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ABSTRACT OF THE DISSERTATION 

 

The Development and Application of Nanoparticles for Cell Tracking and Multimodal Imaging 

by 

Jeanne Lemaster 

Doctor of Philosophy in NanoEngineering 

University of California San Diego, 2019 

Professor Jesse Jokerst, Chair 

Stem cell therapy is an emerging tool to treat a variety of conditions from cancer to 

musculoskeletal disorders to cardiac disease. Current FDA-approved stem cell therapies utilize 

cells from peripheral blood or bone marrow to treat patients who have disorders of the 

hematopoietic system; however clinical trials for utilizing stem cells to treat muscular skeletal 

disorders and cardiac disease are underway. Because stem cells self‐renew and differentiate in 

multiple lineage pathways, the general theory behind stem cell therapy is that damaged tissue can 

be repaired or regenerated and that trophic activity of stem cells can modulate other immune cells.    

While stem cell therapy has the potential to treat a variety of conditions due to its 

regenerative and proliferative activity, more study is needed to address ideal injection time, method 

of injection, distribution, and retention concerns.  Imaging stem cells addresses these concerns and 

can provide more information overall about the fate of stem cells.  Contrast agents are needed to 

increase the contrast and specificity of imaging stem cells.  Nanoparticle‐based contrast agents are 

important tools for imaging because they offer high contrast and stable signal. Chapter 1 of this 



xviii 

 

thesis provides a background on cell therapy and various imaging modalities.  Chapter 2 details 

the design and synthesis of gadolinium-doped synthetic melanin nanoparticles which were used to 

label stem cells for photoacoustics and magnetic resonance imaging (MRI).  Chapter 3 explores 

the mechanism of ultraviolet (UV)-induced synthetic melanin nanoparticle generation.  Chapter 4 

describes the design, synthesis, and application of an iron oxide PLGA-based nanoparticle used 

for ultrasound, photoacoustics, and magnetic particle imaging (MPI).  Finally, Chapter 5 describes 

the synthesis and application of a nanoparticle for cancer treatment that shows an increase in 

photoacoustic intensity as drug is released.  This nanoparticle was then used to treat tumors in mice 

and luminescence was used to monitor treatment response.  Chapter 6 concludes with a perspective 

on the future of imaging cell therapy with possible directions. 
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CHAPTER 1: INTRODUCTION AND HISTORY 

 

1.1 Introduction 

 

 Cell-based therapies are expanding the field of regenerative medicine and have been used 

to treat a variety of conditions including cancer1, osteoarthritis2, neurogenerative conditions3, and 

myocardial repair4.  Current FDA-approved stem cell therapies utilize cells from peripheral blood 

or bone marrow to treat patients who have disorders of the hematopoietic system. Additionally, 

clinical trials utilizing stem cells to treat muscular skeletal disorders and cardiac disease are 

underway5.  Because stem cells have the ability to self‐renew and differentiate in multiple lineage 

pathways, the general theory behind stem cell therapy is that damaged tissue can be repaired or 

regenerated and that trophic activity of stem cells can modulate other immune cells.    

Although stem cell therapy has the potential to treat a variety of conditions due to its 

regenerative and proliferative activity, more study is needed to address improve therapeutic 

outcomes6.  Questions such as engraftment, migration, and retention can be answered using in vivo 

molecular imaging 7.  Additionally, recent advances in molecular imaging provide a more in-depth 

understanding of the in vivo behavior of stem cells and is important in preclinical and clinical 

studies. 

1.2 Molecular Imaging  

 

In vivo molecular imaging is a powerful tool to study biology and practice medicine.8-9 

Ultrasound imaging is particularly useful because of its low cost, good depth of penetration, and 

high temporal and spatial resolution. One recent development in ultrasound is photoacoustic 

imaging, which uses the absorption of optical energy to generate acoustic waves. Photoacoustic 

imaging offers high contrast and good signal-to-noise ratios in large volumes of biological tissues 
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without ionizing radiation or tissue damage. It combines the high temporal and spatial resolution 

of ultrasound with the good contrast and multiplexing capabilities of optical imaging. Different 

designs offer resolution from whole organs to organelles.10 

Imaging can help address these concerns by providing information during injection, 

immediately after injection, and even the long term fate of these cells.  Multimodal imaging for 

visualizing stem cells combines the strengths of each modality.  The gold standard of imaging stem 

cells uses FDA-approved iron oxide-based nanoparticles to label stem cells and magnetic 

resonance imaging (MRI)11. This method is limited by poor temporal resolution, high background 

signal, and high cost.  Magnetic particle imaging is a related modality which utilizes iron oxide 

nanoparticles to image cells with no background, but also lacks temporal resolution and is not yet 

clinically available.  Clinically, ultrasound is one of the most common imaging techniques but it 

is limited by high background and low contrast.  Photoacoustics is an emerging technique which 

utilizes the high spatial and temporal resolution of ultrasound but offers the contrast and spectral 

tunability of optical imaging.   

1.3 Photoacoustic Imaging  

Photoacoustic imaging is a “light in-sound out” effect versus the “sound in-sound out” in 

traditional ultrasound (Fig. 1.1A). The mechanism of contrast is absorption of photons and 

subsequent thermal expansion. First, a nanosecond-pulse laser beam irradiates the sample and is 

absorbed to raise the temperature (ΔT) and cause a pressure rise, p0, due to thermal expansion via 

p0 = β⋅ΔT/κ. Here, β is the thermal expansion coefficient, and κ is the isothermal compressibility.10 

Most excitation sources used in photoacoustic imaging are between ~680 and ~1100 nm12. This is 

because near infrared (NIR) light has higher penetration depth than optical light due to lower 
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hemoglobin absorption and tissue scattering.13-14 A transducer then detects the pressure wave and 

software forms an image from the acoustic data.  

Current challenges in photoacoustic imaging include light scatter and absorption, 

frequency/signal changes because of volume modifications, reconstruction inaccuracies, tissue 

background noise, attenuation of the excitation source, and poor penetration depth.15 Therefore, 

developing effective contrast agents to specifically increase signal at the site of interest is important 

in improving photoacoustic imaging for use in humans.  

 

 
 
Figure 1.1. Basics of Photoacoustics. A) Ultrasound and photoacoustic imaging both use acoustic data (curved black 

lines) to create an image. In ultrasound, impedance mismatch creates contrast. In photoacoustics, incident light (red 

arrow) causes thermal expansion and hence a pressure difference (black lines). B) Contrast agents link biology and 

medicine via an imaging signal. Nanoparticles make excellent reporters because they have high signal intensity and 

stability.  

 

1.4 Contrast Agents in Photoacoustic Imaging 

 

Imaging agents (or contrast agents) increase the specific contrast of a target organ or 

disease process such as cancer (Fig. 1.1B). Photoacoustic contrast agents should be effective at 

low doses, biocompatible, biodegradable, non-toxic, and complement the intrinsic ultrasound 

data.16, 17 There are both endogenous and exogenous photoacoustic contrast agents. Endogenous 

agents include hemoglobin and melanin—these naturally absorb in the infrared region.18 However, 

endogenous agents often have less contrast than exogenous agents such as nanoparticles or dyes 

because hemoglobin/melanin is also present in normal adjacent tissue.19 While this can be 
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improved by using a reporter gene to specifically express a protein, e.g. tyrosinase,20 at the site of 

interest, the use of reporter genes in humans is limited.  

Small molecule dyes are a second class of photoacoustic contrast agents—many of these 

are already clinically approved. They also have good tissue penetration after intravenous injection 

and defined pharmacokinetics and pharmacodynamics. Examples include methylene blue, 

indocyanine green, and Prussian blue.21 The disadvantages of small molecules include low 

photoacoustic signal, poor photostability, fast clearance, and small optical absorption cross 

sections.22  

Nanoparticles are a third class of contrast agents. Nanoparticles are useful in photoacoustic 

imaging because they have high signal and stable signal. They can also be functionalized with 

many copies of targeting ligands to home the material to the site of interest. Nanoparticles can be 

made from a variety of responsive materials that produce signal only under the influence of a 

chemical cue. The rest of this manuscript describes some of the most interesting and recent 

advances in nanoparticles for photoacoustic imaging including inorganic nanoparticles, 

organic/polymeric nanoparticles, nanoparticle coatings, multimodality imaging, as well as 

emerging topics.  

1.5 Inorganic Nanoparticles 

 

Metal nanoparticles were among the first materials to be used as photoacoustic contrast 

agents because of their high absorption cross section (intense photoacoustic signal) as well as 

established biocompatibility.23-24 Gold nanoparticles are particularly popular because they have 

size- and shape-tunable absorption peaks and thus can facilitate multiplexing in photoacoustic 

imaging (multiplexing is the measurement of multiple different signal types at the same time).25 

Several configurations of gold nanoparticles have been studied including spheres, rods, shells, and 
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liposomal formulations.26 While metal nanoparticles do not experience photobleaching, their 

morphology can change under irradiation to decrease signal.27 Most nanoparticles used in imaging 

are 20-150 nm. Particles that are smaller than ~10 nm are easily cleared from circulation via the 

kidneys and thus do not have adequate residence time to accumulate in target tissue. The signal 

strength of these smaller particles is usually low as well.  

Recent advances in gold nanoparticles for photoacoustics have increased signal. For 

example, Emelianov and coworkers have improved contrast by using nonlinear photoacoustic 

effects. This was reported when plasmonic nanoparticles undergo aggregation and cellular 

endocytosis. This causes thermal coupling, localized temperature increases, and nonlinear effects 

for improved signal.28 In another example, Zharov created clusters of gold nanoparticles linked via 

photoswitchable proteins.29 The distance between the nanoparticles changed upon activation of the 

protein, which in turn changed the photoacoustic signal.  

Another challenge is poor biodegradation of gold nanoparticles. These materials 

accumulate in the liver and spleen with very long clearance times. More recently, < 5-nm gold 

particles were bound together into clusters with a biodegradable binder (Fig. 1.2).30 These larger 

particles have robust photoacoustic signal, and the cluster was sensitive to pH and acidic 

endosomes that could result in biodegradation and clearance of the smaller gold particles via the 

kidney.31 Similarly, 2-4 nm gold nanobeacons (GNBs) were placed inside phospholipid 

nanoparticle, and this contrast agent produced a photoacoustic signal nearly 10 times greater than 

blood.32  
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Figure 1.2 Biodegradable gold nanoparticles. A) Small gold spheres are bound together with a pH sensitive 

polymer. At endosomal pH values (~5), this polymer releases the small gold spheres. This causes a change in the 

absorbance spectrum (B). This is important because the larger gold cluster can be used for imaging, and the smaller 

spheres can then clear from the body via the kidney. Reproduced courtesy of American Chemical Society.30 

 

Beyond gold, upconverting nanoparticles (UCNPs) have recently been shown to offer 

narrow excitation/emission profiles for photoacoustic imaging. These materials are based on 

phosphors like NaYF4 doped with ytterbium (Yb3+), erbium (Er3+), and terbium (Tb3+). UCNPs 

convert NIR to visible light via donor (Yb)/acceptor (Er) relationships.33 The heating capacity of 

NaYF4:Yb3+, Er3+ UCNPs and luminescence quenching offers robust photoacoustic signal for 

small animal imaging at 980 nm.33 These materials might be challenged by toxicity concerns 

related to injection of these exotic elements.  

Copper and copper sulfide are also emerging materials. In one example, copper was 

encapsulated in a 80-90 nm phospholipid-entrapped nanoparticle (NanoCuN); it showed a 6-fold 

higher signal sensitivity than blood when used in a rodent model.34 Copper sulfide (CuS) is also 

useful because it has a very tunable absorption peak.35 In one example, CuS nanoparticles were 

used with a 1064 nm Nd:YAG laser to image human breast tissue up to 40 mm deep.36 CuS 

nanoparticles were also used in a mouse model to visualize neural structures with clearance from 

the brain after 7 days.36  
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1.6 Organic Nanoparticles 

 

Organic polymeric nanoparticles offer good clearance and biodegradation. They often use 

materials with existing FDA approval.37 Porphysomes were among the earliest organic agents used 

for photoacoustic imaging and photodynamic therapy.38 A new approach to manufacturing of 

nanoparticles has been a “green” synthesis of nanoparticles using naturally occurring materials as 

the source of contrast. In one example, nanoparticles were derived from honey via a solvent-free 

rapid surface passivation of carbon nanoparticles with organic macromolecules.39 In another 

example, nanoparticles were made from the thermal and acidic degradation of cotton cellulose 

linters and later applied to ovarian cancer imaging. These cellulose nanoparticles were then shown 

to biodegrade into glucose in the presence of cellulase.40 Another example harvested melanin from 

melanocytes and created nanoparticles from this natural pigment for photoacoustic imaging.41 We 

suspect that this trend will continue and might help in the clinical translation of these materials.  

Researchers are taking inspiration from materials used for light harvesting such as in 

photovoltaics, light emitting diodes, and energy transfer cascades. In one example, semiconducting 

polymer nanoparticles sensitive to reactive oxygen species were created via a benzothiadiazole 

scaffold. (Fig. 1.3).42 These nanoparticles also have good structural flexibility, resistance to 

photodegradation, narrow photoacoustic spectral profile, and more photostability than gold 

nanorods.42 In another example, light-harvesting porphyrins were used to synthesize a stimuli-

responsive nanoswitch.43 Organic nanoformulated naphthalocyanines were used in multispectral 

photoacoustic imaging to construct detailed maps of lymphatic drainage systems.44 In another 

example, nanoparticles were made from perylene-diimide molecules. These materials had 

sufficient signal to image through intact skull and identify glioblastoma.45 Additional work has 

described pyrrole-based nanoparticles22 and porphyrinoids.46-47 In one example, porphyrinoid-
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based nanoparticle were sensitive to the presence of uranium and offered parts-per-billion 

detection limits in vivo (Fig. 1.4).46  

 

 
Figure 1.3 Imaging Reactive Oxygen Species with Acoustic Data and Semiconducting Nanoparticles. 

Nanoparticles based on benzothiadiazole groups are responsive to reactive oxygen species and produce more blue-

shifted acoustic emission in the presence of reactive oxygen species (+Zymosan; right) than control animals (-

Zymosan; left). Ratiometric photoacoustic imaging (700 nm/820 nm) can then be used to monitor expression of these 

molecules. (Zymosan is a glucan that induces experimental sterile inflammation.) Reproduced courtesy of Nature 

Publishing Group.48 

 

 
Figure 1.4 In vivo imaging of uranyl cation. A) A porphyrinoid macrocycle produces photoacoustic signal when 

the uranyl cation is chelated because of increased aromaticity (heavy black line). B) Photoacoustic spectrum for free 

macrocycle (ligand), uranium-complexed porphyrin (complex), and the complex solubilized in PLGA nanoparticles 

(Complex-NP). C) TEM of nanoparticles at two different magnifications. The in vivo imaging of 100 µL of 0.38 nM 

NPs with the uranium complex (D) or empty macrocycle (E) highlights the signal difference. Note the scale and 

intensity bar in D and E apply to both panels. White dashed circle indicates the injection site. Reproduced with 

permission from The Royal Society of Chemistry.46 

 



9 

 

1.7 Multimodal Imaging with Photoacoustics 

 

Combining photoacoustic imaging with other modalities can utilize the advantages of both 

methods and recent advancements in image acquisition and reconstruction have allowed 

multimodal imaging to expand.49 Tantalum oxide-based polypyrrole (PPy) NPs were used for 

bimodal imaging to enhance X-ray CT and photoacoustic (PA) imaging.50 MRI has excellent depth 

of penetration, but slower temporal resolution while photoacoustics has good temporal resolution 

and limited depth. In one example, a triple-modality nanoparticle combining magnetic resonance, 

photoacoustic, and Raman imaging (MPR) was used to resect glioma. Here, MRI signal is due to 

chelated gadolinium. The same probe can be used before (MRI) and during (photoacoustic) 

surgery for more accurate tumor resection.51 Another alternative approach to MRI signal was 

shown via the copper component of copper sulfide nanoparticles.52  

A similar approach was used with an ovarian cancer model, but the photoacoustic data was 

combined with Raman spectroscopy. Photoacoustics discriminated between tumor and normal 

tissue, and Raman offered guidance during surgical resection. Nanorods offered a 10-fold 

improvement in SERS signal versus gold spheres, but with only 1% of the volume.53  

Other approaches have been inspired by traditional ultrasound. Microbubbles are used in 

diagnostic ultrasound because they have highly scattering acoustic properties and interact 

nonlinearly with incident ultrasound. However, they are generally used to image vascular targets 

because of their size (>1 μm). One novel approach uses perfluorcarbon nanodroplets, which offer 

both ultrasound and photoacoustic contrast.54 These materials are constructed from bovine serum 

albumin-coated liquid dodecafluropentane and gold nanoparticles. The gold nanoparticle acts as a 

fuse to vaporize the dodecafluoropentane and produce acoustic impedance and photoacoustic 

signal. Another approached utilized the conversion of microbubbles to nanostructures using an 
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ultrasonic pulse. In this case, a bacteriochlorophyll–lipid shell was formed around a 

perfluoropropane gas and these microbubbles burst to form nanoparticles with unique optical 

properties.55 

1.8 Nanoparticle Coatings 

 

The nanoparticle surface is where it interacts with the body. Thus, this layer has to be 

meticulously engineered to maintain low toxicity, high signal, and good targeting. While 

polyethylene glycol is often used as a coating agent on nanoparticles, silica also offers important 

advantages. First, it can increase the signal stability and prevent optically induced nanoparticle 

deformation—especially with gold nanoparticles.56 Second, the overall magnitude of signal is 3- 

to 4-fold higher with the silica coating.57 Third, silica can increase cellular uptake of gold into 

cells, which is useful for photoacoustic imaging of stem cell therapy.58  

Other recent alternatives include non-cytotoxic PNIPAAmMA. This allows covalent 

attachment of targeting molecules like antibodies or magnetic nanoparticles and may also be used 

to improve target and anticancer therapies.59 In another example, gold nanoparticles were coated 

with cinnamon-based phytochemicals (linalool, catechin, or epicatechin). These agents had uptake 

in PC-2 and MCF-7 cells and were internalized in cancer cells to report photoacoustic signal.60  

Cell surface receptor targeting is an area with interest and Luke et. al showed that 

molecularly activated plasmonic nanosensors could detect metastases at low levels of 

approximately 30 cells by targeting to the epidermal growth factor receptor.61 Protease activity has 

been visualized with the use of black hole quencher 3 conjugated to NIR-absorbing copper sulfide 

nanoparticles which exhibited two absorption peaks at 630 nm and 930 nm.62 When in the presence 

of matrix metalloproteinases in the tumor, the black hole quencher 3 was released leaving the 

copper sulfide nanoparticles.  
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Another powerful approach to nanoparticle coating is the use of lysed cell membranes. 

Although this has not yet been shown for photoacoustic imaging, Zhang et al. have shown that the 

membrane from lysed erythrocytes or cancer cells can be used to cloak nanoparticles similar to 

synthetic polymers.63-64 These membranes retain all signaling components on the cell, and thus 

have significant utility in increasing circulation time and homing nanoparticles to target.  

