use imaging such 
as biopsy are more diffi cult to do repeatedly over time. While no single imaging 
approach can yet answer all of the above questions, signifi cant advances have been 
made—particularly in understanding the cell  number  , viability, and location. 

1.1     General Approaches for Imaging in  Stem Cell Therapy   

 There are two main approaches to stem cell imaging—direct and indirect (Fig.  1 ) 
[ 11 ]. Indirect imaging involves adding a reporter gene to the stem cell to produce a 
receptor, enzyme, or fl uorescent/bioluminescent protein to create contrast and 

  Fig. 1    Approaches to labeling  stem cells  . Panel  a  shows direct imaging in which an exogenous mate-
rial is placed inside a cell. The cells are then purifi ed and implanted into an animal. Over time, the 
amount of contrast agent per cells decreases as the cells divide. In contrast, in indirect imaging ( b ), a 
reporter gene is placed inside the cell. These reporter genes either produce a label or affect an injected 
substrate that increases contrast in the cells of interest. Because the reporter gene is an inherent part of 
the cells’ biology, this reporter is passed to all progeny with no dilution effects. However, a substrate 
has to be repeatedly injected for each imaging event. Reproduced with permission from Ref. [ 12 ]       
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report the cells’ location, number, etc. These gene products can produce signal 
directly such as green fl uorescent protein in optical imaging or can produce a sec-
ondary reaction with an exogenous label introduced at the time of imaging. For 
example, the herpes simplex virus type 1 thymidine kinase (HSV1-tk) can selec-
tively phosphorylate substrates that are tagged for imaging with positron emission 
tomography (PET). This phosphorylation causes selective probe accumulation only 
in cells that carry the reporter gene, and thus stem cells can be imaged because of 
the increased levels of this reporter. The luciferase/luciferin reaction in biolumines-
cent imaging is another example of the need to inject a substrate. The advantages of 
indirect imaging are that the daughter cells normally receive a copy of the reporter 
gene and thus the signal is “on” only when the cell is viable. The disadvantage is 
that this requires reprogramming of the cells’ genome—something that is very 
diffi cult to clinically translate. Thus, the majority of  regenerative medicine   work 
reported in humans has used direct labels.

 Cell-Based Therapy in  History   
 Some of the fi rst reported instances of cell-based therapy were done to coun-
teract the aging process. The French physician Charles-Édouard Brown- 
Séquard was known to inject pulverized animal testicles into human subjects. 
Unfortunately, little long-term impact was ever noted. In 1931 Dr. Paul 
Niehans treated an athymic patient with cells from a bovine thyroid. Although 
these therapies were also failures because of immune differences between 
species, his work was visionary, and he described “a method of treating the 
whole organism on a biological basis, capable of revitalizing the human 
organism with trillions of cells by bringing to it those embryonic or young 
cells which it needs.” During the 1950s and 1960s bone marrow transplanta-
tion became increasingly sophisticated and matured from grafts between 
identical twins to grafts between siblings as the knowledge about graft- versus- 
host disease increased. The fi rst transplant between unrelated persons was in 
1973, which led in time to the transplantation of entire organs. The current 
state of the art is   stem cell  therapy  , which uses cells capable of diverse lin-
eages to repair tissue. 

    In direct labeling,  cells   are tagged with small  molecules   including radioisotopes, 
fl uorophores, and nanoparticles. These can be added during expansion in tissue 
culture or immediately before injection. Transfection reagents may be used to 
increase the effi ciency of label uptake. The labels can either be on the cell surface 
or inside the cell. One advantage of intracellular labeling is that there is a reduced 
chance of the label becoming disassociated from the cell and contributing to artifi -
cially high background or erroneous signal. 

  Direct labeling   is attractive because it is simple and straightforward to control 
the dose of contrast with short processing times [ 12 ]. The major limitations are 
dilution of the concentration of contrast with successive cell division—that is, each 
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daughter cell only has 50 % of the amount of label as the parent cell (Fig.  1 ). In 
addition, these labels are usually “always on.” They will report the presence of cells 
even if the cells are dead. These direct labels can also be taken up by macrophages 
after cells have died, which can also contribute to inaccurate cell counts. 