 

1.9 Conclusion 

 

Engraftment, migration, and retention concerns in emerging cell therapies can be answered 

using in vivo molecular imaging.  Nanoparticles are useful in multimodal imaging because they 

have high and stable signal. Additionally, they can be to home the material to the site of interest. 
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CHAPTER 2: GADOLINIUM DOPING ENHANCES THE PHOTOACOUSTIC SIGNAL OF 

SYNTHETIC MELANIN NANOPARTICLES: A DUAL MODALITY CONTRAST AGENT 

FOR STEM CELL IMAGING 

 

2.1 Introduction 

 

Melanin is a natural pigment with myriad functions arising from its chemical structure 

including metal ion chelation, photo-protection, free radical quenching, and coloration65-69. In 

humans, melanins can serve as a biomarker for melanoma70-71 and Parkinson’s disease72. To 

exploit these properties, several groups have reported synthetic melanin nanoparticles (SMNPs) 

synthesized by the auto-oxidation of dopamine or L-3,4-dihydroxyphenylalanine68, 73. These 

materials have also been employed as contrast agents74-76. For example, SMNPs loaded with 

paramagnetic iron can act as efficient contrast agents for T1-weighted MRI77-78. SMNPs also have 

a strong optical absorption in the near-infrared region76, and previous research has shown that 

melanins prepared from dopamine monomers provide photoacoustic signal79.  Pristine and metal-

doped polydopamine nanoparticles have shown excellent biocompatibility and biodegradeability 

and can be used for combined therapy such as phototherapy, drug delivery, and imaging80-84— 

including stem cell imaging.  

Stem cell imaging is an important tool for monitoring cell-based therapies85-86. MRI is one 

of the most common modalities for imaging cells and typically utilizes ferromagnetic inorganic 

nanoparticles87-94, stable paramagnetic complexes95, or gadolinium (Gd)-based chelates96-99. 

However, MRI is limited by long temporal resolution; acoustic and photoacoustic imaging can 

overcome this limitation with video frame rates100-101  Recently, we and others have reported 

photoacoustic cell imaging via Prussian blue-poly (1-lysine)100, iron-oxide based nanobubbles 

with 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide102, exosome-like 
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silica nanoparticles103, biodegradable P2O5–CaO–Na2O phosphate-based glass nanospheres104, and 

phosphorylcholine-coated semiconducting polymers105. However, a multimodal probe with both 

MRI and photoacoustic imaging would have significant utility. Real-time photoacoustic imaging 

would provide a means for monitoring delivery, and deep tissue MRI would be used in tandem to 

provide longer-term follow-up of stem cell location and quantities, superimposed with anatomical 

information. 

Thus, we prepared SMNPs via polymerization of L-3,4-dihydroxyphenylalanine and 

dopamine in the presence of Mn(III) using a recently developed metal-templated loading 

approach78. The data showed that using post-modification to chelate the Gd to the synthetic 

melanin particle surface led to a very low Gd-loading percentage; thus, we used the Mn 

displacement method for the synthesis of Gd-SMNP to yield high and tunable Gd loadings78.  We 

then displaced the Mn from SMNPs with gadolinium to yield a dual, MRI/photoacoustic contrast 

agent due to the low binding affinity of Mn 78, 106.  Surprisingly, the gadolinium-loaded particles 

exhibited dramatically enhanced photoacoustic contrast over the metal-free SMNPs. We then 

prepared various metal-loaded SMNPs and investigated them for similar enhancements in 

photoacoustic contrast. We found that the photoacoustic signal of the SMNPs increases with 

incorporation of different metal ions with Gd(III) showing the highest signal intensities among 

SMNPs doped with Ni(II), Zn(II), Cu(II), Mn(III), or Fe(III).  This discovery of enhanced 

photoacoustic signal due to gadolinium integration into the nanoparticles sets the stage for other 

multimodal imaging efforts.   

2.2. Methods  

Reagents. The following materials were acquired and used as received: dopamine 

hydrochloride (L-DOPA, Sigma-Aldrich), potassium permanganate (Thermo Fisher), 

hydrochloride (Sigma-Aldrich), ethanol (Sigma-Aldrich), ammonia (Sigma-Aldrich), nitic acid 
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(Sigma-Aldrich), tris base (Sigma-Aldrich), phosphate-buffered saline (PBS; Thermo Fisher), 

matrigel (Corning), ultraPure agarose (Thermo Fisher), and dimethyl sulfoxide (DMSO, Sigma-

Aldrich). 

Instrumentation. The size of the SMNPs was measured by dynamic light scattering (DLS) 

(Zetasizer-90, Malvern Instruments).  TEM used a FEI Sphera microscope operating at 200 kV. 

Micrographs were recorded on a 2 K X2 KGatan CCD camera.  Photoacoustic imaging was 

performed with the Vevo 2100 instrument (Visualsonics) with a 21 MHz-centered transducer as 

described previously58.  This system utilizes a flashlamp pumped Q-switched Nd:YAG laser with 

an optical parameteric oscillator and a second harmonic generator with wavelengths of 680 - 970 

nm with a 1 nm step size and a pulse of 4-6 ns.  The peak energy is 45±5 mJ at 20 Hz at the source, 

the field-of-view is 14-23 mm, and the acquisition rate is 5 frames/second.  The specimens were 

aligned at a depth of approximately 1 cm from the transducer.  The laser was optimized prior to 

use with a built-in energy power software and meter.  We used 100% laser energy with 10-20 dB 

gain and 21 MHz frequency.  Photoacoustic spectra were collected from 680-970 nm and 3D scans 

were performed.  The distance between the imaging transducer and phantom was maintained 

constant in each of the scans. We collected eight fields-of-view for each specimen. Absorbance 

measurements used a Shimadzu UV-3600 spectrophotometer.  The metal concentration for the 

initial doped SMNP synthesis was quantified by inductively coupled plasma-optical emission 

spectrometry (ICP-OES) using a Perkin Elmer Optima 3000DV spectrometer.  The metal 

concentration for MRI and Gd(III) retention was quantified by inductively coupled plasma-mass 

spectrometry (ICP-MS) using an Agilent 4500 series ICP‐MS (Agilent Technology, Inc.).  

SMNP Nanoparticle Syntheses. SMNP was prepared from dopamine according to a 

previously published method107. In a typical reaction, 50 mL of deionized water and 20 mL of 
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ethanol were fully mixed with 1.2 mL ammonia (28-30%) under constant stirring at room 

temperature for 1 h. Five mL of dopamine hydrochloride aqueous solution (4 mg/mL) was then 

quickly injected into this solution. The SMNPs were centrifuged and washed with deionized water 

3 times to yield the final sample.   

Metal-doped SMNPs were prepared according to published procedures77-78. Briefly, 

dopamine hydrochloride and metal salts were fully dissolved in 100 mL deionized water under 

stirring at room temperature for 1 h. Subsequently, 50 mL Tris aqueous (25 mM) solution was 

quickly injected into the solution. After another 1.5 h, the doped nanoparticles were centrifuged 

and washed three times with deionized water77 at neutral pH. The Gd(III)-doped SMNP was 

prepared by employing an additional step using Mn(III)-doped SMNP13: 60 mg GdCl3 was added 

to 10 mL Mn(III)-doped SMNP (2 mg/mL in solution) and stirred at room temperature overnight, 

separated by centrifugation, and washed three times with deionized water. To calculate the metal 

loading in the final product, an aliquot of each sample was added to a concentrated HNO3 solution 

for overnight digestion. The solution was then diluted to 10 mL (1% HNO3) and analyzed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES).  The solution for MRI was 

digested in aqua regia for 1 h, diluted to 10 mL (2%  HNO3), and analyzed by inductively coupled 

plasma mass spectroscopy (ICP-MS).   

Cell Culture. Poietic human mesenchymal stem cells (hMSCs; Lonza, PT-2501) were 

grown in supplemented media (Lonza, PT-3001) and seeded in a T75 flask at a concentration of 

5000 cells/cm2. These cells were labeled with nanoparticles and incubated under standard 

conditions. The hMSCs were washed three times with PBS to remove free nanoparticles and 

detached using TrypLE Express (Life Technologies). Cell viability was determined using  3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide for the MTT assay (Biotium).  Ten μL of 
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MTT solution was added to 100 μL of medium in each well, mixed briefly, and incubated at 37°C 

for 4 hours. Then, 200 μL of DMSO was added to each well and pipetted to dissolve the resulting 

formazan salt. Absorbance was measured to 570 nm.  The MTT assays were conducted by plating 

8,000 cells/well in replicate (n=8) in 96 well plates and treated at varying timepoints (0-24 hrs) at 

a constant concentration (0.42 mg/mL) as well as at varying concentrations (0-0.84 mg/mL) at a 

constant time (4 hours) unless otherwise noted. Wells were analyzed in replicates (n=8).   

In vitro Photoacoustic Imaging and MRI Imaging. For photoacoustic imaging of hMSCs, 

cells were labeled with nanoparticles and mixed in a 1% agar solution. The gain was set to 10-20 

dB and read at a wavelength of 720 nm. Eight fields of view were collected for each sample. To 

measure the relaxivity of the Gd-SMNP, various concentrations of Gd-SMNP from 0 – 0.46 mM 

were prepared in a 1% agar solution. For the 4.7-T MRI, we used a MRS 4000 system from MR 

Solutions with a variable strength electromagnet set to 4.7-T. After scouting, we acquired T1 spin 

echo multi-slice images with horizontal phase encoding directions, FOVs of 60 mm, an echo time 

of 11 ms, repetition time of 720 ms, flip angle of 90°, a 512 × 512 matrix, and autogain calibration.  

We acquired 12 slices with 1-mm thick slices. The ϕ and θ angle were set to zero for coronal slices 

with no echo asymmetry.  The T1 reciprocal was plotted as a function of concentration from 0.046 

-0.46 mM.  For the 7T MRI, we used a Bruker 7.0 T magnet with Avance II hardware. After 

scouting, we acquired T1 spin echo multi-slice images with horizontal phase encoding directions, 

FOVs of 6.91/3.12 cm, an echo time of 1/1, repetition time of 750 ms, flip angle of 90°, and a 256 

× 116 matrix. We acquired 6 slices with 2-mm thickness. The T1 reciprocal was plotted as a 

function of concentration from 0.046 -0.46 mM.   

In vivo Photoacoustic Imaging and MRI Imaging. 500,000 Gd(III)-SMNP-labeled 

hMSCs were injected in a 50% matrigel mixture in the left ventricle (LV) wall of nude mice. 
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Control mice were injected with a PBS/matrigel solution only. Echocardiograms were performed 

in the long axis (lax) mode. MRI was performed before injection and 15 minutes after injection 

with labeled hMSCs.  

Data analysis. ImageJ 1.48 v58 was used to quantitate the photoacoustic signal for the 

SMNPs via region of interest (ROI) analysis for the average integrated density in arbitrary units 

(bit depth) using the maximum intensity projection for 8-bit images108. The photoacoustic means 

and standard deviations were calculated from eight fields-of-view in each sample. The error bars 

represent the standard deviation of the measurements unless otherwise noted. 

2.3. Results and Discussion 

 

2.3.1 Synthesis and Characterization.  

 

Three types of SMNPs were used in these studies: (1) SMNP prepared by polymerization 

of dopamine (SMNP)107;  (2)  Metal-doped SMNP  made by polymerization of dopamine in the 

presence of metal salts; and (3) Gd(III)-doped SMNP made via a metal exchange method 

beginning with a Mn(III) doped SMNP as a template (Figure 2.1)77-78.  The synthesis began with 

the polymerization of dopamine (Figures 2.1A, 2.1B) to form spherical particles.  Previous 

research has shown that the high metal binding capacities and fast binding rate of synthetic melanin 

nanoparticles compared to melanin polymers is due to the higher surface area to volume ratio73.  

The morphology of these nanoparticles was characterized by transmission electron microscopy 

(TEM) (Figures 2.1C, 2.1D, Supplementary Figure S1). All samples were spherical and 

monodisperse: Dynamic light scattering (DLS) (Figure 2.1, Supplementary Figure S2) showed 
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that the size of the SMNPs was 150 nm with a polydispersity index (PDI) of 0.11 +/- 0.03 (Figure 

2.1E). The size of the Gd(III)-doped SMNP was 160 nm with a PDI of 0.18 +/- 0.03 (Figure 2.1F).  

The concentration of metals ranged from 5.9-8.3% by weight with respect to the 

polydopamine as determined by ICP-OES (Table 2.1). Although the synthetic conditions were 

optimized for achieving uniform size and high loadings, there were slight variations in particle size 

and metal loading concentration. This is likely due to the changes in affinities and coordination 

geometries between dopamine and different metal ions that may significantly affect 

polymerization kinetics109. The zeta potential of Mn-SMNP was -10.7 mV while the zeta potential 

of the Gd(III)-doped SMNP was -9.5 mV.  

 

 

Figure 2.1 Synthesis and characterization of synthetic melanin nanoparticles (SMNP). A) Molecular structure of 

dopamine and route to nanoparticles, B) synthesis of Gd(III)-doped SMNP, C) TEM micrograph of SMNP shows 

spherical morphology and uniform size, D) TEM micrograph of Gd(III)-doped SMNP shows spherical morphology 

and uniform size, E) DLS indicates a low dispersity solution and a particle size of 150 nm for SMNP, F) DLS data 

indicates a particle size of 160 nm for Gd(III)-doped SMNP.  
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Table 2.1. ICP-OES measurements of metal-doped SMNP. Metal loading varies from 5.9-8.3% by weight for 

metal-doped SMNP samples. 

Sample Metal Loading 

(Weight %) 

Mn(III)-doped SMNP 6.0 

Fe(III)-doped SMNP 5.9 

Ni(II)-doped SMNP 5.9 

Cu(II)-doped SMNP 6.2 

Zn(II)-doped SMNP 8.3 

Gd(III)-doped SMNP 6.4 

 

2.3.2 Photoacoustic and MRI Performance.  

The photoacoustic spectra of SMNP and metal-doped (Ni(II), Zn(II), Cu(II), Mn(III), 

Fe(III), and Gd(III)) SMNP indicated a broad peak across all samples from 720 nm – 760 nm 

(Figure 2.2A) with Gd(III)-SMNP showing the highest photoacoustic intensity amongst all 

samples from 680-850 nm.  Photoacoustic imaging at 720 nm of SMNP and metal-doped SMNP 

(Figures 2.2B-C) showed that the gadolinium-based material exhibited the highest photoacoustic 

signal intensity at neutral pH (all samples 0.58 mg/mL with respect to polydopamine). This effect 

correlates with absorbance spectroscopy where Gd(III)-SMNP exhibits the strongest absorbance 

from 700-900 nm (Figure 2.2D). Miao et. al also showed that metal-chelated polydopamine 

nanoparticles show higher absorbance than polydopamine nanoparticles between 700-900 nm110. 

Importantly, a solution of GdCl3 alone (no nanoparticles) had no absorbance (Supplementary 

Figure S3).  Other lanthanides also produce a photoacoustic signal increase relative to metal-free 

SMNPs (Supplementary Figure S4). The Ce-doped SMNP had the highest photoacoustic signal 

of 6 x 104 +/- 1 x 103 a.u. while Er-doped had the lowest photoacoustic signal of 9 x 104 +/- 8 x 

102 a.u.; however, Gd was used for further studies because Gd-based contrast agents also have high 

MRI signal96-99.  Additionally, lanthanide-doped nanoparticles have been used in luminescent 
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imaging due to long luminescent lifetimes, large ranges of upconversion luminescent wavelengths, 

and high signal-to-noise ratios111.   

 To further understand the activatable nature of this phenomenon, we monitored the 

photoacoustic signal in real-time while adding Gd(III) to the manganese-loaded nanoparticles 

(Figure 2.2E).  In aqueous solution, Gd(III) has low absorbance from 400-900 nm 

(Supplementary Figure S3).  We initially observed a 2-fold intensity increase upon addition of 

Gd(III) (Figure 2.2F); the signal increased 16-fold with further mixing (Figure 2.2G, 

Supplementary Video 1).   
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Figure 2.2 Photoacoustic (PA) imaging and intensity data of SMNP and metal-doped SMNP. A)  Photoacoustic 

spectra from 680-970 nm indicates a broad peak for all nanoparticle samples from 720-760 nm. B) Gd(III)-SMNP has 

the highest photoacoustic signal of nanoparticles doped with Ni, Zn, Cu, Mn, Fe, or Gd. The Gd(III)-doped SMNP 

showed the highest photoacoustic signal and SMNP without doping showed the lowest signal. C) Photoacoustic 

imaging intensity of SMNP and metal-doped SMNP (Ni, Zn, Cu, Mn, Fe, and Gd). D) Absorbance data of SMNP and 

metal-doped (Ni, Zn, Cu, Mn, Fe, Gd-doped) SMNP indicated Gd(III) had the highest absorbance from 700-950 nm. 

E) Quantification of photoacoustic imaging intensity for live doping of Mn(III)-SMNP with Gd(III).  Mn(III)-SMNP 

was used to increase the Gd(III) loading via Mn-Gd ion exchange to observe the photoacoustic intensity change in 

real-time with mixing via pipetting.  The photoacoustic intensity shows a change in signal upon addition of Gd(III) (1 

mg/mL) to Mn(III)-doped SMNP (0.68 mg/mL); F) and G) Snapshots from the in situ photoacoustic movie at frames 

200 and 700, respectively.  

 

To evaluate stability, photoacoustic signal from SMNPs was studied under continuous laser 

irradiation (pulse duration of 5 ns; 0.167 seconds between pulses) and showed constant signal over 

15 minutes.  The signal difference between the first 100 frames and the last 100 frames is 6.6% 

indicating that the SMNPs are stable under photoacoustic irradiation (Supplementary Figure 

S5A). 
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The photoacoustic signal intensity of Gd(III)-doped SMNP is dependent on the 

concentration of both SMNP and Gd(III).  The Gd(III)-doped SMNP was measured from 0.068 – 

0.68 mg/mL of nanoparticles and exhibited a linear increase (R2 = 0.96) with increasing SMNP 

concentration (Figures 2.3A). Methylene blue (MB, 0.4 mM) was a positive control112-113, and 

deionized water and Gd(III) solution (40 mg/mL) in water were negative controls. At higher 

concentrations of SMNP, the photoacoustic intensity with respect to SMNP continued to increase 

linearly from 0-3.5 mg/mL with R2 = 0.98 (Supplementary Figure S5B).   

 

Figure 2.3 Photoacoustic (PA) intensity of Gd(III)-doped SMNP particles is dependent on the concentration of 

SMNP and Gd(III). A) Photoacoustic intensity data where 0.68, 0.34, and 0.068 represents the 5% Gd-SMNP 

concentrations (mg/mL). Mn(III)-SMNP without Gd(III) doping (0.68 mg/mL), MB (0.4 mM), H2O, and Gd(III) (40 

mg/mL) are controls. B) Photoacoustic intensity data with constant Mn-SMNP concentration where 0.5% - 10% 

represent the concentration of Gd(III) in Mn-SMNP. Nanoparticle concentration for all is 0.2 mg/mL). The error bars 

represent the standard deviation of the ROIs (n=8). 

This photoacoustic signal enhancement is likely due to an improved absorption cross-section via 

melanin coordination of the metal ions via catechol groups—this leads to increased absorption114. Indeed, 

the absorption (Supplementary Figure S5C) was higher for 5% and 10% Gd-SMNP compared to Mn-

SMNP and 0.5 – 2% Gd-SMNP.  The photoacoustic signal (Figure 2.3B) also increased with Gd(III) 

loading when the SMNP concentration was held constant. Photoacoustic signal is proportional to 

concentration. Related work has shown the presence of vinylene bonds to increase the mass absorption 

coefficient and photothermal conversion efficacy in polymers115. Related work has increased the 

photoacoustic signal of nanoparticles via the addition of a silica coat to gold nanorods or semi-conductor 
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polymer nanoparticles. This is because the silica shell has a lower thermal conductivity and heat capacity 

than water. Thus the coated particles achieve a higher temperature than bare particles leading to a  

higher thermal gradient and a higher photoacoustic signal57, 116-117.   

The Gd(III)-SMNP was also studied in terms of MRI parameters. The r1 was 3.35 mM−1 s−1 

and 2.90 mM−1 s−1 for 4.7 T and 7.0 T fields, respectively (Supplementary Figure S6A-D). These 

values are similar to commercially available agents, Gd-DOTA and Gd-DTPA118-119.  

Additionally, Gd(III)-SMNP subcutaneous injections were performed in mice (Supplementary 

Figures S6E-F). showing enhanced photoacoustic signal after injection with Gd(III)-SMNP. 

 
Figure 2.4 Optimization of hMSC Labeling Parameters. A) Increasing concentrations of nanoparticles (0.1 – 0.84 

mg/mL of Gd(III)-SMNP) were used to label 150,000 hMSCs; the photoacoustic signal increased accordingly. For 

panels A and B, unlabeled hMSCs were the negative control. Gd(III)-SMNP (0.152 µmol/mL Gd(III) was the positive 

control.) B) The effect of incubation time on photoacoustic intensity of 150,000 hMSCs treated with 0.42 mg/mL of 

Gd(III)-SMNP.  The photoacoustic intensity increased as time increased from 1-24 hours. * Indicates p-value <0.05.C) 

Dark field STEM of hMSCs treated with Gd(III)-SMNP (4 hrs, 0.42 mg/mL), where the white dots indicate the 

Gd(III)-SMNP.  D) TEM microscopy of hMSCs treated with Gd(III)-SMNP (4 hrs, 0.42 mg/mL) where the black dots 

indicate the Gd(III)-SMNP.  E) Photoacoustic imaging data of hMSCs labeled with Gd(III)-SMNP particles.  The 

photoacoustic intensity increased with increasing incubation time from 1 – 24 hrs suggesting increased internalization 

of the particles with increasing time. The scale bar represents 1 cm. F) Photoacoustic intensity data of 0 – 200,000 

hMSCs labeled with Gd(III)-SMNP particles showed a linear relationship between cell number and photoacoustic 

intensity. 
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2.3.3 Cellular Imaging.  

 

hMSC uptake of Gd(III)-SMNPs was measured to determine the optimal concentration and 

time for cell labeling120-121.  The photoacoustic intensity was quantified for 1.5 x 105 cells treated 

with 0-0.84 mg/mL of Gd(III)-SMNP at 8 hours of incubation time (Figure 2.4A). No further 

increase was seen after 0.42 mg/mL. We then studied the effect of time. The photoacoustic 

intensity of 1.5 x 105 cells treated with 0.42 mg/mL of Gd(III)-SMNP particles at varying times 

(1-24 hours) was quantified (Figure 2.4B). The hMSCs labeled with 0.42 mg/mL Gd-SMNP had 

8-fold higher photoacoustic signal than hMSCs labels with 0.1 mg/mL Gd-SMNP.  hMSCs labeled 

for 4 hours with Gd-SMNP showed 3-fold higher photoacoustic intensity than cells treated with 1 

hour of Gd-SMNP (p<0.05). An MTT assay revealed no significant difference (p-value >0.05) in 

cell viability of cells treated with up to 0.84 mg/mL of Gd(III)-SMNP (Supplementary Figure 

S7) suggesting good biocompatibility. Therefore, 4 hours of incubation with 0.42 mg/mL of 

Gd(III)-SMNP was determined to be the optimal incubation time without adverse effects on cell 

viability.  Our prior work showed that there was no significant release of the Gd(III) ion from the 

SMNP over 7 days after incubation with CaCl2 and ZnCl2 solutions for 7 days as measured by ICP 

78. We repeated this experiment and found that 97.9% of Gd(III) was retained in the particle after 

7 days of incubation in water at room temperature as measured by ICP.   

Dark field scanning transmission electron microscopy (STEM), transmission electron 

microscopy (TEM), and bright field microscopy were used to confirm uptake of Gd(III)-SMNP in 

hMSCs (Figures 2.4C-D and Supplementary Figures S8-S9). Previous studies have shown 

mesoporous silica uptake in hMSCs from 1 - 4 hours122 similar to our observed uptake of Gd(III)-

SMNP in hMSCs.  Parameters such as charge, composition, surface reactivity, and surface 

adsorption have been implicated in affecting the time of nanoparticle uptake in cells123.  
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Polydopamine-containing nanoparticles have shown good biocompatibility and are cleared from 

the body via the reticuloendothelial system80.  PEGylation was not necessary because intravenous 

injection was not performed; the cells were labeled with the nanoparticles ex vivo, and the cells 

were then implanted into the myocardium. Photoacoustic images and imaging intensity of 0-200 

K cells indicated a linear relationship (R2 = 0.96) between cell number and photoacoustic intensity 

(Figures 2.4E-F). The lowest number of cells we measured was 5.0 x 104 and we calculated the 

lowest detectable number of cells to be 2.3 x 104 based on three standard deviations above the 

background mean.  Previous research reported cell detection limits varying from single cells - 10 

x 104 cells in MRI and photoacoustic imaging58, 124-125. However, achieving ultra-low detection 

limits is rarely clinically useful because human trials routinely use 106-108 cells126-128.  

We next conducted additional studies to understand what effects labeling has on the cells’ 

biology. CD75, CD90, and CD105 were used as hMSC marker proteins for flow cytometry 

analysis. Analysis showed that the labeled hMSCs still express these three stem cell surface 

markers (Supplementary Figures S10A-C).  However, the expression of CD90 in the labeled 

cells was 16% less than the expression of CD75 in the control cells suggesting that the SMNP 

labeling may be affecting the expression of CD75. The proliferation of unlabeled and labeled 

hMSCs was also measured over time. hMSCs were labeled by incubation with Gd(III)-SMNP for 

4 h. Cells continued to proliferate for 3 weeks after labeling with the nanoparticles 

(Supplementary Figure S8E). Although labeled cells proliferated approximately 26% slower 

than the unlabeled hMSCs, both the labeled and unlabeled hMSCs doubled in approximately 3 

days (Supplementary Figure S11). While chelation increases the biocompatibility of Gd-based 

agents129, it is possible that free Gd is present as cells internalize the particles, which may act to 

slow proliferation and affect the expression of marker proteins130.   
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Finally, in vivo experiments using 500,000 cells labeled with Gd(III)-SMNP particles were 

performed in mice (Figure 2.5).  Bone marrow mononuclear cells has been found to promote heart 

function and neovascularisation after myocardial infarction via intramyocardial injection 

delivery131. Echocardiograms pre- and immediately post-injection are also shown in Figure 2.5 

and indicate that the photoacoustic signal increased 64-fold +11.3. Transverse MRI images pre- 

and post-injection show that the MRI signal increased 2.0-fold +/- 0.17 versus baseline (Fig. 2.5C, 

D).  

 

Figure 2.5. Photoacoustic and MR imaging of Gd(III)-SMNP implanted into mouse hearts. A) Photoacoustic 

imaging of longitudinal axis view of live mouse heart pre-injection.  The area circled in white represents the left 

ventricle (LV).  The area circled in green represents the area of the left ventricle wall before injection. B) Photoacoustic 

imaging of the longitudinal axis view of a live mouse heart post-injection. 500,000 hMSCs labeled with Gd(III)-

SMNP were injected.  The green-circled area shows the increase in photoacoustic imaging intensity (red). C) 

Transverse MRI view of a mouse heart pre-injection. The green-circled area represents the LV wall. Lu is the lung. 

D) Transverse MRI view of a mouse heart post-injection. 500,000 hMSCs labeled with Gd(III)-SMNP were injected. 

The green-circled area shows the increase in MRI signal intensity in the LV wall.   

 

2.4. Conclusion 
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 This study details a synthetic melanin-based contrast agent for photoacoustic imaging and 

MRI. The most important finding is that the photoacoustic intensity increased dramatically upon 

incorporation of metal ions into the polydopamine-based nanoparticles. Chelation is known to 

increase the biocompatibility of Gd-based contrast agents129 and Gd-based contrast agents are 

clinically used in MRI132-133.  We used the Gd(III)-enhanced photoacoustic signal to image stem 

cells in vivo coupling this modality with MRI. The labeled stem cells still expressed stem cell 

surface markers and continued to proliferate.  
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2.7 Appendix 

 

 

 

Figure S1. Representative TEM images show spherical shape and uniform size distribution of synthetic melanin 

nanoparticles. A) SMNP made by polymerization of L-3,4-dihydroxyphenylalanine. Figures B-F show metal-doped 

SMNPs. B) Mn-doped SMNP, C) Fe-doped SMNP, D) Ni-doped SMNP, E) Cu-doped SMNP, and F) Zn-doped 

SMNP.
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Figure S2. Representative DLS data show size distribution of synthetic melanin nanoparticles. Figures A-F 

show metal-doped SMNPs. A) Mn-doped SMNP, B) Fe-doped SMNP, C) Ni-doped SMNP, D) Cu-doped SMNP, and 

E) Zn-doped SMNP. 
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Figure S3. PA intensity data of lanthanide-doped SMNPs.  Ce-doped SMNP had the highest PA signal of 57,766.6 

+/- 1,073.5 while Er-doped had the lowest PA signal of 9,375.6 +/- 838.2 of the lanthanide-doped samples.  Error bars 

represent the standard deviation (n=8).  
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Figure S4. Absorbance of Gd(III) solution. Gd(III) was dissolved in water at 0.5 mg/ml, 1 mg/ml, and 10 mg/ml 

and showed low absorbance from 300-900 nm.    



32 

 

 

Figure S5. A) The PA signal difference between the first 100 frames and the last 100 frames is 6.6% indicating that 

the SMNPs are stable under photoacoustic irradiation. B) There is a linear relationship of PA signal based on SMNP 

concentration measured from 0-3.5 mg/mL. C) The absorbance of 5% and 10% Gd-SMNP was higher from 600-900 

nm than Mn-SMNP and 0.5 – 2% Gd-SMNP.
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Figure S6. MRI data of Gd(III)-SMNP. A) MRI of Gd(III)-SMNP particles in 4.7 T. B) 1/T1 (s-1) vs Concentration 

(mM) for 4.7T field. C) MRI of Gd(III)-SMNP particles in 7 T. D) 1/T1 (s-1)  vs Concentration (mM) for 7 T field. 

Scale bar = 2 mm. 
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Figure S7. MTT assays of Gd-SMNP labeled hMSCs. A) Cell viability was not affected by increasing the 

concentration from 0.105 – 0.84 mg/mL of Gd(III)-SMNP. B) Cell viability decreased approximately 7% after 24 

hours of treatment with Gd(III)-SMNP (0.42 mg/mL). The positive (pos) control was unlabeled cells.  The negative 

(neg) control was cells treated with 70% ethanol.  The error bars represent the standard error. N = 6.  
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Figure S8. Dark Field STEM microscopy and optical microscopy show internalization of nanoparticles. A-C) 

Dark field STEM microscopy of hMSCs labeled with Gd-SMNP (4 hrs, 0.42 mg/mL). The Gd-SMNP particles (white 

spheres) are located in the in the cytoplasm of cells. D) Brightfield microscopy of unlabeled hMSCs. E) Brightfield 

microscopy of hMSCs labeled with Gd-SMNP (4 hrs, 0.42 mg/mL). The cells continued to proliferate for 3 weeks 

when labeled with Gd-SMNP. Scale bar = 200 μm. 
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Figure S9. Figures A-D show TEM microscopy of hMSCs treated with Gd(III)-SMNP (4 hrs, 0.42 mg/mL). The 

Gd(III)-SMNP particles (black spheres) are  located in the cytoplasm of cells.  
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Figure S10. Flow cytometry data of hMSCs labeled with 0.42 mg/mL of- Gd(III)-SMNP. A) CD90-FITC, B) 

CD75-PE, and C) CD105-APC. 
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Figure S11. Viability assay of Gd(III)-SMNP treated hMSCs. Cells doubled in approximately 3 days for control 

(untreated hMSCs) and cells labeled with 0.42 mg/mL Gd(III)-SMNP.  The error bars represent the standard error 

(n=8).   
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CHAPTER 3: SYNTHESIS OF ULTRASMALL SYNTHETIC MELANIN NANOPARTICLES 

BY UV IRRADIATION IN ACIDIC AND NEUTRAL CONDITIONS 

 

3.1 Introduction 

 

Synthetic melanin nanoparticles (SMNPs) are an important class of bio-based synthesized 

nanomaterials that have been used as multimodal imaging agents77, 134, photo-thermal agents135-

136, drug-delivery systems for chemotherapy70, and in the fabrication of stimuli-responsive films68.  

In humans, melanins play a diverse role in biological functions such as coloration69, chelation137, 

photoprotection138, thermoregulation139, and quenching of free radicals140. Melanins are present 

within the skin, eye, brain, and hair in two forms: pheomelanin and eumelanin65. Pheomelanin is 

a reddish-yellow pigment which produces free radicals under UV irradiation141, cell lysis in 

Ehrlich ascites carcinoma, and histamine release from mast cells142. Eumelanin is a brownish-black 

pigment and is a known photoprotector, antioxidant, and serves as a marker of Parkinson’s disease 

and melanoma143. Eumelanin is typically considered a heterogenous macromolecule of 5,6‐

dihydroxyindole and the 2‐carboxylated form, 5,6‐dihydroxyindole‐2‐carboxylic acid. 

Pheomelanin is a similar heterogenous macromolecule but includes sulfur from cysteinyldopa66. 

Melanins are formed in nature through the catalytic oxidation of l-tyrosine with tyrosinase144. 

Interestingly, recent work has focused on using synthetic eumelanins as biocompatible platforms 

in organic electronics, hybrid materials, and biointerfaces145.  Similar biological-inspired 

applications of polydopamine (PDA) structures have shown that thin PDA films can attach to a 

variety of inorganic and organic materials146, be used to improve energy production and storage147, 

be used in photocatalytics via Cd2+ loaded PDA precursors148, and formulated as a PDA-based gel 

sunscreen149. Multifunctional PDA nanoparticles for tumor-targeted phototherapy using dual 

peptide RGD- and beclin 1-modified particles has been suggested for improved cancer therapy150. 

https://pubs.acs.org/doi/abs/10.1021/acsabm.9b00747
https://pubs.acs.org/doi/abs/10.1021/acsabm.9b00747
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The synthesis of SMNPs typically involves the reaction of dopamine hydrochloride in 

bases such as NaOH or tris base and subsequent auto-oxidation83, 151-152. One of the challenges in 

the fabrication of SMNPs is the synthesis of ultrasmall nanoparticles (UMNP) with diameters of 

<50 nm in acidic or neutral conditions. This limits the application of SMNPs where an alkaline 

condition is prohibited153 or size control is critical for bioaccumulation in target tissues 154. SMNPs 

from 25 to 120 nm have been formed by the autoxidation of dopamine in sodium hydroxide83, 152, 

but this approach required alkaline conditions.  Microplasma electrochemistry has been used to 

synthesize fluorescent polydopamine nanoparticles with a size of 3.1 nm using dopamine 

hydrochloride155; however, this method utilized a low pH of 5 and required high energy 

electrochemistry, which is expensive. Amin et. al synthesized polydopamine-based melanin-

mimetic nanoparticles with diameters from 25 - 120 nm using sodium hydroxide 

base152.  Ultrasmall melanin nanoparticles with a size of 4.5 ± 0.5 nm have also been synthesized 

by dissolving pristine melanin granules in 0.1 N NaOH and neutralizing under sonication, but 

required basic conditions and a top-down approach41. Wang et. added varying ratios of edaravone 

and 2-phenyl-4, 4, 5, 5,-tetramethylimidazoline-1-oxyl 3-oxide (PTIO˙) to dopamine hydrochloride 

and added aqueous ammonia to form nanoparticles with size ranging from 155 – 452 nm156. Chen et. 

al synthesized nanoparticles chelated with Fe2+ and Fe 3+ using sodium hydroxide and polyethylene 

glycol (PEG)157. Ni et. al formed water-soluble chitosan-polydopamine nanoparticles with 

hydrodynamic diameters of approximately 10 nm using tris base and an electrostatic complexation 

between chitosan and the polymerized dopamine158, requiring the use of a base. Finally, Lie et. al 

formed fluorescent polydopamine dots from the degradation of polydopamine induced by hydroxyl 
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radicals by dissolving dopamine hydrochloride in sodium hydroxide, heating, and aging for 2 

weeks.159 

Synthetic SMNPs are routinely formed from dopamine under basic conditions in solution69, 

83, 151, 159-160. This approach produces particles typically in size ranges from 100 – 500 nm via a 

base-mediated synthesis. In addition, PDA coatings have been described on a variety of underlying 

substrates using 3,4‐dihydroxy‐L‐phenylalanine (DOPA)161, a precursor of dopamine. 

Interestingly, UV-initiated polymerization of dopamine hydrochloride was used to form 

polydopamine coatings in both acidic and basic conditions with rapid synthesis of 2 hand a 

polymerization rate controllable by varying the UV irradiation time162.   

Inspired by this UV-initiated polymerization of polydopamine films, we used UV-

irradiation to form ultrasmall melanin nanoparticles <50 nm with size control determined by pH.  

We believe this is the first example of UV-initiated polymerization of dopamine at this pH range. 

The product is ultrasmall synthetic melanin nanoparticles with exquisite size control and diameters 

from 9.4-31.4 nm.  Additional advantages of this UV-initiated synthesis method include tunable 

pH conditions, rapid (2 h) synthesis, and controllable kinetics via UV irradiation dose and 

wavelength.    