 Common examples include lipophilic fl uorophores for optical imaging and (car-
boxy)dextran-coated super paramagnetic iron oxide (SPIO)  nanoparticles   such as 
Feridex ®  and Resovist ®  for MRI [ 13 ]. While cell loading is traditionally done 
ex vivo, one interesting report showed that i.v.-injected SPIO nanoparticles can 
accumulate in the bone marrow and label stem cells in the bone marrow in vivo 
through the reticuloendothelial system [ 14 ]. Fluorescent dyes have value in small 
animal models, but humans have too much optical scatter for direct optical labels. 
Radionuclides include fl uorodeoxyglucose ( 18 F-FDG) in PET and  111 In oxine for 
single-photon emission computed tomography (SPECT), but one limitation of 
nuclear imaging methods is that the  radioisotope   decays over time making it diffi -
cult to perform longitudinal scans using radionuclides. More detailed descriptions 
of direct labels can be found elsewhere [ 15 ]. 

 One area of imaging that has been signifi cantly overlooked for cell tracking is 
 ultrasound  , which is somewhat surprising because ultrasound offers good temporal 
resolution and is widely available—features congruous with the needs of the  stem 
cell   imager. The balance of this chapter focuses on the use of ultrasound in stem cell 
tracking and describes the basis of contrast in ultrasound imaging as well as the 
types of ultrasound labels, examples of direct and indirect labeling with ultrasound, 
and some perspectives on future growth in the fi eld.   

2     The Rationale for  Ultrasound   Imaging 

 Ultrasound imaging offers many advantages that are useful to studying  stem cell 
therapy  . First, ultrasound is very accessible and affordable. It is by far the most com-
mon piece of imaging equipment worldwide from small rural clinics to major 
research university hospitals. Second, ultrasound offers spatial resolution advan-
tages (~50 μm) that are useful to identify subtle differences in treated tissue. Third, 
ultrasound offers excellent temporal resolution (up to 1000 frames per second)—
this is critical for instantaneous knowledge of the cell location and the cell number. 
Fourth, ultrasound data can be quantitative, which is critical for identifying not only 
the presence of the cells, but also their number. Fifth, ultrasound offers a broad 
portfolio of complementary imaging sequences that can be used to enhance the cell 
data. That is, the ultrasound can collect imaging data about the surrounding anat-
omy and tissue behavior that complements the functional information from the 
cells. This includes  motion mode (M-mode)   imaging that studies repetitive motion 
such as the heart chamber [ 16 ],  Doppler imaging   which monitors the direction of 
movement [ 17 ], and various quantifi cation schemes that can be used to estimate 
organ size or cardiac behavior including the left ventricle ejection fraction [ 18 ]. 
However, ultrasound images can also be very diffi cult to interpret due to the high 
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background noise and/or complicated acoustic properties of different tissues. This 
is especially problematic in stem cell imaging—thus, it is critical to use either a 
direct or an indirect imaging technique to increase the cell-specifi c contrast. 

 The features of  ultrasound   and a comparison to other techniques used for  stem 
cell   tracking are shown in Fig.  2 .  Ultrasound   is particularly powerful because of its 
high temporal resolution. This allows nearly instantaneous readout of the features of 
interest including the cell location and cell number. On the  y -axis in Fig.  2 , we plot 
the spatial resolution—how fi ne of an image can be created or the smallest distance 
between two objects that can be resolved. In  ultrasound   the spatial resolution is a 
function of the frequency used to create the images. At 70–100 MHz, the resolution 
can be as high as tens of micrometers, while at clinical frequencies (2–10 MHz), the 
spatial resolution is much lower—hundreds of microns to millimeters. As a trade- 
off, lower frequencies do offer better penetration through tissue—clinical frequen-
cies can easily penetrate up to 25 cm into human beings depending on the tissue 
type, while higher preclinical frequencies (used in rodent models of human disease) 
are often limited to 2–3 cm of tissue. Importantly, the temporal resolution (frames 
per second) does not change as a function of frequency.