 

3.2. Methods  

 

Reagents. The following materials were acquired and used as received: dopamine 

hydrochloride (Sigma-Aldrich), tris base (Sigma-Aldrich), diethylhydroxylamine (DEHA, Sigma-

Aldrich), acetone (Sigma-Aldrich), deuterium oxide (D2O, Cambridge Isotope Laboratories), 

Xzero Type 1 reference water (XZero). 
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Instrumentation. TEM imaging used a Jeol microscope operating at 200 kV. Micrographs 

were recorded on a 2 K X2 KGatan CCD camera.  Absorbance measurements used a Molecular 

Devices SpectraMax M5 spectrometer, and the absorbance was read in 10-nm increments from 

200 nm – 1000 nm.  Zeta potential was measured using a Zetasizer-90 (Malvern Instruments). pH 

measurements utilized a Milwaukee MW 102 pH meter and Hydrion pH paper. UV irradiation 

utilized an 8-Watt, 0.2 Amps, 115 V, 60 Hz 3UV-38 UV lamp (UVP, USA) at 254 nm unless 

otherwise indicated. Multispectral advanced nanoparticle tracking analysis  (MANTA) utilized the 

MANTA Instruments ViewSizer™ 3000 (USA). The FTIR spectrums were collected using a 

PerkinElmer spectrometer (USA).  The samples were scanned from 1500-600 cm-1 and the data 

were analyzed by PerkinElmer software. The molecular structure was studied by 1H NMR utilizing 

a 300 MHz Bruker NMR spectrometer. The spectra were processed using the Topspin 3 program.  

Nanoparticle Syntheses. UMNP was prepared from dopamine hydrochloride in a method 

inspired by the synthesis of polymerized dopamine films107. In a typical reaction, 200 microliters 

of dopamine hydrochloride aqueous solution was added to a 96-well plate and constantly stirred.  

The samples were irradiated under UV (254 nm) for 2 h at a constant distance of 3 cm unless 

otherwise noted.  The SMNPs were centrifuged and washed with deionized water 3 times. The 

photopolymerized fractions were isolated by filtration through a centrifuge filter with 30000 Da 

molecular weight cutoff.   

TEM Preparation. Five microliters of each sample were placed on a Ted Pella 300 mesh 

Cu TEM 0`753-F F/C TEM sample grids.  The samples were dried in dark conditions for 1 h prior 

to imaging.  

Size Analysis. TEM images of at least five fields-of-view of approximately 150 

nanoparticles were analyzed using ImageJ software for each synthesis condition.  The average size 
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and polydispersity index (PDI) were analyzed for each sample. For multispectral advanced 

nanoparticle tracking analysis  (MANTA) analysis, solutions were prepared with Xzero Type-1 

reference water with 30 videos per trial and automated stirring between each video. 

 Zeta Potential. UMNP and SMNP was diluted in 500 microliters of Millipore water, 

phosphate buffered saline (PBS) and analyzed with a Zetasizer 90.   

pH Readings. The pH of solutions was measured by analyzing 10 microliters of solution 

with pH paper and/or 1 mL of solution with a pH meter.  

Absorbance Readings. 200 microliters of solution were added to wells in 96-well plates. 

The absorbance was read from 200 – 1000 nm with a UV-Vis spectrometer and plotted using 

GraphPad Prism Software.  

 

NMR Preparation. Glassware was washed thrice with acetone and D2O to remove 

contaminants. 1 mL of samples (1 mg/mL) was added to 10 mL of D2O and analyzed in the NMR.  

 

3.3. Results and Discussion 

 

The polymerization schematic of dopamine to form synthetic melanin nanoparticles in 

aqueous solutions with and without UV irradiation is shown in Figure 3.1. We noted significant 

changes in the product as a function of the reaction conditions including pH and UV stimulus 

suggesting that ultrasmall synthetic melanin nanoparticles could be formed as a function of pH 

and UV irradiation.  The amount of absorbance measured at λ =  280 nm is proportional to the 

initial concentration of dopamine (Supplementary Figure 1) indicating that this characteristic 

peak can be used to estimate the amount of dopamine in solution.  The continued presence of this 
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peak at λ = 280 nm after UV irradiation is likely due to either non-reacted dopamine or the presence 

of small aggregates of dopamine- 5,6-dihydroxyindole8,163. 

From pH 8.0-10.0, dopamine polymerizes to form synthetic melanin nanoparticles with or 

without UV due to the deprotonation of the amine group73. At pH 6.4-7.0, dopamine polymerizes 

under UV irradiation at wavelength of 254 nm; samples without UV mostly remain as the 

dopamine monomer.   Using DOPA as a precursor, Kim et. al suggested that above a pH of 7.0, a 

deprotonation of the amine site accelerates the intramolecular cyclization to 5,6-dihydroxyindole-

2-carboxylic acid73; a similar effect may be occurring to deprotonate the amine in our experiments 

with dopamine.  Oxidizing the catechol to benzoquinone and the intra- and inter-molecular 

addition of the catechol amines also requires the deprotonation of the amine group73, 164.  UV 

irradiation is known to generate reactive oxygen species (ROS), which acts as an accelerant in the 

oxidation steps162.  

 

 

 Figure 3.1 Synthesis and characterization of ultrasmall synthetic melanin nanoparticles. Ultrasmall synthetic 

melanin nanoparticles were made by the polymerization of dopamine in aqueous solution with UV irradiation at a 

wavelength of 254 nm. A) Dopamine polymerizes under UV in basic conditions at pH = 8.0-10.0 to form synthetic 

melanin nanoparticles (SMNPs). B) Dopamine polymerizes in the dark in basic conditions at pH = 8.0-10.0 to form 

synthetic melanin nanoparticles, C) Dopamine polymerizes under UV in acidic conditions at pH = 6.4-7.0 to form 

ultrasmall synthetic melanin nanoparticles (UMNPs). D) Dopamine does not polymerize in the dark at pH = 6.4-7.0 

conditions.  



45 

 

 

 

 

Figure 3.2. TEM and absorption spectrum of SMNP and UMNP at initial concentration of 1 mg/mL dopamine. 

A) TEM image of UMNP formed at pH 6.4 with 24 h UV irradiation; the average size is 31.4 nm. The size was 

confirmed with multispectral advanced nanoparticle tracking analysis (MANTA) analysis165, indicating a mode size 

of 34 nm of all particles measured.  B) TEM image of UMNP formed at pH 7.0 with 24 h UV irradiation indicated an 

average size of 9.40 nm. C) TEM image of SMNP formed at pH 8.0 with 24 h UV irradiation indicated average size 

of 69.2 nm. D) TEM image of SMNP formed at pH 9.0 with 24 h UV irradiation indicated average size of 200 nm. E) 

TEM image of SMNP formed at pH 10.0 with 24 h UV irradiation indicated average size of 92.8 nm. F) Size 

dependence on pH. The sample with pH 7.0 yielded the smallest spherical UMNP under UV irradiation. G) 

Absorbance spectrum based on pH from 6.4-10.0 prior to UV irradiation shows the characteristic dopamine peak at 

280 nm. H) Absorbance spectrum based on pH from 6.4-10.0 shows a broadening of the characteristic dopamine peak 

from 280 nm – 1000 nm indicating polymerization of UMNP and SMNP. 

 

3.3.1 Size control.  

We synthesized synthetic melanin nanoparticles with controllable size ranges from 9.40 

nm – 200 nm by varying the pH of the solution (Figures 3.2A-3.2E). The average size of the 

nanoparticles from pH 6.4 – 10.0 is quantified in Figure 3.2F.  The difference in size is likely due 

to the difference in deprotonation of the amine group and oxidation steps under UV irradiation73. 

From pH 6.0 – pH 7.0 with UV irradiation, ROS acts as the accelerant in the oxidation steps162 to 

oxidize the catechol to benzoquinone and initialize polymerization. At pH > 7.0, the amine site is 

deprotonated which accelerates the intramolecular cyclization73.  Previous studies using a base-
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mediated approach in synthesis showed that the size of nanoparticles decreases with an increase 

in pH when pH>8.0 166-167, consistent with our findings that the size decreases from pH 9.0 – pH 

10.0. Oxidizing the catechol to benzoquinone and the intra- and inter-molecular addition of the 

catechol amines also requires the deprotonation of the amine group73, 164.  Size control is important 

for biodistribution of injected particles for vascular targeting, and the enhanced permeability and 

retention effect (EPR) has can facilitate nanoparticle accumulation with diameters less than 500 

nm in tumors168.  Nanoparticles with diameters <20 nm have been shown to cross tight endothelial 

junctions, and gold nanoparticles with a diameter of 10 nm were shown to have the widest 

biodistribution to the blood, liver, spleen, kidney, testis, thymus, heart, lung and brain compared 

to larger particles when injected intravenously in rats154, 168.  Dopamine was the only peak observed 

in the absorbance spectrum in all samples prior to UV irradiation (Figure 3.2G) with a 

characteristic peak at 280 nm169. After UV irradiation (254 nm), the absorbance spectrum 

broadened amongst all samples from a peak at λ = 280 nm to an increase in absorbance 400 nm – 

1000 nm. This change in absorbance spectrum is a characteristic indication of the formation of 

melanins143, 170 as the broad absorption band in conjugated systems is caused by the oxidative-

polymerization of dihydroxyindole (DHI) and dihydroxyindole-2-carboxylic acid (DHICA)73 . 

The careful correlation between TEM and absorption spectroscopy shown here suggested that the 

width of the absorbance peak directly reports on the extent of dopamine polymerization and thus, 

subsequent studies primarily utilized absorbance data rather than TEM. 

3.3.2 Reaction Time.  

The polymerization reaction is also dependent on time; dopamine (5 mg/mL) polymerized 

after 2 h of UV irradiation (Supplementary Figure S2A), and polymerization increased as UV 

irradiation time increased. Liu et. al showed synthetic melanin nanoparticle synthesis with a 70 
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nm size and a 24 h reaction time171.  Cho and Kim formed synthetic melanin nanoparticles with 

size range of 80–490 nm using a 3 h reaction time with a hydroxide-ion mediated synthesis172.  

Dopamine (5 mg/mL) in dark conditions at a pH of 6.4 (Supplementary Figure S2B) does not 

polymerize even after 8 h, indicating that UV irradiation is necessary under pH conditions of 6.4 

to deprotonate the amine and accelerate the intramolecular cyclization to 5,6-dihydroxyindole-2-

carboxylic acid73.  

 

Figure 3.3. Characterization of SMNP and UMNP formed in water with UV irradiation at varying 

concentrations. A) Basic dopamine solutions with pH = 10.0 displayed polymerization with UV irradiation (254 nm) 

for 24 h and showed a broad peak shift from 290 – 400 nm at initial concentrations of dopamine of 1 – 15 mg/ml. B) 

Dopamine solutions with pH = 10 showed polymerization in the dark after 24 h. C) Acidic dopamine solutions with 

pH = 6.4 with initial dopamine concentrations from 1 mg/ml – 15 mg/ml were irradiated with UV light (254 nm) for 

24 hours to form UMNP.  Absorbance increased as concentration of dopamine increased with a red shift in the 

absorbance spectrum. D) Acidic dopamine solutions with pH = 6.4 in dark conditions for 24 h showed a characteristic 

dopamine peak at 280 nm and did not show polymerization. E) UV wavelength of 254 nm irradiated for 24 h causes 

higher polymerization in dopamine than samples irradiated at 302 nm and 364 nm for 24 h. Polymerization does not 

occur when samples are irradiated at 364 nm for 24 h.  

 

SMNP formed at pH = 10.0 with UV irradiation for 24 h showed increased polymerization 

(Figure 3.3A) versus SMNP formed in basic conditions of pH = 10.0 in the dark for 24 h (Figure 

3.3B).  This was indicated by the broadening of the absorbance peak from 280 nm to 400 nm 
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(Figure 3.3C). Dopamine solution with pH = 6.4 in dark conditions for 24 h did not show a change 

in the characteristic absorbance peak of 280 nm indicating no polymerization and no nanoparticles 

observed (Figure 3.3D). UV-irradiated samples of dopamine (5 mg/mL) in pH = 6.4 and samples 

of dopamine (5 mg/mL) in pH = 9.0 in dark conditions show a linear, first-order reaction over 2 h 

(Supplementary Figure S3). This is consistent with the findings of Herlinger et. al who proposed 

first-order reaction in the autooxidation of dopamine where he found the reaction to be first-order 

in [dopamine].173  Additionally, the reaction rate increased 4.3 times with UV irradiation versus 

the dark (Supplementary Figure S4) showing that UV irradiation is necessary to accelerate the 

reaction. The change in polymerization rate for 0.1 mg/mL – 1 mg/mL initial concentration of 

dopamine in water is shown in Supplementary Figure S5; polymerization was observable at 0.2 

mg/mL.   

3.3.4 Wavelength Effects 

The wavelength of UV irradiation was varied from 254 nm – 365 nm and solutions at 254 

nm showed the highest amount of polymerization due to higher energy at shorter wavelengths 

(Figure 3.3E). At a wavelength of 254 nm, the energy is approximately 7.83×10−19 J = 4.89 eV 

and the energy is approximately 366 nm=5.43×10−19 J = 3.39 eV at a wavelength of 365 nm174.  It 

is likely that the higher energy at 254 nm is required to deprotonate the amine and initiate the 

further oxidation steps.  

3.3.4 FTIR Characterization   

Changing the pH from 6.4 – 10.0 did not greatly affect the FTIR spectra suggesting that 

the core composition did not change significantly (Supplementary Figure S6).  
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3.3.4 NMR Characterization  

The molecular structure of the UMNP formed during the reaction was studied by 1H NMR 

spectrum. For this experiment, dopamine monomer and SMNP prepared by base-catalyzed 

polymerization were used as positive and negative controls. Dopamine hydrochloride dissolved in 

D2O yielded two triplets at 2.77 and 3.13 δ (Fig 3.4A) corresponding to the aliphatic side chains. 

The aromatic protons on dopamine hydrochloride appeared as closely grouped peaks between 6.3.-

6.83 δ. The SMNP showed no interpretable 1H NMR signals owing to low solubility. The UMNP 

showed three peaks between 4.00-3.00 δ (Fig 3.4B). These peaks included two multiplets with 

intensity ratios of 1:1 and a low broad multiplet. The absence of any aromatic proton signals in the 

photopolymerized fraction showed that polymerization has occurred due to UV exposure. The 

relatively narrow appearance of the NMR peaks in the photopolymerized fractions point to the low 

molecular weight of the chains. The zeta potential of the SMNP was –18.8 mV in water and - 19.1 

mV in PBS. The zeta potential of the UMNP was -8.49 mV in water and -5.50 in PBS. The less 

negative surface charge of the UMNP may be due to less deprotonation of the amine group 

compared to the SMNP.  A previous report found the zeta potential from pH 2.5–9.0 ranged from 

approximately +20 mV to -40 mV based on pH with an isoelectric point at pH 4.0-4.1152.  Zeta 

potentials from synthetic melanin nanoparticles formed with varying ratios of edaravone, a radical 

scavenger, and PTIO·, stable free radicals, ranged from −39.8 to -24.0 mV at a pH of 9.55156. 

Additionally, a previous report of water-soluble chitosan-polydopamine nanoparticles measured 

the zeta-potential to be 48 mV.158  
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Figure 3.4 NMR spectroscopy shows loss of aliphatic side chains in UMNP indicating that polymerization has 

occurred. A) Stacked NMR spectrum of SMNPS, UMNP, and dopamine. B) Dopamine hydrochloride dissolved in 

D2O yielded two triplets at 2.77 and 3.13 δ corresponding to the aliphatic side chains. 

 

 

3.3.5 Mechanism  

 

Despite the prevalence of melanin nanoparticle synthesis, the exact formation mechanism 

remains unclear. Ab initio calculations have suggested that  planar oligomers are stacked together 

via π–π interactions in synthetic melanin synthesis175.  Hong et. al. suggested that the dopamine and 5,6‐

dihydroxyindole self-assemble forming a physical trimer structure163. Zhang et. al showed that singlet 

oxygen (1O2), superoxide (O2
–), peroxide (O2

2–), as well as hydroxyl radicals (•OH) are essential 

to the polymerization of dopamine176. Reactive oxygen species including hydroxyl radicals, 

superoxide radicals, and singlet oxygen are generated under UV irradiation and have increased 

chemical activity over molecular oxygen. Previous studies showed that ROS can initiate the 

polymerization of dopamine, and UV irradiation initiates the formation of ROS162.  

Our data validates the proposed mechanism for dopamine polymerization via UV irradiation 

suggested by Du et. al162 (Figure 3.5A).  Dopamine is oxidized to dopamine quinone followed by 

an intramolecular Michael addition and deprotonation leading to leuco-dopamine chrome162, 177.  Additional 
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oxidation and rearrangement leads to the formation of indole-quinone which then rearranges to form 5,6-

dihydroxyindole143, 162.  Dopamine quinone, leuco-dopamine chrome, and 5,6-dihdroxyindole then 

copolymerize; this polymerization is similar to the natural synthesis of eumelanin.  In nature, eumelanin is 

synthesized from the orthohydroxyation of tyrosine and catalyzed by tyrosine oxidase to yield L-DOPA143. 

With an oxidant such as oxygen or metal cations, an oxidation yields dopaquinone; a Michael addition 

followed by oxidation yields 5,6-dihdroxyindole or 5,6-dihydroxyindole-2-carboxylic acid, foundations of 

eumelanins143. In our experiments, degassing the atmosphere with nitrogen showed reduced UV-vis 

absorption and less color change suggesting the formation of fewer nanoparticles. A lack of oxygen slows 

the kinetics of polymerization underscores the need for oxygen (Figure 3.5B, inset).  

To further elucidate the role that oxygen plays in the polymerization of dopamine, the 

diethylhydroxylamine (DEHA) oxygen scavenger was added to the dopamine solution to prevent ROS 

generation while under UV irradiation (Figure 3.5C). The polymerization of the UV-irradiated samples 

was decreased when DEHA was added.  Basic conditions were used with the addition of Tris base because 

DEHA is basic in water. The reduction in polymerization as measured by absorbance suggests that the 

dopamine polymerization is triggered by ROS generated by UV irradiation.  
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Figure 3.5 Mechanism of UV-initiated polymerization. A) Adapted from Du. et al.162.  Under the presence of 

oxygen, dopamine forms dopamine quinone, dopamine-chrome, and 5,6-indole quinone. B) Dopamine under typical 

atmosphere (inset, O2) and nitrogen degassed atmosphere (inset, N2) without UV irradiation display a characteristic 

peak at 280 nm with no polymerization after 24 h. Dopamine irradiated with UV under an oxygenated atmosphere 

displays polymerization by turning to the characteristic dark brown color (inset, UV + O2). Dopamine irradiated with 

UV under a nitrous atmosphere displays little polymerization (inset, UV + N2). C) Dopamine under basic conditions 

(Tris base) shows increased polymerization as indicated by a broad absorption from 280 nm – 1000 nm when 

compared to dopamine with tris base and 25% DEHA (oxygen scavenger) indicating that oxygen plays a critical role 

in the polymerization mechanism. 

 

3.4. Conclusion 

 

This study details a synthetic melanin-based contrast agent synthesized under UV 

irradiation. The most important finding is that the synthetic melanin particles could be synthesized 

under acidic and neutral conditions to form ultrasmall particles via UV irradiation. UV irradiation 

produces ROS that initiate the polymerization. Size control of the nanoparticles was possible from 

9.40 nm – 200 nm by varying the pH during synthesis.  

3.5 Author Contributions  

 

The manuscript was written through contributions of all authors. All authors have given 
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3.7 Appendix 
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Figure S1. Absorbance vs. Concentration of Dopamine. The amount of dopamine in the initial solution correlates 

with the absorbance at 280 nm. 
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Figure S2. Effect of UV irradiation time on polymerization. A) UV-irradiated samples of dopamine (5 mg/mL) in 

pH = 6.4 for 0 – 8 h display polymerization as indicated by a broadening of the absorbance at 290 nm. B) Dopamine 

(5 mg/mL) in pH = 6.4 for 0 – 8 h displays no polymerization with no change in absorbance spectrum.  
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Figure S3. Reaction kinetics of SMNP and UMNP. UV-irradiated samples of dopamine (5 mg/mL) in pH = 6.4  as 

well as samples of dopamine (5 mg/mL) in pH = 9.0 in dark conditions show a linear, first-order reaction over 2 h 

with R2 values = 0.98 and 0.96 respectively. 
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Figure S4. Controllable on/off reaction using UV irradiation. Dopamine (5 mg/mL) in pH = 6.4 was irradiated 

with UV for 1 h and the samples were placed in dark conditions for 30 min. The samples with UV irradiation showed 

a 4.3-fold increase in reaction rate after 1 h of UV irradiation as opposed to the samples in dark conditions. 
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Figure S5.  Low concentration of dopamine and polymerization. The effect of polymerization on absorbance from 

0.1 – 1 mg/mL initial concentration of dopamine in water.   
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CHAPTER 4: THE DEVELOPMENT OF A TRIMODAL CONTRAST AGENT FOR 

ACOUSTIC AND MAGNETIC PARTICLE IMAGING OF STEM CELLS 
 

4.1 Introduction  

 

Stem cells have regenerative potential to remodel bone, cartilage, and cardiac tissue. 

Recent studies using nanolayered hybrids of ligand and ligand activators178 as well as bioadhesive 

supramolecular gelatin hydrogels179 have been used to facilitate stem cell regeneration of bone 

tissue. Self-assembled N-cadherin mimetic peptide hydrogels have also been shown to regenerate 

cartilage through canonical Wnt/β-catenin signaling180. Studies of ligand oscillation integrin used 

an oscillating magnetic field to characterize the adhesion as well as differentiation of stem cells181.  

After myocardial infarction, stem cell therapy can increase regeneration of cardiac tissue182-186 and 

has been used in multiple clinical trials187-188 for thousands of patients. A meta-analysis of these 

trials has shown a modest improvement in cardiac function, but the mechanism of this 

improvement remains somewhat unclear with both differentiation and paracrine effects 

implicated189-190.  One challenge to the efficacy of stem cell therapy is poor viability of transplanted 

stem cells191-194, which adversely affects tissue regeneration195.  Additional challenges include cell 

contamination, cell mis-delivery182, and the interaction of cells with their host environment196.   

Imaging can help improve stem cell therapy and ensure proper cell delivery while also 

monitoring the location, number, and fate of delivered cells197.  For cardiac stem cell trafficking, 

imaging can help determine the best route for cell delivery as well as the biodistribution of 

delivered stem cells198. Stem cell imaging typically involves labeling a cell with a reporter gene191, 

195 or an exogenous contrast agent199.  Various types of imaging have been used for tracking stem 

cells—with pros and cons for each.  Magnetic resonance imaging (MRI) is the gold standard 

because of the established use of iron oxide nanoparticles, ferric nanoparticles, and gadolinium 
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chelates200-201, and has shown detection of single cells202.  Recently, a 2-dimensional graphene 

oxide-based nanomaterial was used as a T1 contrast agent in MRI to label stem cells203.   However, 

MRI suffers from low contrast, low specificity, long scan times, and T2 saturation204. Positron 

emission tomography has also been used with reporter genes to track stem cells in vivo205-206 or 

with exogenous radiolabeled nanoparticles207.  While positron emission tomography offers high 

resolution, sensitivity, and quantification208, it suffers from high cost209 and poor spatial resolution.  

More recently, we and others103, 210-211 have shown that ultrasound-based imaging has 

utility in imaging stem cells.  The advantages of ultrasound include up to 300 Hz temporal 

resolution and good penetration through tissue. In addition, the established use of 

echocardiography in clinics makes ultrasound a natural fit for cardiac-based stem cell therapy. 

Mesoporous silica has been used as to image stem cells with ultrasound211.  However, ultrasound 

is limited by the lack of contrast of stem cells above background tissue.  Photoacoustic imaging 

can further increase contrast57, 212-218 and has recently been used in imaging protein sulfenic 

acids219, multimodal imaging of tumors220, and biological imaging in the second near-infrared 

window221, but photoacoustic imaging alone has limitations in deep tissue imaging.  Contrast 

agents used to image stem cells for photoacoustic imaging include Prussian Blue–poly(L-lysine) 

Nanocomplexes100 as well as DiR222.  While photoacoustics offers enhanced contrast over 

ultrasound, penetration depth is limited.  One recent solution to low contrast and poor penetration 

depth in molecular imaging is magnetic particle imaging (MPI).  

MPI applies a magnetic gradient field with a central field-free point to the imaging field of 

view; this field saturates the nonlinear magnetization of magnetic particles223.  Electromagnets 

scan the field free point to form an image and MPI signal is generated when the field-free point 

passes an area with magnetic particles224.  The magnetization of the magnetic particles changes in 
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orientation and magnitude which is detected via a coil and the resultant voltage is used to 

reconstruct the MPI image.  MPI most often utilizes Resovist® superparamagnetic iron oxide225, 

which is cleared via the hepatobiliary system and approved for clinical use226.  MPI has been used 

to track stem cells in vivo224 and image the cardiovascular system227.  Additionally, MPI shows a 

linear response to iron oxide dose, unlike T2 magnetic resonance imaging which saturates at high 

concentrations.  Recently, MPI has been used combined with magnetic fluid hyperthermia, 

showing potential therapeutic coupling capability of MPI with other superparametric iron oxide-

based modalities228, especially for deep tissue imaging.  Additionally, MPI has been used to image 

labeled mesenchymal stem cells and neural stem cells in the mouse brain to detect approximately 

50,000 implanted cells229.  However, MPI suffers from low temporal resolution and offers no 

details on the surrounding anatomy.  

To overcome the limitations of each of these modalities alone, a multimodal approach 

combines the advantages of each modality by combining the multifunctionality of nanoparticles230 

and advances in biomedical imaging.  For example, combining MRI with a photoacoustic/surface-

enhanced Raman scattering contrast agent was used to define brain tumor margins and guide 

resection49.  Additionally, tri-modal imaging probes using PET, optical microscopy, and 

radiometal chelates have been created by combining 64Cu-DOTA and 111In-DOTA, with dual 

MRI/optical probes231.  Sulfonate-based saline inorganic-organic hybrid nanoparticles have been 

developed as a multimodal contrast agent for optical, photoacoustic, and magnetic resonance 

imaging and showed improved T1 values over Gd-based particles230. Here, we report a 

combination approach that uses high frame rate of acoustic imaging with the good contrast and 

penetration depth of MPI.  We report a hybrid nanobubble with ultrasound, photoacoustic, and 

MPI signal.  Because the success of stem cell injections has previously been hindered by inaccurate 
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injections232, we utilized acoustic modalities for real-time guided injections and MPI for long-

term, high-resolution imaging. This PLGA-based nanobubble formulation contains iron oxide 

nanoparticles with a core size of 4.2 nm and mean hydrodynamic diameter of 62 nm to generate 

MPI signal and a 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide  

(DiR)233 fluorophore to enhance the photoacoustic signal234. The bubble conformation increases 

the ultrasound signal235.  We studied the effect of the nanobubbles on viability, differentiation, 

cytokine expression, and migration ability of human mesenchymal stem cells (hMSCs).  We then 

used them to label hMSCs and injected these labeled cells intracardially into living mice.  This 

multimodal contrast agent tracks cells and can also be used in other imaging applications that 

require good contrast, temporal resolution, and high penetration depth.  

4.2 Materials and Methods 

 

Reagents. The following materials were acquired and used as received: Vivotrax iron 

oxide nanoparticle solution (5.5 mg/mL, Magnetic Insight, Inc); poly(lactic-co-glycolic acid) 

(PLGA, Sigma Aldrich); poly vinyl alcohol (PVA, MD Biochemicals); chloroform (Fisher 

Chemical);  DiR (Invitrogen); phosphate buffered saline (PBS, Thermo Fisher); matrigel 

(Corning); 5% silver nitrate (American Mastertech Scientific, Inc.), 5% sodium thiosulfate 

(American Mastertech Scientific, Inc.), and Oil Red O (Sigma Aldrich).   

Instrumentation. Dynamic Light Scattering (DLS) measured the size and zeta potential 

(Zetasizer-90, Malvern Instruments) of the nanobubbles in water.  Transmission electron 

microscopy (TEM) was performed with the JEOL JEM-1200 EXII operating at 120 kV.  We 

performed photoacoustic and ultrasound imaging with the Vevo 2100 instrument (Visualsonics) 

with a 21 MHz-centered transducer as described previously58.  The distance between the imaging 

transducer and phantom was maintained throughout the scans.  We collected at least eight fields 
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of views (FOVs) for each sample.  MPI was performed using the Magnetic Insight MOMENTUM 

imager236.  MPI utilized 6T/m gradients with a 45 kHz receiver bandwidth, 20mT peak amplitude, 

and X-space reconstruction.  All absorbance measurements utilized a SpectraMax M5 

spectrophotometer from Molecular Devices.  Inductively coupled plasma optical emission 

spectrometer (ICP-OES, Optima 3000DV, Perkin Elmer) was used to determine the number of 

nanobubbles endocytosed by the cells.  

PLGA Nanobubble Synthesis. PLGA/Iron oxide/DiR nanobubbles were fabricated via an 

approach modified from literature237.  An iron oxide nanoparticle solution (5.5 mg/mL) was added 

to 1 mL of chloroform.  Then, 100 μl of DiR (10 mg/mL in DMSO) was added to the solution and 

vortexed for 10 seconds (Fisher Scientific, Fixed Speed Vortexer).  Next, 30 mg of PLGA was 

dissolved into this solution, and 200 µL of Millipore water was added into the solution and 

sonicated (Branson Sonifier 450) for 1 minute in an ice bath forming a water-in-oil emulsion.  Six 

mL of Millipore water with 2% PVA was added to initiate a secondary emulsion.  The solution 

was sonicated for five minutes and stirred for 24 hours to evaporate the chloroform unless 

otherwise noted.  The iron oxide and DiR-containing nanobubbles were centrifuged (Fisher 

Scientific Legend XR1) at 22,000 x g for 25 minutes. The nanobubbles were then washed three 

times with Millipore water to remove excess PVA, iron oxide, and DiR and diluted in Millipore 

water. 

Cell Culture. Poietics human mesenchymal stem cells (Lonza, PT-2501) were grown in 

supplemented media (Lonza, PT-3001) and seeded in a T75 flask at a concentration of 5,000 

cells/cm2.  These cells were labeled with nanobubbles and incubated under standard conditions for 

6 hours unless otherwise noted.  The hMSCs were washed with PBS to remove free nanobubbles 

3 times and detached using TrypLE Express (Life Technologies).  Cell viability was determined 
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using the Cell Viability Kit MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay (Biotium).  Ten μL of the MTT solution was added to 100 μL of medium in each 

well, mixed briefly, and incubated at 37°C for 4 hours; 200 μL of DMSO was added to each well 

and pipetted to dissolve the resulting formazan salt.  The absorbance was read at 570 nm on a 

spectrophotometer.  The MTT assays were conducted by plating 8,000 cells/well in replicate (n=8) 

in 96 well plates and treated at varying timepoints (0-24 hrs) at a constant concentration (240 

μg/mL) as well as at varying concentrations (0-480 μg/mL) at a constant time (8 hours unless 

otherwise noted).  Wells were analyzed in replicate (n=8).  For differentiation studies, adipogenic 

cells were stained with Oil Red O and osteogenic-differentiated cells were stained with a Von 

Kossa stain as described previously238. 

In vitro phantom preparation, US imaging, PA imaging, and MPI Imaging. For US 

imaging and PA imaging of cells, PLGA nanobubbles or cells (100,000 unless otherwise noted) 

labeled with nanobubbles were immobilized in a 1% agarose phantom gel.  Nanobubble or cell 

solutions were sonicated and mixed with the 1% agarose solution at a 1:1 ratio.  100 μL of the 

mixture was pipetted into the phantom gel.  1% agarose solution was used to cover the samples 

after solidification.   

For PA imaging of nanobubbles, PLGA nanobubbles were loaded into polyethylene tubes, 

sealed, and placed in a 3D-printed phantom holder to maintain constant height of 1 cm between 

the transducer and the phantom239.  The gain was set to 30-40 dB and read at a wavelength of 730 

nm.  Eight fields of views were collected for each sample. For MPI imaging, PLGA nanobubbles 

or cells (100,000) labeled with nanobubbles were loaded into polyethylene tubes, sealed, and fixed 

in a sample holder.   

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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Data analysis. ImageJ 1.48v 58 was used to quantitate the B-mode signal, PA signal, and 

MPI signal for nanobubbles via the region of interest (ROI) analysis in arbitrary units for 8-bit 

images108.  The US, PA, and MPI means and standard error were calculated from eight field of 

views in each sample.  Error bars represent the standard error of measurements unless otherwise 

noted.  ImageJ was also used to quantitate osteogenic and adipogenic differentiation via ROI for 

induced and non-induced cells. 

Cytokine Expression. We plated cells with and without nanobubbles at 200,000 cells per 

well in a 6-well plate and cultured for 24 hours.  We removed the media from the positive and 

control cells and compared it to the control cells.  The protein analysis was performed by 

MyriadRBM Inc. (Austin, TX).  

Flow Cytometry. For flow cytometry studies, labeled and unlabeled hMSCs (400 × 

103 cells, respectively) were resuspended in PBS; 1 μL of monoclonal antibody specific for 

mesenchymal stem cells (CD73-PE/CD90-FITC/CD105-APC) was added to the cells. Flow 

cytometry analysis was run by FACSCalibur (BD Biosciences, San Jose, CA, USA) and FlowJo 

software was used to analyze the results (Becton Dickinson and Company).  

In vivo Animal Studies. Adult nu/nu mice (12 weeks old) were used for this study.  Animal 

studies were conducted in accordance with our institution’s IACUC animal use committee.  Mice 

were anesthetized with 2% isoflurane in oxygen at 2 L/min that was confirmed with a tail pinch.  

The labeled cell pellets were re-suspended in 50 μL of PBS and mixed in a 1:1 ratio with matrigel.  

They were loaded into a 24-gauge syringe and then injected using B-mode ultrasound for injection 

guidance.  For MPI imaging, mice were anesthetized, sacrificed, and injected intramyocardially 

with nanobubble-labeled hMSCs.  Mice were then frozen and sent to Magnetic Insight, Inc. 



66 

 

(Alameda, CA) to conduct MPI.  For animal studies, Matlab was used to colormap the signal from 

MPI.  Images were overlaid on stock CT images of adult mice.  

4.3 Results and Discussion  

 

Figure 4.1A presents a schematic of this work—a PLGA-based nanobubble with DiR and 

iron oxide was used as a MPI/PA/US contrast agent to image stem cells in mice.  Nanobubbles 

were synthesized with DiR and iron oxide, used to label hMSCs, injected intramyocardially into 

mice, and imaged. DiR was used to enhance the PA signal of the particle, and iron oxide provided 

the MPI contrast. Our results showed that the PLGA-nanobubble increased the US signal 3.8-fold 

in vivo, building off of previous studies240.   

4.3.1 Synthesis and Physical Characterization 

 

Transmission Electron Microscopy (TEM) imaging showed that the nanobubbles (NBs) 

were spherical in shape and uniform in size of approximately 185 nm.  Figure 4.1B shows TEM 

imaging of the PLGA nanobubbles without iron oxide.  Figures 4.1C and 4.1D show TEM 

imaging of the nanobubbles with iron oxide; the black particles are the iron oxide nanoparticles.  

TEM imaging showed that the iron oxide particles were present in approximately 70% of the 

PLGA nanobubbles (Figure 4.1C and Supporting Information Table S.1).   
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Figure 4.1. Nanobubble Schematic and Synthesis. A) Schematic of cells labeled with the trimodal nanobubble being 

injected intracardially into a murine model. PLGA and DiR molecular structures are shown. B) TEM image of PLGA 

nanobubbles without iron oxide. C) TEM image of iron oxide-loaded PLGA particles. D) Higher magnification TEM 

image of iron oxide-loaded PLGA particles.   

 

4.3.2 Optimization, Viability, and Cellular Uptake 

 

Figure 4.2 shows optimization parameters of the nanobubble synthesis, cell number 

detection, viability assay of hMSCs, and uptake of the nanobubbles.  The effects of sonication time 

on the size (z-avg, nm) and polydispersity index (PDI) of the nanobubbles are shown in Figures 

4.2A and 4.2B respectively. The size of the nanobubbles was tuned by changing the sonication 

time from 1-10 minutes for the double emulsion and the impact on size was negligible after 5 

minutes of sonication. This produced nanobubbles with a size of 185 nm +/- 2 nm (Figure 4.2A).  

The PDI decreased from 0.60 to 0.19 after increasing sonication time from 1 to 2 minutes; the PDI 

decreased to 0.15 after 5 minutes of sonication, indicating a monodisperse solution (Figure 4.2B).  
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Additionally, we varied the amount of iron oxide loading from 0-1000 μL and showed no 

significant effect on size (Supplementary Figure S1A) or PDI (Supplementary Figure S1B) as 

measured by DLS.  This indicates that the amount of iron oxide present in the nanobubbles did not 

significantly change the monodispersity of the solution.  The final conditions chosen for the 

nanobubble synthesis were 5 minutes of sonication and 1000 μL of iron oxide loading. These 

conditions resulted in iron oxide in approximately 70% of nanobubbles (Table S1) and a PDI of 

0.15.   

We measured the ultrasound (Figure 4.2C) and photoacoustic (Figure 4.2D) intensities of 

the nanobubbles in solution for 7 days and found consistent US and PA signal over days 1-4.  After 

7 days, the ultrasound signal of the nanobubbles decreased by 35%; the photoacoustic signal of 

the nanobubbles decreased 28%.  We monitored the size (Supplementary Figure S1C) and PDI 

(Supplementary Figure S1D) of the nanobubbles in solution at room temperature for 4 days and 

found no significant difference in these parameters as measured by DLS indicating good stability 

of the nanobubble conformation for 4 days.  Finally, we compared the ultrasound signal of control 

nanobubbles without DiR and iron oxide to ultrasound signal of the nanobubbles with these 

contrast agents (Supplementary Figure S1E).  We found that the ultrasound signal of the 

nanobubbles with the contrast agents was 13% higher than the ultrasound signal of the 

nanobubbles without the contrast agents.  This increase in ultrasound signal may be due to the 

higher impedance mismatch of particle with both iron oxide and PLGA than PLGA alone. 