2.1       Ultrasound Mechanism and Types of  Ultrasound   

 Ultrasound imaging in vivo is not entirely different than the approach used by bats 
to “see in the dark.” Ultrasound imaging uses a tool called a  transducer   (Fig.  3a ). 
The transducer is simply a tool that both emits and receives ultrasound pressure 
waves. As the emitted sound wave passes through tissue it is scattered and refl ected 
(echoed) back to the transducer. The image is created by interpreting the backscattered 
sound and direction of sound as well as the speed of sound, the time of emission, the 

  Fig. 2    Performance 
features of various imaging 
modalities. The temporal 
resolution (time between 
images) and spatial 
resolution (distance 
between points that can be 
distinguished) are plotted 
for different imaging 
modalities.  Ultrasound   
offers good temporal and 
spatial resolution       
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time of arrival back at the transducer, and the angle of return. The reconstructed 
image thus reports the distance to the object, the size of the object, and its density 
(or impedance mismatch with the surrounding tissue). Most ultrasound images are 
two dimensions, but 3D ultrasound is possible by moving the transducer over the 
surface to be imaged (like a panorama shot on a mobile phone camera). Ultrasound 
can also be done in  Doppler   mode in which changes in the sound wave’s pitch and 
phase are used to gain even more information. This is analogous to the sound differ-
ences when a siren is moving towards you and away from you. This can be used to 
determine blood fl ow or study other movement events inside the body.

   In addition to  Doppler    ultrasound  , photoacoustic ultrasound is another important 
subtype of ultrasound imaging. In the photoacoustic effect ultrasound waves are 
created due to incident light pulses on the tissue (Fig.  3b ). That is, regular ultra-
sound is “sound in—sound out,” and photoacoustic imaging is “light in—sound 
out.” Alexander Graham Bell originally described the photoacoustic  effect  , but it 
has not been until recent years that people have used it for imaging because the 
transducers have become more sensitive and lasers have been developed with very 
short pulse lengths. 

 The mechanism is based on optical absorption—when the light is absorbed by 
the target tissue, the target heats, and swells. This thermal expansion then generates 
pressure waves that can be detected acoustically. The fundamental advantage of 
 photoacoustic imaging   is that it combines the high temporal and spatial resolution 
of  ultrasound   with the good contrast and spectral nature of optical imaging. 
Photoacoustic imaging can use both exogenous absorbers such as hemoglobin, 
deoxyhemoglobin, and melanin or artifi cial contrast agents targeted to site of inter-
est or a cell of interest. 

  Fig. 3     Ultrasound   mechanism. The mechanism of contrast in ultrasound. Traditional B-mode 
imaging ( a ) uses backscattered pressure waves to generate contrast. In  photoacoustic imaging   ( b ), 
an incident light is absorbed by the target tissue. Once absorbed the target heats and swells creating 
pressure differences that can be detected acoustically       
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 A third type of ultrasound imaging is contrast-enhanced ultrasound. This uses 
an exogenous agent such as a perfl uorocarbon microbubble to artifi cially increase 
the ultrasound signal at the site of interest. Contrast-enhanced ultrasound can 
move beyond the anatomical images that are created with traditional imaging 
(bone, muscle, etc.) to imaging protein expression levels or specifi c stem cell 
types. In the following section, we discuss some of the types of ultrasound con-
trast agents used as well as their applications in  stem cell therapy  . Because of the 
performance features of ultrasound it is somewhat surprising that there are rela-
tively few reports of this technology in the literature. We will present these case 
studies in chronological order and highlight various examples of direct and indi-
rect imaging via  ultrasound  .  

2.2     Ultrasound Imaging of  Cardiac Stem Cell Therapy         

 Heart disease is the most common cause of death in the developed world. Stem cell 
therapy has shown encouraging initial results in treating heart disease [ 4 ], and yet is 
plagued by poor long-term effi cacy because of poor cell viability after implantation 
[ 5 ,  19 ]. This is attributed to two fundamental challenges—(1) ischemia and infl am-
mation in the treated area [ 19 ], and (2) mis-injection or implant into highly fi brotic 
tissue [ 20 ,  21 ]. Because of these barriers, one example showed that fewer than 2 % 
of implanted dendritic  cells      remain viable after 4–8 weeks [ 21 ] with cells mis- 
injected in 50 % of patients [ 22 ]. Ultrasound is ideally suited to solve these chal-
lenges with poor delivery. Physicians already use ultrasound to image the catheter 
used for delivery of cells into the cardiac tissue, but the cells have a low impedance 
mismatch with the surrounding tissue and thus have low contrast. 