We imaged nanobubble-labeled cells in a phantom and found the detection level of hMSCs. 

Figure 4.2E shows the US and PA detection level of hMSCs labeled with nanobubbles (incubation 

time = 6 h, concentration = 240 μg/mL) in a phantom.  The limit of detection of hMSCs labeled 

with nanobubbles was 10,461 cells for ultrasound imaging and 996 cells for photoacoustic 
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imaging.  Previous research has indicated that the limit of detection for MPI is approximately 200 

cells, and the theoretical detection limit of a single cell241.  We measured the photoacoustic signal 

of 100,000 labeled cells (incubation time = 6 h, concentration = 240 μg/mL) in a phantom and 

found that the photoacoustic signal was detectable over the control non-labeled cells for 10 days 

(Figure 4.2F).  We also conducted a viability analysis to show that the growth kinetics of the 

hMSCs were not affected by cell treatment with the nanobubbles (Figure 4.2G).  There were no 

significant differences in viability (p > 0.05, two-tailed t test) for hMSCs that were treated 

(incubation time = 6 h, concentration = 240 μg/mL) compared to control cells; both cell 

populations doubled in approximately 3 days.  TEM imaging of the treated hMSCs confirmed 

cellular uptake of the nanobubbles in the cytoplasm of the cell as indicated by the black arrows 

(Figure 4.2H).
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Figure 4.2. Optimization of synthesis parameters and cell number detection. A) Increased sonication time after 2 

minutes resulted in a smaller nanobubble size with effects negligible after 5 minutes of sonication, *p-value<0.05. B) 

Increasing the sonication time from 1 to 2 minutes resulted in a decrease in PDI from 0.60 to 0.19, *p-value<0.05. C) 

The ultrasound signal of the nanobubble remained stable for 4 days and decreased by approximately 35% after 7 days 

(p-value<0.05).  D) The photoacoustic signal of the nanobubble remained stable for 4 days and decreased by 

approximately 28% after 7 days (p-value<0.05).  E) The limit of detection of hMSCs labeled with nanobubbles 

(incubation time = 6 h, concentration = 240 μg/mL) was10,461 cells for ultrasound imaging and 996 cells for 

photoacoustic imaging.  The primary y-axis indicates the ultrasound intensity (blue circles) of hMSCs treated with 

nanobubbles from 0-100,000 cells.  The secondary y-axis indicates the photoacoustic intensity (red triangles) of 

hMSCs treated with nanobubbles from 0-100,000 cells.  Error bars represent the standard error (n=8). F) Photoacoustic 

intensity data shows that cells (100,000 cells, incubation time = 6 h, concentration = 240 μg/mL) were detectable for 

10 days in a phantom, p-value<0.05. G) A cell viability assay showing the growth kinetics of hMSCs. Treated cells 

(red squares) and control cells (blue diamonds) doubled in approximately 3 days. Error bars represent the standard 

error (n=8). H) TEM imaging of a hMSC treated with nanobubbles.  The black arrows indicate the location of the 

nanobubbles within the cytoplasm of the hMSC. Scale bar = 0.5 μm.  

The zeta potential of the PLGA-only nanobubble was 1.25 mV compared to -0.169 mV for 

the version with iron oxide and DiR.  The zeta potential of the iron oxide nanobubbles without 

DiR in water was -0.222 mV consistent with the slightly negative zeta potential of the final 

nanobubble.  This indicates that the addition of the iron oxide caused the zeta potential to change 

from slightly positive to slightly negative in the final nanobubble.    
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4.3.3 Concentration Dependence and Cell Labeling Optimization  

 

 We imaged the nanobubbles in a phantom and found a linear relationship between the 

concentration of the nanobubble and the intensity for ultrasound, photoacoustic, and MPI (Figure 

4.3A).  This is an important relationship to quantify the amount of hMSCs present in cell tracking 

applications.  Supplementary Figure S1F details this linear relationship between imaging 

modalities and shows R2 values of above 0.80 for all 3 modalities. We also identified the optimum 

incubation time and concentration for cell labeling. Dosage conditions were optimized so that MPI, 

US, and PA signals could be detected in hMSCs with no adverse effects on cell differentiation, 

protein expression, or toxicity.  

The US, PA, and MPI signals of the labeled cells at various time points were studied to 

determine the signal intensity and proper conditions for cell labeling and in vivo studies.  For 

ultrasound and photoacoustic studies, phantoms were prepared in a 1% agar gel for imaging.  For 

MPI studies, cells were placed in tubes, sealed, and imaged. The concentration/time were held 

constant across the three different modalities and these images were processed as maximum 

intensity projections to help normalize the data across modalities.  Uptake of the nanobubbles 

(concentration = 240 μg/mL) was observed in US, PA, and MP imaging at 4 h (Figures 4.3B, 

4.3D, 4.3F) with p-values < 0.05, indicating statistically significant signal over the negative control 

(water).  Flow cytometry data indicated fluorescent signal from the nanobubbles increasing from 

0.25 hr incubation to 1 hour (Supplementary Data, Figure S2A). Figure 4.3C quantifies the US 

and PA image intensity.  MPI signal was observed at 4 hours of incubation with the nanobubbles 

with a p-value < 0.05 (Figures 4.3E, 4.4F).   

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were 

performed to evaluate the toxicity of the nanobubbles. The results suggested that there was a slight 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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decrease of approximately 14% in viability of hMSCs treated for 24 hours (Supplementary Data, 

Figure S3A).  Therefore, the optimal incubation time of the hMSCs with the nanobubbles was 

determined to be 6 hours to produce sufficient US, PA, and MPI signal while maintaining 

maximum cell viability.  Other studies have found similar incubation times of nanoparticle-treated 

hMSCs ranging from 10 minutes – 24 hours. Uptake of mesoporous silica labeled with fluorescein 

isothicyanate were found to be internalized as early as 10 minutes and maximized at 2 – 4 hours 

in hMSCs122; uptake of magnetic silica nanoparticles in hMSCs was observed at 1 hour242.  

Transfection agents combined with superparamagnetic iron oxides have also been used to study 

iron oxide uptake in various cell lines including hMSCs and showed uptake from 2 – 48 hours of 

incubation time243.   
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Figure 4.3. Signal intensity of the multimodal contrast agent and effect of incubation time on labeled cells. A) 

US, PA, and MPI signal of the nanobubbles as a function of concentration in a phantom are shown. IO = iron oxide 

nanoparticles (5.5 mg/mL) and Si = Stoba silica (SiO2) nanoparticles (5 mg/mL) are positive controls for MPI and US 

respectively; water is a negative control. There is a linear relationship in detection in these modalities, which is an 

important aspect in quantifying the number of labeled cells present. B) US imaging of hMSCs treated with 

nanobubbles from 0.25 to 24 hours, concentration = 240 μg/mL. C) US and PA imaging quantification at various 

times up to 24 hours. Signal was detected at 4 hours incubation for both modalities, compared to the negative control 

(water). *, ** indicate p-value < 0.05 compared to the negative control. D) PA imaging of hMSCs treated with 

nanobubbles from 0.25 – 25 hours, concentration = 240 μg/mL, E) MPI quantification of hMSCs treated with 

nanobubbles from 1 - 24 hours, concentration = 240 μg/mL. * indicates p-value<0.05 compared to the negative control 

(water); nanobubbles (NBs, 24 μg/mL) and IO (5.5 mg/mL) are positive controls.  F) MPI imaging data of hMSCs 

treated with nanobubbles at varying times from 1 - 24 hours, concentration = 240 μg/mL.  MPI signal was detected at 

4 hours of incubation.  Error bars represent the standard error (n=8). Scale bars are 4 mm. 

 

Next, we studied the impact that concentration (Figure 4.4) had on the hMSCs’ signal 

intensity.  The lowest concentration of nanobubbles that produce signal in hMSCs and significantly 

elevated relative to the untreated hMSCs was 180 μg/mL for US (Figure 4.4A, 4.4C), 120 μg/mL 

for PA (Figure 4.4B, 4.4D), and 24 μg/mL for MPI (Figures 4.4E, 4F).  Flow cytometry data 
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further confirmed the effects of concentration on intensity and showed increasing intensity as 

concentration increased from 2.4-60 μg/mL (Supplementary Data, Figure S2B).  An MTT assay 

was also performed and showed no effect on toxicity of the cells at a concentration of up to 480 

μg/mL for cells treated for 8 hours (Supplementary Data, Figure S3B).   

 

 

Figure 4.4 Effect of concentration on US, PA, and MPI signal in labeled cells. A) Quantification of US and PA 

imaging data of cells treated from 2.4 - 240 μg/mL of nanobubbles for 6 hours. Si = Stoba silica (SiO2) nanoparticles 

(5 mg/mL) and DiR (5 mg/mL) were positive controls for US and PA imaging respectively. Water was a negative 

control. *, ** = p-value < 0.05 compared to the negative control (water). B) US imaging of cells (100,000) treated 

with 2.4 - 240 μg/mL of nanobubbles for 6 hours. C) PA imaging of cells (100,000)  treated with 2.4 - 240 μg/mL of 

nanobubbles for 6 hours. D) Quantification of MPI data from cells treated with 2.4 - 240 μg/mL of nanobubbles for 6 

hours where NBs = nanobubbles, IO = iron oxide (1 mg/ml) as a positive control, * = p-value < 0.05 compared to the 

negative control (water).  E) MPI  imaging data of cells (100,000) treated with 2.4 - 240 μg/mL of nanobubbles for 6 

hours. Error bars represent the standard error (n=8). Scale bars are 4 mm. 

Inductively coupled plasma optical emission spectrometer (ICP-OES) analysis was also 

conducted.  ICP-OES measurements showed that there were 1.04 x 103, 1.40 x 103, 4.54 x 103, 

9.07 x 103, 11.1 x 103, and 11.2 x 103 iron oxide particles in cells treated with concentrations of 
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2.4, 24, 60, 120, 180, and 240 μg/ml nanobubbles respectively for 6 hrs.  This corresponds to 24, 

32, 103, 205, 251, and 255 nanobubbles/cell respectively, as determined from the diameter of the 

iron oxide nanoparticles and their initial concentration.  It is possible that this in vivo concentration 

resides in vacuoles within the cytoplasm244 which prevent toxic effects.   

Pluripotency and Cytokine Analysis. Next, we used differentiation reagents to determine 

if the nanobubbles affected the pluripotency of the hMSCs. The hMSCs labeled with nanobubbles 

differentiated into lineages of adipocytes and osteocytes, similar to the untreated hMSCs with 

similar morphology and staining.  We labeled cells with the nanobubbles (240 μg/ml, 6 hrs) and 

washed the cells 3 times with PBS to remove non-endocytosed nanobubbles.  We then monitored 

the differentiation of the cells for 3 weeks in induction and control media. 

Figures 4.5A and 4.5B show Von Kossa staining for osteocytes of noninduced, unlabeled 

and labeled cells.  There was no significant black calcium staining for these non-induced cells.  

Figures 4.5C and 4.5D show Oil Red O staining for adipocytes; no red staining was observed for 

these cells. Figures 4.5E and 4.5F show unlabeled and labeled cells in typical media.  There were 

no significant morphological changes suggesting that the nanobubble does not induce spontaneous 

differentiation by itself.  Unlabeled and labeled hMSCs differentiated into osteogenic (Figures 

4.5G, 4.5H) and adipogenic cell lines (Figure 4.5I, 4.5J) with the use of induction media.  

Osteogenic induction produced black calcium-staining from the Von Kossa stain in the treated and 

untreated cells. Adipogenic induction produced characteristic lipid-containing vacuoles245 and red 

staining with Oil Red O in the treated and untreated cells.  Image analysis of the osteogenic cell 

differentiation images (Figure 4.5K) and adipogenic cell differentiation images (Figure 4.5L) 

showed that labeling the cells with the nanobubbles did not reduce the number of differentiated 

cells.  These findings indicated that the hMSCs still retained the ability to differentiate into 
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adipogenic and osteogenic cells.  Flow cytometry data indicated that the labeled hMSCs retained 

surface markers CD90, CD73, and CD105 (Figure 4.5M, Supplementary Data, Figures S4A, 

S4B) as compared to unlabeled hMSCs, indicating that the cells were still expressing characteristic 

stem cell phenotypes.   Additionally, a cell migration assay was conducted to ensure that the 

hMSCs retained the ability to migrate (Supplementary Data, Figures S5A-F).  We found that 

cells treated with nanobubbles (6 h, 240 μg/mL) migrated at a similar rate to untreated cells over 

7 days.  Overall, these results suggest that the nanobubble treatment did not affect the 

differentiation, surface marker expression, or migration ability of the hMSCs as compared to 

untreated hMSCs. 

There are three main types of endocytosis processes involving nanomaterials including 

caveolae-mediated endocytosis, clathrin-mediated endocytosis, and micropinocytosis.  We used 

Dynasore, a clathrin-mediated endocytosis inhibitor, to treat the cells to determine if cell labeling 

was hindered.  Cells treated with Dynasore and labeled with nanobubbles did not show 

fluorescence (Supplementary Figure S4C) compared to cells labeled with nanobubbles 

(Supplementary Figure S4D), indicating clathrin-mediated endocytosis as the mechanism of 

cellular uptake.   

We also studied the secretome of the nanobubble-treated and control cells by measuring 

17 cytokines in cell culture media to determine if expression patterns changed with the nanobubble 

treatment. The treated hMSCs showed increased expression over untreated cells for ferritin and 

alpha-1 antitrypsin of 5.3 and 2.8 times, respectively (Figure 4.5N).  Other cytokines tested did 

not show significantly increased expression over untreated cells.  Ferritin, an iron binding protein, 

has been implicated in the biodegradation of magnetic iron oxide nanoparticles, suggesting that 

the hMSCs were metabolizing the iron oxide246. Alpha-1 antitrypsin has been shown to increase 
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fibroblast proliferation by inducing the activation of p42MAPK and p44MAP pathways247, which may 

suggest that the treated cells had increased fibroblast production as compared to the nontreated 

cells.  However, the other 15 cytokines measured were detected at the same or lower levels in 

treated cells as compared to untreated cells, indicating that the expression levels of these proteins 

were not dysregulated by treating the hMSCs with nanobubbles. 
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Figure 4.5. The differentiation ability of hMSCs is unaffected by the nanobubble labeling (240 μg/ml 

nanobubbles, 6 hours incubation). Panels A-F indicate control cells without induction media. Panels G-J indicate cells 

with induction media. A) Osteogenic staining of noninduced, unlabeled cells did not produce black calcium staining. 

B) Osteogenic staining of noninduced, labeled cells did not produce significant black calcium staining. C) Adipogenic 

staining of noninduced, unlabeled cells did not produce characteristic red staining. D) Adipogenic staining of 

noninduced, labeled cells did not produce characteristic red staining. E) Unlabeled cells in typical media. F) Labeled 

cells in typical media. G) Induced, unlabeled cells showed characteristic black calcium staining from the Von Kossa 

stain. H) Induced, labeled cells showed characteristic black calcium staining from the Von Kossa stain. I) Unlabeled 

cells in adipogenic media showed characteristic red staining and globular morphology from the Oil Red O stain. J) 

Labeled cells in adipogenic media showed characteristic red staining and globular morphology from the Oil Red O 

stain, Scale bar for all images = 100 μm. K) Image analysis of the osteogenic cell differentiation images showed that 

labeled cells did not reduce the number of differentiated cells for cells treated with induction media. L) Image analysis 

of the adipogenic cell differentiation images showed that labeled cells did not reduce the number of differentiated cells 

for cells treated with induction media.  M) CD73 flow cytometry data showing that treated hMSCs retain the ability 

to express characteristic phenotypes. N) Cytokine analysis of labeled hMSCs showing the ratio of expression to 

unlabeled cells. Ferritin (FRTN), Alpha-1-Antitrypsin (AAT), Matrix Metalloproteinase-3 (MMP-3), Vitamin D-

Binding Protein (VDBP), T-Cell-Specific Protein RANTES (RANTES), Alpha-2-Macroglobulin (A2Macro), 

Macrophage Inflammatory Protein-1 alpha (MIP-1 alpha), Brain-Derived Neurotrophic Factor (BDNF), Monocyte 

Chemotactic Protein 1 (MCP-1), Beta-2-Microglobulin (B2M), Vascular Endothelial Growth Factor (VEGF), 

Interleukin-8 (IL-8), Interleukin-6 (IL-6), Vascular Cell Adhesion Molecule-1 (VCAM-1), Tissue Inhibitor of 

Metalloproteinases 1 (TIMP-1), Complement C3 (C3).  
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In Vivo Imaging. Figure 4.6 shows real-time PA and US imaging for clear anatomic 

differentiation and high contrast of injections of labeled hMSCs into nude mice.  Here, 800,000 

hMSCs treated with nanobubbles labeled with 240 μg/ml nanobubbles for 6 hours were injected 

intramyocardially into nude mice (n=3).  Ultrasound was used in real-time to guide the initial 

injection of the stem cells, photoacoustic imaging was used to confirm the location of the stem 

cells in the myocardial tissue with higher contrast than ultrasound, and MPI was used to confirm 

location of the stem cells long-term due to its very high contrast above background and depth of 

penetration.   Figures 4.6A-D show the longitudinal axis view of the mouse hearts.  Figure 4.6A 

shows pre-injection of PBS, a negative control, and Figure 4.6B shows post-injection of PBS.  

Figure 4.6C shows pre-injection of labeled cells and Figure 4.6D shows post injection of labeled 

cells.  US imaging showed a 3.8-fold increase of labeled cells post-injection (Figure 4.6D) 

compared to baseline, and PA imaging showed a 10.2-fold increase in signal post-injection (Figure 

4.6D); injection of PBS did not show any increase in signal.  Figure 4.6F shows MPI imaging data 

of mice (M1, M2) injected with 800,000 nanobubble-labeled hMSCs; M3 was a negative control.  

Figure 4.6G shows MPI quantification of the injections.  The MPI intensity of the nanobubble-

treated hMSCs injected into the hearts of mice (M1 and M2) was compared to the negative control 

(M3). The signal intensity from mice M1 and M2 was 25.8 and 21.2 times respectively higher than 

the untreated mouse M3.  Previous studies have indicated a spatial resolution in MPI of 

approximately 1.5 mm × 3.0 mm × 3.0 mm in z-, x- and y-direction, consistent with our results56. 

The signal intensity in MPI is proportional to the amount of contrast agent present56, thereby 

making MPI a viable option for tracking the number of stem cells in vivo. Supplementary Data, 

Figures S6A-E show imaging data of 100,000 – 800,000 hMSCs injected subcutaneously into a 

murine model, showing the ability to discriminate between different cell numbers in vivo.  This is 
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important to track the number of injected stem cells in vivo.   Additionally, the hMSCs were tracked 

in vivo and showed signal after 3 days of injection (Supplementary Data, Figure S7). 

One of the challenges of stem cell imaging is the real-time monitoring of cellular injection 

with differentiation of anatomical features. The Video S1 shows video of an ultrasound-guided 

intramyocardial injection of nanobubble-treated hMSCs into a live mouse.  The contrast increased 

3.8-fold after the injection of the nanobubble-treated hMSCs.   Finally, histology sections of 

labeled-hMSCs injected into cardiac tissue of living mice showed fluorescent signal indicating that 

the labeled cells were in the cardiac tissue (Supplementary Data, Figures S8A, B).  

 

 

Figure 4.6. In vivo imaging. A) Ultrasound (black and white) and photoacoustic images (red) pre-injection of PBS 

show low signal intensity in circled areas of the longitudinal axis of cardiac tissue.  LV indicates left ventricle. B) 

Ultrasound and photoacoustic images post-injection of PBS show low signal intensity, C) Ultrasound and 

photoacoustic images before injection of labeled hMSCs, D) Post-injection of 800,000 labeled hMSCs (240 μg/ml 

nanobubbles, 6 hours incubation). Scale bar for images A-D is 0.5 cm. E) Quantification of US and PA signal increase 

post-injection of labeled cells, F) MPI imaging of mice injected with labeled hMSCs (yellow/red images, 240 μg/ml 

nanobubbles, 6 hours incubation). Mice M1 and M2 were injected with 800,000 labeled hMSCs. Mouse M3 was a 

negative control. Scale bar is 2.5 cm.  G) Quantification of MPI data. *, ** indicate p-values <0.05.    
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4.4 Conclusion 

 

We synthesized PLGA-based iron oxide nanobubbles labeled with DiR to use as a trimodal 

contrast agent to label hMSCs.  The nanobubbles were imaged ex vivo in an agarose phantom and 

3D-printed based phantom; they were imaged in vivo after intramyocardial injection.  We 

confirmed that cell metabolism, proliferation, and differentiation ability were not adversely 

affected by treatment with the nanobubbles.  This suggests that this contrast agent can be used with 

hMSCs for improving stem cell therapy imaging.  Clinical trials typically involve millions of 

cells126, 128 and ultra-low cell number detection is rarely a true clinical need.  However, future 

research directions include more careful evaluation of the detection limit and in vivo tracking 

capabilities of this approach. Alternative applications include immune cell trafficking such as 

imaging macrophages and/or Car T-cells in vivo.  
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4.6 Appendix 

 

Table S1. A comparison of different field of views in TEM imaging.  The total number of nanobubbles was counted 

for five fields of view.  The number of nanobubbles without iron oxide particles was counted.  The number of free 

iron oxide particles was also counted.  Approximately 70% of the nanobubbles contain iron oxide particles.   

 

  

Total number 

of 

nanobubbles 

Nanobubbles 

without iron 

oxide 

particles 

Free iron 

oxide 

particles 

% Nanobubbles 

without iron 

oxide particles 

% Nanobubbles with iron 

oxide particles 

Field of View 1  175 90 0 51% 49% 

Field of View  2  60 16 7 27% 73% 

Field of View  3  58 9 22 16% 84% 

Field of View  4  110 29 13 26% 74% 

Field of View  5  29 9 9 31% 69% 
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Figure S1.  The effect of iron oxide loading on particle size (z-avg) and PDI. A) Varying the amount of iron oxide 

loading  (from 0-1000 μl) did not significantly affect the particle size. B) Increasing the iron oxide loading (from 0-

1000 μl) did not significantly affect the PDI.    
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Figure S2. Flow Cytometry data of hMSCs treated with nanobubbles.  The control indicates cells not treated with 

nanobubbles. A) Effects of varying incubation time for hMSCs treated with nanobubbles at a concentration of 240 

μg/mL.  Increasing incubation time from 0.25 – 24 hrs showed higher cell populations labeled. B) Effects of varying 

concentration for hMSCs treated for 8 hours with nanobubbles (μg/mL). Increasing the concentration of nanobubbles 

showed an increase in the fluorescence of the cells. 
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Figure S3. MTT assays of HMSCs treated with nanoparticles. A) Effects of incubation time for HMSCs treated 

with nanobubbles at a concentration of 240 μg/mL. Cell viability decreased by approximately 21% at 24 h of 

incubation with the nanobubbles. B) Effects of concentration for HMSCs treated for 8 hours at varying concentration 

with nanoparticles.  The concentration up to 480 μg/mL of nanobubbles did not show toxic effects towards cells.   The 

error bars represent the standard error between samples (N=8).   
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Figure S4. Flow cytometry data showing that nanoparticle-treated hMSCs retain characteristic markers as 

compared to untreated hMSCs. The treated hMSCs showed positive expression for surface markers (A) CD90 and 

(B) CD105.   Isotype (ISO) controls for unlabeled and labeled hMSCs had low signal.
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Figure S5. Cell migration assay. The migration ability of hMSCs treated with nanobubbles (240 μg/mL for 6 h) was 

studied by Leica optical microscopy with a monochrome camera at  (A, C) 0 hours, (B, E) 72 hours, and (C, F) 7 

days. The white line indicates the area where cells were removed.  The black area is the fiducial marker used to orient 

the plate for imaging.  The treated hMSCs (D, E, F) migrated to an area depleted of hMSCs in 7 days, similar to the 

untreated hMSCs (A, B, C). 
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Figure S6. Subcutaneous injections of varying numbers of hMSCs treated with nanobubbles at a concentration 

of 240 μg/mL for 6 h.  A) Before injection, B) Injection of 100,000 treated hMSCs, C) Injection of 200,000 treated 

hMSCs, D) Injection of 400,000 treated hMSCs, E) Injection of treated 800,000 hMSCs. The red area within the 

dotted white circle shows the PA signal from the injected cells.
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Figure S7. The signal from the nanobubble-treated hMSCs decreased from Day 1 – Day 3 in subcutaneous 

injections. A) Before injection, B) Day 1 of injection, C) Day 2 after injection, D) Day 3 after injection.  hMSCs were 

treated with 240 μg/mL nanobubbles for 6 h. 400,000 hMSCs were injected. 
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Figure S8. Histology sections show nanobubble-treated hMSCs were injected into mouse cardiac tissue (red 

dots). A) Overlay microscopy. B) Fluorescent microscopy of the nanobubble-injected hMSCs with Cy7 filter. The red 

fluorescence shows the presence of cells labeled with nanobubbles in the cardiac tissue. 800,000 nanobubble-treated 

hMSCs (240 μg/mL of nanobubbles for 6 h) were intramyocardially injected into a live mouse. Scale bar = 400 μm.  
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CHAPTER 5: PHOTOACOUSTIC IMAGING QUANTIFIES DRUG RELEASE FROM 

NANOCARRIERS VIA REDOX CHEMISTRY OF DYE-LABELED CARGO  
 

5.1 Introduction 

Nano-based drug delivery can improve bio-distribution, enhance efficacy, and reduce 

toxicity.248 The therapeutic efficacy is highly dependent on the drug pharmacokinetics (PK) and 

pharmacodynamics (PD), but such kinetics can be difficult to measure in vivo. Recently, the failure 

of a liposomal cisplatin formulation was attributed to poor tumor penetration and insufficient free 

drug release during the phase II clinical study.249 Thus, monitoring bio-distribution of both the 

nanoparticle carrier and their active pharmaceutical ingredient after systemic administration is a 

top challenge in nanomedicine.250 While periodic blood sampling coupled with LC-MS analysis251 

will likely remain the gold standard for PK/PD, it does not offer anatomic information on the site 

of release, timing, or release.252-253 

Imaging is an important solution to this vexing problem. Radiolabeled analogues or 

fluorescent tags can monitor bio-distribution after administration for image-guided drug 

delivery.254-255 However, these approaches are often “always on” and cannot answer questions 

about drug status, i.e., encapsulated or released from carrier. While florescence resonance energy 

transfer (FRET) has been used as a strategy to monitor release256-257, fluorescence imaging suffers 

from poor resolution in deep tissue imaging. In contrast, photoacoustic imaging offers high 

contrast imaging and can be easily co-registered to anatomic ultrasound imaging.258 It does not use 

ionizing radiation and offers video frame rates.259 Some recent approaches using photoacoustics 

for drug delivery are core-satellite nanoparticle system and polylactic acid-based particles to 

monitor distribution of carrier particles with photoacoustics.260-261  
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Here, we report a strategy to monitor drug release from a nanocarrier via photoacoustic 

imaging. This strategy utilizes the popular ‘blue bottle reaction’ where the clinically approved 

methylene blue (MB) switches between a colored oxidized form and a colorless reduced form.262 

Such switching leads to “turn-on” photoacoustic signal as the MB is oxidized upon release from 

the protective nanocarrier263 even when covalently conjugated to paclitaxel. After preparing this 

drug-dye conjugate, we evaluated the IC50 on CT26 cells and then used an in vivo model to validate 

the imaging and therapeutic features of this construct.  

5.2 Materials and Methods  

Reagents. Paclitaxel was purchased form Biotang Inc. (Massachusetts, USA). Polyvinyl 

alcohol (PVA), polylactic-co-glycolic acid polymer (PLGA), succinic anhydride, ascorbic acid, 

and D,L-dithiothretol (DTT) were purchased from Sigma Aldrich Inc. (Missouri, USA) and used 

without further purification. Normal mouse serum was purchased from Fisher Scientific (Texas, 

USA). D-Luciferin was purchased from Biosynth (Illinois, USA). RPMI 1640 media was 

purchased from Sigma Aldrich Inc. (Missouri, USA). CT26-Luc cells were a kind gift from Prof. 

Nicole Steinmetz. 

Instruments. Mass spectrometry of all intermediates was performed using the Micromass 

Quattro Ultima Mass spectrometer using electrospray ionization mass spectrometer. Liquid 

chromatography-mass spectrometry (LC-MS) analysis of paclitaxel methylene blue conjugate 

(PTX-MB), 2’-succinimidylpaclitaxel (PTX-COOH), and hydroxyl-terminated methylene blue 

(III) was performed using the Thermo LCQ deca-MS mass spectrometer equipped with HP1100 

LC station. The 1H NMR spectrum of PTX-MB was acquired on Bruker 300 NMR spectrometer 

in deuterated chloroform medium. Transmission electron microscopy (TEM) micrographs of the 

particles were recorded on a JEOL JEM 4000 transmission electron microscope. UV-Vis spectra 
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were recorded using Spectromax M5 plate reader using a 75 µl quartz cuvette. Photoacoustic 

imaging was performed with a Vevo 2100 instrument (Visualsonics) with a 21 MHz-centered 

transducer.  IVIS imaging utilized a Perkin-Elmer Illumination system and LivingImage software. 

Synthesis of precursors. PTX-COOH264 and the hydroxy-terminated dye (III), 3-

(dimethylamino)-7-((2-hydroxyethyl)(methyl)amine) phenothiazin-5-ium iodide265 were 

synthesized according to the previously reported procedures. (See Supporting Information). 

Synthesis of paclitaxel-methylene blue conjugate (PAC-MB). In a typical reaction, 

hydroxy-terminated dye (III) (M.W., 441.33 g/mol; 2.0 mg; 5.66x10-6 mol; 1.0 equiv.) and PTX-

COOH (M.W. = 953.97; 17.5 mg; 1.80x10-5 mol; 3.1 equiv.) were first dissolved in dry 

chloroform (4 mL) under nitrogen atmosphere. Next, N,N’-dicyclohexylcarbodiimide (DCC) 

(M.W. = 206.33 g/mol; 4.5 mg ; 2.18x10-5 mol; 3.85 equiv.) dissolved in 1 mL of dry chloroform 

and N,N-dimethylaminopyridine (M.W. = 122.17 g/mol; 0.4 mg; 1.63x10-6 mol; 0.57 equiv.) 

dissolved in dry chloroform (400 µl) were directly injected into the reaction vessel. The mixture 

was stirred under a nitrous atmosphere for 3 hours, and product formation was monitored with 

electrospray ionization (ESI) mass spectrometry (MS). The crude reaction mixture was evaporated 

under vacuum.  Finally, the purified product was obtained by reverse phase high performance 

chromatography (RP-HPLC) with a mobile phase of 30-60% acetonitrile in water with 

trifluoroacetic acid (overall concentration 0.01% v/v). The fraction with product was collected and 

lyophilized. 1H NMR (300 MHz, CDCl3) δ 0.5-1.3 (m, 13 H), 1.4-1.9 (m, 11H), 2.0-2.2 (m, 4 H), 

2.2-2.7 (mm, 7H), 3.0-3.6 (m, 8H), 3.7-4.5 (m, 7H), 7.1-7.4 (m, 10H), 7.8-8.3 (m, 6H) ppm;  MS 

(LC-ESI) m/z calcd for C88H73N4O17S
+ 1249.47; Found 1249.79. 1H NMR and liquid 

chromatographic mass spectrometry (LC-MS) were used to analyze the yield of the reaction and 

to study the purity. 
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Synthesis of PLGA nanoparticles with reduced PTX-MB (PTX-MB @ PLGA NPs). 

To prepare the PLGA nanoparticles, poly(D,L-lactic-co-glycolic acid) (60 mg, Resomer RG 504 

H; acid terminated; MW 38000-54000; lactide:glycolide 50:50) and PTX-MB (M.W. 1377.29 

g/mol; 2.0 mg; 1.46x10-6 mol) of PTX-MB were dissolved in chloroform (2 mL). Then, 1,4-

dithiothreitol (DTT) (M.W. 154.25 g/mol; 4.6 mg; 2.98x10-5 mol) was added dissolved in the 

mixture and ethylenediamine (M.W. = 60.10 g/mol; 1 µL; 7.47x10-6 mol) was spiked into the 

solution. The deep blue solution turned to colorless within 120 s. The polymer solution with PTX-

MB was then mixed with 3 mL of aqueous solution containing 2% polyvinyl alcohol (PVA) (M.W. 

range 31000-50000; 2 % w/v) and ascorbic acid (M.W. = 176.12 g/mol; 60 mM) by vortexing the 

mixture vigorously to form an emulsion. The emulsion was then mixed with 9 mL PVA solution 

(2% w/v) and sonicated with a probe sonicator for 5 minutes with 10 s bursts and a gap of 10 s 

between each burst. The resulting white emulsion was mixed with 12 mL PVA solution (2% w/v) 

and stirred at 600 rpm under a constant stream of nitrogen for 12 h to remove chloroform.  

The PLGA NPs with PTX-LMB were isolated by centrifuging the emulsion at 14000 rpm 

for 10 minutes. The particles were washed twice with 60 mM aqueous solution of ascorbic acid 

and once with pure Millipore water purged with nitrogen to avoid oxidation of the PTX-MB. The 

particles were re-suspended in nitrogen-purged Millipore water with trehalose (7.5 mg mL-1) 

(cryoprotectant) was added to the particle suspension266-267. Finally, the suspension was frozen and 

lyophilized at 0.02 mBar. The lyophilized particles with trehalose were stable for over a period of 

3-4 months when stored in dark conditions at -20 °C. Experimental controls were similarly 

prepared.  

In vitro study of drug release. PTX-MB @ PLGA NPs (10 mg) were suspended in 

deionized water and divided into 10 equal portions in separate containers. The portions of PLGA 
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NP suspensions were lyophilized and mixed with mouse serum (200 µL; 20 % v/v in PBS) 268 in 

phosphate buffer saline with sonication for 5 minutes. The particle suspensions were incubated for 

1, 3, 6, 12, 24, 48, 72, 96, or 120 hours. The particle suspensions were mixed initially for 10 

minutes in a rotary mixer and then incubated at 38 °C. The samples were mixed for 10 minutes 

every 24 h. The supernatants from each samples were placed in separate 0.86 mm polyethylene 

tubes to acquire 3D photoacoustic image with excitation at 680 nm.  

Cell culture. Colon cancer cell line CT26 labeled with luciferase were cultured using 

RPMI1640 media supplemented with fetal bovine serum (10%), L-glutamine (2 mM), sodium 

pyruvate (1mM), and 1% antibiotic-antimycotic. Cells were incubated at 37 °C and media was 

replaced every 1-2 days. Cells were passaged at 80-90% confluence using Trypsin-EDTA (0.25 

%)  

Cytotoxicity. CT26 were plated in 96-well plates (1,250 cells/well) and incubated 

overnight. The media was then replaced with 200 µl media with either PLGA or PTX-MB @ 

PLGA NPs at various concentrations. The highest concentration of the nanoparticles was 864 µg 

mL-1 (corresponding to 4000 nM PTX-MB released after 1 hour). The cells were incubated with 

the nanoparticle suspension for 48 hours. A resazurin assay was used to determine the cell viability.  

In vitro inhibitory effect of PTX-MB. The in vitro inhibitory effect of PTX-MB was 

tested with CT26 colon cancer cells. The cells were plated in 96-well plates (2,500 cells/well) and 

incubated overnight. PTX-MB, paclitaxel, and methylene blue were added at different 

concentrations to cell media with 0.1% DMSO to assist the dissolution of the drugs. Live cells in 

media without DMSO and dead cells were also included as controls. These cells were incubated 

48 hours followed by a Resazurin assay (Sigma).  
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Photoacoustic imaging of in vivo drug release. Mice were divided into two groups 

(control and experimental groups). The PTX-MB @ PLGA NPs (25 mg mL-1) and blank PLGA 

NPs (25 mg mL-1) were suspended in a mixture of matrigel, normal mice serum, and 1X PBS (50%, 

10%, and 40% respectively). The nanoparticle suspension (100 µL) was subcutaneously injected 

in each of the mice of the experimental group. The photoacoustic image of the injected region on 

each of the mice were obtained at 2, 4, 6, 8, 10, and 12 hours with 690 nm excitation. Mice in the 

control set were injected with similarly prepared suspension containing blank PLGA NPs (100 µL, 

25 mg mL-1). The 3D photoacoustic images were analyzed on Image J to obtain the intensity. 

Statistical analysis used t-tests via Microsoft Excel. 

In vivo activity. Mice were divided into five groups and 250K CT26 cells in 50% matrigel 

and PBS were injected in each mouse (day 1). On days 3, 5, and 7, the animals in each respective 

group were injected with the following: PTX-MB @ PLGA NPs (10 mg/kg PTX equivalent), PTX 

(10 mg Kg-1), PBS (100 µL), PTX (20 mg/kg), and PLGA nanoparticles (100 µL of 25 mg mL-1). 

Animals were injected with luciferin (150 mg/kg in PBS) immediately prior to imaging and were 

imaged on days 3, 5, 7, 11, and 14 to measure tumor volume.  