  Ultrasound   is particularly attractive in cardiac  stem cell therapy   of the heart 
because it can be combined with the established use of echocardiography. 
 Echocardiography   is also known as a “cardiac echo” or just an “echo,” and it is 
used in the diagnosis and prevention of disease. Output parameters from echocar-
diography include the size and the shape of the ventricles and the left ventricle 
ejection fraction, which allows physicians to see how the heart chambers work in 
synchrony. This can be complemented by Doppler imaging to understand blood 
fl ow rates and directions. 

 In 2005, Rodriguez-Porcel and coworkers showed that ultrasound has funda-
mental utility in stem cell  therapy   [ 20 ]. Whereas prior work up to this point had 
performed open chest injection into the cardiac muscle, this study used ultrasound 
guidance in the parasternal long-axis view to deliver cells with a 28-gauge catheter. 
The cells were stably transfected cardiomyoblasts (plasmid–cytomegalovirus–fi re-
fl y luciferase), and the target site was the anterior cardiac wall. The advantage of 
this approach is that the surgery is much less invasive and the surgeon can see the 
location of the catheter in real time. These researchers performed this work in 11 
rats and then confi rmed cell delivery with the bioluminescence reporter embedded 
in the cells. The bioluminescent signal was positively correlated with the number of 
cells transplanted ( R  2  = 0.94,  P  = 0.03). 
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 One limitation of this work was the poor  ultrasound   signal from the cells. That is, 
the investigators could only know the location and number of the  cells      with down-
stream analysis via bioluminescence. Thus, in 2006 Bara and colleagues [ 23 ] used 
ultrasound not only to image the injection but also to image the cells (Fig.  4 ) [ 23 ]. Here, 
cells were labeled with a clinically approved formulation of iron oxide (CliniMACS). 
These materials are used for magnetic based cell separation and consisted of a 50 nm 
iron oxide core coated with a dextran shell that is fi nally annealed to a monoclonal 
antibody specifi c to the target of interest. The authors selected CD133 because it is a 
marker of  hematopoietic   stem cells. After purifying CD133+ stem cells from bone mar-
row aspirates, cell identify and purity were confi rmed with CD34 fl ow cytometry.

   These cells were delivered to  swine models         of human ischemia created via liga-
tion/reperfusion [ 24 ]. The swine received either stem cells (5 million) or a sham 
injection of saline. Imaging used transesophageal  echocardiography  , which is a 
specialized type of ultrasound imaging that places a transducer in the throat of the 
subject to increase resolution versus  ultrasound   imaging via the chest wall. 
Figure  4  presents data including cells without any label (Fig.  4a ), the ClinicMACS 
particles alone (Fig.  4b ), as well as an animal before (Fig.  4c ) and after treatment 

  Fig. 4    Direct imaging with magnetic particles.  Swine   hearts are imaged at various stages of  stem 
cell therapy  . In each image, the dark oval in the center is the left ventricle. Note the clear boundary 
between the interior and exterior of the heart wall in  c  (between  red  and  green arrows ). Panel  a  
shows injection of unlabeled cells in the area highlighted with red circle. Little signal increase is 
seen. When the  nanoparticle   contrast agent alone is injected, hyperechoic regions are seen ( b ). 
Panels  c  and  d  are pre- ( c ) and post- ( d ) injection images of animals treated with fi ve million 
nanoparticle-labeled stem cells. Reproduced with permission from Ref. [ 25 ]       
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with labeled cells (Fig.  4d ). The hypoechoic (bright) areas in Fig.  4b, d  correspond 
to the increased sound backscatter due to the particles. The authors showed that 
the labeled cells had more signal than unlabeled cells but had challenges with 
long-term cell tracking. They concluded that this technique was perhaps best 
suited for the delivery event and that a complementary technique might be supe-
rior for long-term tracking. 

 In 2013, Jokerst et al. extended this to multimodal imaging with MRI and  ultra-
sound  . In contrast to the magnetic  nanoparticles   used by Bara [ 23 ], this group used 
silica nanoparticles as ultrasound contrast agents [ 25 ,  26 ]. These have a key advan-
tage in that the nanoparticles can be loaded  inside  the stem cells whereas the mag-
netic particles were on the cell  exterior . This is important because contrast agents 
on the cell exterior can easily become detached in vivo and lead to erroneous signal. 
The  silica nanoparticles   are also triple-modality agents—ultrasound signal is gener-
ated via impedance mismatch of the silica, optical imaging is enabled by an embed-
ded fl uorophore, and T1-weighted imaging is possible via chelated gadolinium 
(Fig.  5 ) [ 27 ].  Stem cells   could then be labeled with these materials for both instant 
imaging at the time of delivery via ultrasound and long-term follow-up with MRI.

  Fig. 5    Direct imaging with  nanoparticles  .  Ultrasound   ( a ) and MRI ( b ) images were collected 
before injection of 500,000 human mesenchymal  stem cells   in a rodent model. After injection, the 
animals were imaged again with obvious increases in signal indicating the presence of the cells on 
ultrasound ( c ) and MRI ( d ). Reproduced with permission from Ref. [ 29 ]       
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   Once labeled, the  nanoparticles   increased the ultrasound and MRI contrast of 
labeled human mesenchymal stem cells 700 % and 200 %, respectively. The authors 
investigated the behavior of the agent on cell metabolic activity, proliferation, or plu-
ripotency, but did not fi nd any signifi cant change. Electron microscopy and  ultrasound   
imaging suggest that the mechanism of action is in vivo aggregation of the 300 nm 
 silica nanoparticles   into larger silica  frameworks      that amplify the ultrasound backscat-
ter. Detection limits in cardiac tissue were 250,000 cells via MRI and 70,000 via 
ultrasound with cell imaging possible in animal models for 13 days after implantation 
(Fig.  5 ). This ultrasound- guided   cell delivery and multimodal optical/ultrasound/MRI 
intracardiac cell-tracking platform could improve cell therapy in the clinic by mini-
mizing mis-delivery or implantation into fi brotic  tissue  . Moreover, these materials 
were compatible with both preclinical and clinical  ultrasound   frequencies. 

 More recently, this same group has extended this work and developed  ultrasound   
contrast agents that can not only produce ultrasound signal, but can also deliver pro- 
survival agents to increase stem cell survival and then biodegrade after the delivery 
and imaging tasks are complete. This was performed largely by transitioning from 
solid nanoparticles to  mesoporous silica nanoparticles (MSNs)   [ 28 ]. The MSNs still 
have an impedance mismatch between tissue and the silica particles, but also offer a 
high surface area (~1000 m 2 /g) suitable for sustained release of drug [ 29 ,  30 ]. MSNs 
offer sustained release of  insulin-like growth factor (IGF)   in close proximity to cells 
at high local concentrations. They also allow imaging through multimodal 
approaches, which include MRI, optical, and ultrasound. Therefore, this approach 
allows IGF to be delivered to the cell surface membrane where the IGF receptors are 
located—this stimulates cell growth in the hypoxic and necrotic region of therapy. 

 Mesenchymal stem cells labeled with these  nanoparticles   had detection limits 
near 9000 cells with no cytotoxicity at the 250 μg/mL concentration required for 
labeling. Degradation studies showed that the nanoparticles clear from cells in 
approximately 3 weeks. The presence of  IGF   increased cell survival up to 40 % 
( P  < 0.05) versus unlabeled cells under in vitro serum-free culture conditions. The 
degradation time is important because  MSNs   have to be stable for imaging, but not 
so stable that they never clear from the body. One limitation of this approach is that 
it is not a true marker of cell viability. It continuously produces a signal whether the 
cell is alive or not. This problem could be counteracted by conducting further stud-
ies utilizing a reporter  gene         [ 31 ].  

2.3      Ultrasound      Tracking of Neural Progenitor Cells 

 Another method that can allow the utilization of ultrasound for cell tracking is by 
introducing microbubbles into  neural progenitor cells (NPCs)  . Modifi ed NPCs have 
previously been proposed as a way to treat genetic disorders or to target tumors, 
infarction, or infl ammation due to their ability to disperse bioactive molecules 
[ 32 – 34 ]. In 2013, Wenjin Cui and coworkers reported that ultrasound  microbubbles   
could be used as a means to track NPCs in vivo [ 35 ]. 
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 The authors labeled the cells using positively charged perfl uorocarbon micro-
bubbles and the negatively charged cell membrane. Transfection effi ciency and cell 
viability were both greater than 90 %. Detection limits down to a single cell at 7 MHz 
were possible. The microbubble-labeled NPCs were also more resistant to  ultra-
sound   exposure showing that these were still detectable on day 7 versus the hours of 
in vivo stability for intravenously injected microbubbles. These results were due to 
the microbubbles associating themselves with the cell surfaces and being internal-
ized. Yet the internalized microbubbles could still behave nonlinearly in ultrasound, 
produce harmonic signals, and be destroyed but at a higher pressure than free micro-
bubbles. The ability to detect a single cell using microbubble-labeled cells and ultra-
sound is advantageous when compared to current proposed in vivo cell tracking 
techniques (PET and bioluminescence), which usually require thousands of cells. 

 One limitation of this study was that there might have been a loss of signal 
in vivo due to possible cell migration out of the liver. The team carried out tests to 
monitor the accumulation after intravenous injection in the livers of mice. Eight 
mice were injected with the microbubble-labeled NPCs. Four were injected with the 
free microbubbles. The microbubble-labeled  NPCs   were still visible at day 5, but 
the free  microbubbles   were gone by 8 h. The NPCs may have leaked to other areas 
leading to the decay of signal. This cannot be completely confi rmed because the 
authors only studied the liver. Some microbubbles may have been released upon cell 
death. Nevertheless, this long lifetime is very useful for both real-time  imaging      of 
implantation and longitudinal stem cell tracking.  

2.4     Indirect Imaging with  Ultrasound   

 All of the above examples use direct imaging—that is, a  nanoparticle   or  microbub-
ble   directly bound to the stem cell. However, indirect imaging offers many advan-
tages including true representation of cell viability. One exciting report of an 
ultrasound reporter genes [ 36 ] used biogenic gas vesicles. These vesicles help bac-
teria maintain their proper depth in water for photosynthesis. Researchers isolated 
the genes responsible for these vesicles and loaded them into cells. These materials 
are protein-shelled compartments with typical widths of 45–250 nm and lengths of 
100–600 nm. They exclude water but are gas permeable. 

 There are very few applications of indirect  ultrasound   imaging in  regenerative 
medicine  . One report in 2009 by Kuliszewski and coworkers described a method to 
utilize ultrasound for indirect cell imaging in vivo (Fig.  6 ) [ 37 ]. Here, cells were 
programmed to make a specifi c cell surface protein H-2Kk. Then microbubbles 
targeted to this protein were injected intravenously. Because the cell surface protein 
was only on the stem cells, specifi c signal could be obtained. The  stem cells   used 
in this application were  endothelial progenitor cells (EPCs)  , and Kuliszewski 
hypothesized that the targeted microbubbles would bind to cells in vivo. The micro-
bubbles were conjugated with a biotinylated anti-H-2Kk antibody and then injected 
for in vivo EPC imaging. The EPCs were implanted into rats and for ultrasound 
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imaging. After 1 week, imaging showed perfusion within the cell areas and a strong 
signal for microbubbles with H-2Kk in the H-2Kk-transfected  EPC  -supplemented 
plug (Fig.  6 ). Negative controls including non-targeted  microbubbles   and cells not 
expressing H-2Kk were negative. This fi nding shows that microbubbles targeted to 
an engineered cell-surface marker on EPCs can be tracked with ultrasound.

   Limitations include the use of  electroporation   for EPC transduction. The  H-2Kk 
gene   expression was also transient. The reduction in EPC transduction was due to 
active cell division during culture. Another limitation is that the in vivo model of the 
matrigel angiogenesis may not accurately recapitulate clinical cell therapy due to 
ineffi cient cell delivery methods and a gradual decrease in the number of engrafted 
EPCs over time. In addition, the use of microbubbles is limited to vascular targets.   

3     Photoacoustic Imaging of  Stem Cell Therapy      

 Another useful way to track cells in vivo is to utilize photoacoustic imaging using 
an exogenous contrast agent. These agents produce  ultrasound   waves through a 
pressure difference caused by rapid heating from a nanosecond pulse of light on the 
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sample. This technique complements traditional ultrasound and increases contrast. 
It is noninvasive and quantitative, and has quick scan times. Multiple groups have 
used photoacoustic imaging for cell tracking [ 38 – 40 ] and cancer stem cells [ 41 ,  42 ]. 

 In one example, Jokerst et al. reported the use of  silica-coated GNRs (SiGNRs)   as 
a photoacoustic contrast agent and combined it with  ultrasound   backscatter mode 
imaging (Fig.  7 ) [ 38 ]. Stem cells were labeled with the SiGNRs, and imaged in mice, 
and the effect of the SiGNRS on cell viability, differentiation, and cytokine expres-
sion was measured. The silica coat played two important roles—the photoacoustic 
signal of the GNRs was strengthened approximately fourfold confi rming Emelianov’s 
earlier report [ 43 ]. This signal increase remained stable for at least 60 days after 
coating. The second important role of silica was to increase accumulation of the 
contrast agent in the cell more the bare gold nanorods.  Transmission electron micro-
copy   images clearly illustrate SiGNRs (Fig.  7a ) inside of stem cells (Fig.  7b ). 
Photoacoustic imaging with B-mode  ultrasound   imaging provides an image with 
clearly defi ned anatomic features with photoacoustic data that contain cell-specifi c 

  Fig. 7     Photoacoustic imaging  . ( a ) Silica-coated gold nanorods are photoacoustic contrast agents 
that can be loaded into stem cells ( b ). ( c )  Ultrasound   imaging provides details on anatomy includ-
ing muscle, bone, and skin. Photoacoustic  ultrasound   ( d ) offers increased contrast unique to the 
stem cells ( dashed yellow box ). Reproduced with permission from Ref. [ 40 ]       
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content (Fig.  7c, d ). Limitations include optical scatter due to the nature of tissue as 
well as inaccuracies with reconstructions. This could be solved by using a photo-
acoustic catheter or endoscope for deep-tissue implantation.

   In another application, Nam and coworkers imaged stem cells labeled with gold 
nanotracers [ 40 ]. The labeled stem  cells      were mixed into a fi brin gel and injected 
into the lateral gastrocnemius muscle of a rat 5 mm beneath the skin.  Ultrasound  /
photoacoustic images were taken and clearly show the location of the nanotracer 
signal of the cells indicating high sensitivity. In vivo detection limits were 4.5 × 10 9  
nanoparticles/mL. This facilitates high-sensitivity imaging.  

4     Perspectives and Conclusions 

  Ultrasound   imaging offers many advantages to the stem cell imager. It has high tem-
poral and spatial resolution and is also very affordable. Portable units can be purchased 
for below $10,000. This makes it applicable both to sophisticated research hospitals 
and rural or private practice clinics. As the fi eld of  regenerative medicine   continues to 
expand, the number of people using ultrasound for cell imaging will likely increase. 

 We will also likely see other applications in different organ systems.  Ultrasound   
is routinely used in many abdominal applications including imaging of the liver, 
spleen, and bowels.  Regenerative medicine   applications are likely in these areas, 
and  ultrasound   may be a very useful tool to investigators in the fi eld. Ultrasound is 
also used to study joints including the knees. There are clinical trials under way 
using stem cells to regenerate cartilage to prevent joint pain. Ultrasound is ideally 
suited to understand the location and distribution of stem cells in the joints. 

 The community will also continue to see multimodal applications. As shown 
above,  ultrasound   and MRI are very complementary techniques in terms of tissue 
penetration and temporal resolution. Other groups have shown ultrasound com-
bined with Raman imaging, which is a special optical technique with exquisite sen-
sitivity and spectral character, but very slow temporal resolution. Thus, these two 
 techniques can be used in tandem to minimize the relative disadvantages of each 
technique. Finally, researchers will continue to study ways to increase contrast in 
ultrasound. While  photoacoustics   is promising, it remains a body surface-weighted 
technique. Thus, magneto-acoustic or radio-frequency acoustic techniques will 
hopefully improve for use in humans. The interested reader is encouraged to learn 
more using these helpful texts [ 11 ,  44 ,  45 ].     
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