 

5.3 Results and Discussion 

We designed an imaging-based drug release monitoring strategy because direct monitoring 

of drug release and drug distribution release remains a challenge.256-257, 260, 269 Therefore, a broadly 

applicable strategy for monitoring drug release and local distribution is highly desirable. We 

adopted a covalent labeling strategy where the methylene blue (MB) is linked to paclitaxel to form 

a photoacoustically active conjugate (PTX-MB). Using the redox property of the MB moiety in 

PTX-MB molecule, we chemically reduced it to a colorless, acoustically silent leuco form (PTX-
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LMB) (no absorbance at 640 nm) and encapsulated it inside PLGA nanocarriers.  Upon release 

from PLGA NPs, the PTX-LMB spontaneously oxidized to acoustically active (PTX-MB with 

strong absorbance at 640 nm) form. 

 

 

Scheme 5.1 Design and synthesis of paclitaxel-methylene blue conjugate (PTX-MB). PTX-MB was synthesized 

through a three step synthesis. The crude product was purified by reverse phase HPLC and isolated as trifluoroacetate 

salt. The overall isolated yield after HPLC was 13.6%. Inset is a sample of PTX-MB purified by HPLC.  

 

5.3.1 Synthesis of PTX-MB 

The synthesis of PTX-MB is outlined in Scheme 5.1. We used the FDA-approved 

methylene blue to label paclitaxel.270-271 The 2’ hydroxy group on the paclitaxel molecule is 

reactive and is a versatile moiety for functionalization.264, 272 A reaction of paclitaxel with succinic 

anhydride in dry pyridine resulted in the hemisuccinate form of paclitaxel (II) (see LC-MS in 

Figure S1 and S2) .264 The functionalization of either 2’ or 7 hydroxy groups in paclitaxel did not 



98 

 

affect the cytotoxicity significantly.272-273 Hence, the functionalization of 2’ or/and 7 hydroxy 

groups in paclitaxel is used to tag a target ligand and to make water-soluble derivatives.  

 

Figure 5.1. Structural, spectral and photoacoustic characterization of PTX-MB. (a) Mass spectrum of HPLC 

purified sample of PTX-MB shows the molecular ion peak (m/z = 1249.79, C88H73N4O17S+). (b) The photoacoustic 

signal intensity (ʎexc = 640 nm) shows a linear relationship with concentration of PTX-MB (4.91x10-5 to 4.91x10-6 mil 

L-1 in PBS containing 20% v/v mice serum, R2 = 0.87). (c) The absorbance spectrum of PTX-MB (black square) and 

PTX-LMB (red circle) (7.3x10-5 M in PBS with 20% v/v mice serum) shows approximately 20-fold difference in 

absorbance at 640 nm. Inset in (c) shows photos of 7.3x10-5 M solutions of PTX-MB (blue) and PTX-LMB (faint 

blue). (d) The photoacoustic spectra shows an increase in photoacoustic intensity in the PTX-MB spectrum from 680 

– 760 nm. (e) Photoacoustic imaging of PTX-MB and PTX-LMB solutions (7.3x10-5 M in PBS with 20% mice serum) 

shows a 6.88-fold increase of PTX-MB at 680 nm.  The inset in (e) is the photoacoustic image of a phantom. (f) The 

illustration shows the redox switching between PTX-MB and PTX-LMB leading to photoacoustic signal. Scale bars 

= 2 mm. 
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We synthesized PTX-MB through the ester formation between compounds (II) and (III). 

265 The yield of crude product before HPLC purification was found to be 53.8% (Figure S5 & S6). 

After reverse phase HPLC purification, a purity of 93.6% was achieved and PTX-MB was isolated 

as trichloroacetate salt with isolated yield of 13.6% (see Figure S7 & S8).  

The structure of the PTX-MB was confirmed by 1H NMR and ESI-MS. The ESI-MS 

spectrum showed a distinct peak at 1249.79 corresponding to the cationic part of PTX-MB 

(corresponding to C88H73N4O17S
+) (Figure 5.1(a)). The maximum solubility of PTX-MB in 20% 

v/v mice serum (in PBS) is 4.18 x 10-5 mol L-1. A calibration of absorbance of PTX-MB (at 640 

nm) versus the concentration in chloroform and PBS with 20% v/v mouse serum was used for this 

purpose (Figure S9). Then we confirmed that the photoacoustic intensity was directly proportional 

to the concentration of PTX-MB in 20 % v/v mouse serum (in PBS) (Figure 5.1(b)).  

5.3.2 Optical and acoustic characterization of PTX-MB  

Methylene blue is known to undergo a redox reaction to transform between the oxidized 

methylene blue (MB, ʎmax = 640 nm, photoacoustically active) form and reduced leuco methylene 

blue form (LMB, ʎmax = 256 nm, photoacoustically silent) under ambient conditions.262-263  MB 

dissolved in 1x PBS at room temperature can be reduced by a wide range of reducing agents.274-

275 This is attributed to the reduction of the sulfur atom in the phenothiazonium ring. A similar 

property is expected in MB moiety of PTX-MB. We found that 7.3x10-5 M PTX-MB is reduced 

completely by 3.2x10-2 M DTT in presence of 0.05 % v/v trimethylamine according to absorbance 

spectra (Figure 5.2(c)). At 7.3x10-5 M concentration, the photoacoustic contrast (ʎexc = 690 nm) 

between PTX-MB and PTX-LMB (formed using 3.2x10-2 M DTT) was 6.88 (Figure 5.2 (d) & 

(e)). The redox switching of PTX-MB to PTX-LMB is illustrated in Figure 5.1(f).   
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5.3.3 Nanoparticle Synthesis and Characterization 

Next, we prepared and characterized PTX-MB @ PLGA NPs. Previous studies showed the 

leuco form of methylene blue was stable inside a polymer matrix due to absence of oxygen within 

the matrix.276 We reacted PTX-MB with DTT in chloroform containing PLGA and encapsulated 

the PTX-LMB in PLGA NPs by emulsification. DTT reduces the PTX-MB to PTX-LMB in the 

chloroform medium and then is solubilized in aqueous medium. DTT can also be removed 

completely after reduction and encapsulation of PTX-MB in PLGA NPs due to its higher solubility 

of DTT in water (50 mg mL-1) than chloroform (10 mg mL-1).274 Thus, DTT can be easily removed 

during particle synthesis and washing. During the particle synthesis, a 60 mM aqueous solution of 

ascorbic acid (in PBS) purged with argon was used as aqueous medium to prevent spontaneous 

oxidation of PTX-LMB. The particles were characterized for size distribution using SEM and 

TEM. The size range of the PTX-LMB loaded particles was determined to be ~50 nm according 

to TEM (Figure 5.2 (a)) and 100-200 nm according to SEM (Figure 5.2(b)). The difference of 

observed particle size between TEM and SEM is attributed to the different method of sample 

preparation and shrinking of pores in PLGA NPs under high vacuum in TEM.277-278  

The PLGA nanoparticles with encapsulated PTX-LMB were lyophilized and found to 

contain 0.018 mg (13.3 nanomol) of PTX-MB in 1.0 mg of PLGA NPs. The PTX-LMB-loaded 

NPs were blue in color due to surface oxidation of PTX-LMB. However, dissolution of PTX-LMB 

loaded PLGA NPs in chloroform resulted in a colorless solution (no absorbance at 640 nm). When 

the solution was mixed with 100 mM potassium hexacyanoferrate (III), the solution turned dark 

blue with strong absorbance at 640 nm due to oxidation (Figure 5.2(c)). Using absorbance, the 

percentage of conjugate existing as PTX-LMB form inside PLGA NPs was calculated to be 

94.82%. The color change was also observed even when the solution of PTX-LMB loaded PLGA 
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NPs (in chloroform) was exposed to air for at least 30 min. Thus, the release of PTX-LMB from 

particles can lead to spontaneous oxidation and turn-on photoacoustic signal.  

 

Figure 5.2 Preparation and characterization of PLGA nanoparticles encapsulating PTX-LMB. (a) TEM 

micrograph of PTX-LMB-loaded PLGA nanoparticles shows average diameter of 50 nm. (b) SEM micrograph of 

PTX-MB @ PLGA nanoparticles indicates a diameter of 100-200 nm (scale bar is 400 nm). The difference in size 

observed between TEM and SEM is due to shrinking of pores in PLGA NPs during TEM (c) Absorbance spectra of 

the freshly prepared solution of PTX-MB @ PLGA NPs (15 mg mL-1) in chloroform (black squares) shows no 

absorption at 640 nm and the same solution absorbs strongly at 640 nm after oxidation with potassium 

hexacyanoferrate (III) (red circles). Using the absorbance data from (c), 94.82% of the loaded PTX-MB existed was 

remained as  PTX-LMB. 
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Figure 5.3. In vitro drug release and cancer inhibitory activity of PTX-MB and PTX-MB @ PLGA NPs. (a) The 

in vitro drug release profile of PTX-MB @ PLGA NPs (5.0 mg mL-1 in 20% v/v mice serum in PBS) shows that 

40.59% of PTX-LMB is released at the end of 120 h. The inset in panel (a) shows the photograph of aliquots under 

visible light. (b)The photoacoustic intensity of drug release aliquots show a 669.9-fold increase in signal after 120 h. 

Particles isolated from these aliquots did not show significant increase in photoacoustic signal (see Figure S3). Scale 

bar = 2 mm. (c) The photoacoustic signal is linearly related to the percentage of PTX-MB (R2 = 0.92). (d) The TEM 

image of particles collected after 120 h of drug release shows no change in size compared to as-prepared NPs shown 

in (a). (e) The in vitro activity of PTX-MB on CT26 colon cancer cells shows that the IC50 of PTX, PTX-MB, and 

MB are 68, 447, and 1281 nM respectively. (f) Cancer inhibitory activity of PLGA NPs loaded with PTX-LMB shows 

an IC50 of 78 µg mL-1 corresponding to 362 nM PTX-MB released after 1 hour of release. Error bars are the standard 

deviations of four replicates.  

5.3.4 In vitro drug release and anticancer inhibitory activity  

Next, we studied the release of PTX-MB from the carrier and the in vitro anticancer activity 

against CT26 cells. The PTX-LMB loaded PLGA NPs were studied for drug release in 20% v/v 

mice serum in PBS. The release profile showed an initial burst release followed by a more gradual 

release of PTX-LMB. We collected aliquots from 0-120 h of drug release; the absorbance showed 

an 8-fold increase at 640 nm while the corresponding photoacoustic signal showed an increase of 

669.9-fold after 120 h corresponding to 40.59 % release (Figure 5.3(a) & (b)). The photoacoustic 

signal showed a linear increase with respect to the percentage drug released (Figure 5.3(c)). The 
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increased absorbance and photoacoustic signal are attributed to the release of PTX-LMB and its 

oxidation to PTX-MB.279-280   

The PLGA NPs isolated from the aliquots of drug release did not show any significant 

change in photoacoustic signal. Thus, the signal increase is attributed to the released conjugate 

(see Figure S10). The total of 40.59% of the loaded drug was found to be released after 120 h.281 

The aliquot collected at 120 h did not show detectable amounts of DTT according to mass 

spectrometry (Figure S12). No significant change in particle size was observed in TEM after the 

release time of 120 h (Figure 5.3(d)). 

PTX-MB displayed significant anticancer activity against CT26 colon cancer cells. The 

IC50 values of paclitaxel (PTX) and PTX-MB were found to be 68 nM and 447 nM against CT26 

cells. The reduced cancer inhibitory activity of PTX-MB is also observed in other paclitaxel 

conjugates. Next, PTX-LMB-loaded PLGA NPs were studied for cancer inhibition against CT26 

cells. The IC50 of PTX-LMB loaded PLGA NPs was 78 µg mL-1. The IC50 of PTX-LMB loaded 

PLGA NPs corresponds to 362 nM PTX-MB released after 1 hour. The difference in IC50 of 

released drug is attributed to the difference in media used during the in vitro drug release study. 
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Figure 5.4. Photoacoustic in vivo drug release monitoring in mice. Images a-f show photoacoustic images of the 

subcutaneous injections of mice injected with the 25 mg mL-1 dispersion of PLGA nanoparticles loaded with PTX-

LMB. The experiment was performed in triplicate. (h) The photoacoustic signal intensity increased 168-649% from 

0-8 h. Error bars represent the standard error. Scale bar = 2 mm. 

5.3.5 In vivo drug release and anticancer activity 

Finally we studied the release of PTX-MB from carrier and antitumor activity in murine 

models.  We studied the PTX-MB @ PLGA NPs for in vivo release and anticancer activity. One 

set of the experimental group was subcutaneously injected with PTX-MB @ PLGA NPs (25 mg 

mL-1) and one control set of mice was subcutaneously injected was injected with blank PLGA NPs 

(25 mg mL-1) in a similar mixture of matrigel, PBS, and mice serum. The in vivo drug release was 

monitored using 3D photoacoustic images (ʎexc= 680 nm). The images acquired in experimental 

and control groups (at 2, 4, 6, 8, 10 and 12 hours) showed obvious signal increase in the range of 

168-649% between 0-8 h. After 8 hours the photoacoustic signal showed irregular change due the 

possible clearance of the released PTX-MB (Figure 5.4 (a-h) and supporting information 

Figure S13). 
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Finally, we used a murine cancer model to determine the efficacy of PTX-MB @ PLGA-

DTT NPs. Mice with metastatic colon cancer were divided into five groups:  PTX-MB @ PLGA-

DTT (PTX-MB), PTX (10 mg/kg), PBS only, PTX (high, 20 mg/kg), and PLGA particle 

only.  Mice treated with PTX-MB @ PLGA NPs (10 mg/kg equivalent paclitaxel) exhibited a 

44.7% decrease in tumor radiance on Day 14 compared to mice treated with the PLGA nanoparticle 

alone (Figure 5.5(a) & (b)). Additionally, mice treated with PTX-MB encapsulated in PLGA-

DTT NPs exhibited no significant weight loss or observable behavioral changes from treatment. 

One of the mice receiving PTX (high) exhibited high weight loss >10%, possibly due to toxic 

effects from a high dose of PTX (20 mg/kg). Fonseca et al. suggested that paclitaxel encapsulated 

nanoparticles caused a reduction in side effects and toxicity due to improved tissue distribution 

and pharmacokinetics282. Additionally, a previous study showed that a dose of 32.5 mg/kg of 

paclitaxel administered in 3 consecutive days caused 100% mortality in a murine model283 

consistent with our findings that a high dosage of paclitaxel can cause adverse side effects such as 

weight loss. 
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Figure 5.5. In vivo efficacy of PTX-MB @ PLGA NPs.  (a) Nu/nu mice were divided into 5 groups (n=5).  250,000 

luminescent CT-26 cells were injected IP on Day 1 in all mice.  (a) The experimental illustration shows the schematic. 

Each mouse received the following doses IP on days 3, 5, and 7: PTX-MB @ PLGA NPs (PTX-MB) injection, PTX 

(10 mg/kg), PBS only, PTX (10 mg/kg), PTX (high, 20 mg/kg), and PLGA particle only. (b) The tumor radiance 

plotted against time (days) shows that mice treated with PTX-MB @ PLGA NPs(10 mg/kg equivalent Paclitaxel) 

exhibited a 44.7% decrease in tumor radiance on Day 14 compared to mice treated with the blank PLGA NPs. Error 

bars represent the standard error within treatment groups.  

5.4 Conclusion 

We developed a photoacoustically-activatable probe for drug release monitoring based on 

the blue-bottle reaction of methylene blue. Furthermore, we demonstrated the utility of the 

nanodrug formulation in live mouse models. In contrast to the previous reports, this strategy uses 

a direct photoacoustic increase from the drug tagged with an acoustically activatable 

chromophore.256, 260, 269 The conjugated paclitaxel as well as the nanoparticle formulation with 

paclitaxel exhibits in vitro and in vivo cancer inhibitory effects. This approach is novel for two 

reasons. First, this approach of covalently conjugating an activatable photoacoustic probe can be 

used in different drug molecules with different chemistry. Second, the absorbance of the tagged 

chromophore can be changed to increase the depth of imaging using photoacoustic technique by 

covalent modification of the chromophore.284-285 The phenothiazine-based chromophores have 

good photostability and can be dependable contrast agents in imaging against photobleaching and 
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loss of signal.285 This is a powerful tool to monitor the location and concentration of drugs as well 

as insight on their status relative to nanocarriers.  
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5.6 Appendix 

Synthesis of key intermediates. 

PTX-COOH was synthesized according to the previously reported procedures.264 In a 

typical synthesis of (PTX-COOH), Paclitaxel ( M.W. 853.90 g mol-1; 100.0 mg; 1.17x10-4 mol), 

4-dimethylaminopyridine (M.W., 122.16 g mol-1; 23.6 mg; 1.93x10-4 mol) and of succinic 

anhydride (M.W., 100.07 g mol-1; 40.9 mg; 4.09x10-4 mol) were placed under nitrogen in a round 

bottomed flask. Then, dry pyridine (3 mL) was added to dissolve the above reactants and the 

solution was stirred for 3 hours at room temperature. After 3 hours, anhydrous dichloromethane 
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(12 ml) was added. The combined solution was washed with 1 M HCl (3 x 12 ml) and with 

deionized water (3 x 12 ml). The aqueous phase was again washed with dichloromethane (10 ml). 

The combined organic phase was evaporated under vacuum in a rotary evaporator. The resulting 

crude 2’-succinimidyl paclitaxel (II) (PTX-COOH) was used without further purification. The 

product was isolated as colorless powder in 65 % isolated yield  and purity of the sample was 

found to be 99.6%. MS (LC-ESI) m/z [M+H]+ calcd for C51 H56 NO17 954.08; found 954.08 (LC-

MS data is shown in Figure S1 & S2).  

 

Figure S1. Liquid chromatography trace from the LC-MS analysis of (II). Retention time, 14.48 min with 99.6 % 

purity.   
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Figure S2. Mass spectrum of the sample of (II) from the LC-MS analysis corresponding to Figure S1. 
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Figure S3. Liquid chromatography trace from the LC-MS analysis of dye (III). Retention time, 5.018 min with 74.6 

% purity.   
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Figure S4. Mass spectrum from LC-MS analysis of dye (III) corresponding to Figure S3. 
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Figure S5. Liquid chromatogram of PTX-MB from LC-MS analysis of crude sample of PTX-MB obtained from 

reaction mixture corresponding to Figure 3S. Retention time is 14.78 min with an overall yield of 53.8 %. 
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Figure S6. Mass spectrum from the LC-MS analysis of crude sample of PTX-MB. The mass spectrum corresponds 

to the peak with retention time of 14.78 min in Figure 5S. 
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Figure S7. (a) NMR spectrum of PTX-MB purified by HPLC . (b) Liquid chromatogram of PTX-MB after 

purification by reverse phase HPLC with a mobile phase gradient of 30 -60 % water in acetonitrile with 0.01 %v/v of 

trifluoroacetic acid. Retention time is 11.0 min with purity of 93.6%. Compound was isolated as trifluoroacetate salt.  

  



116 

 

 

Figure S8. Mass spectrum of PTX-MB after purification by reverse phase HPLC. The spectrum corresponds to the 

peak with retention time of 11.0 min in Figure 7S. 
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Figure S9. (a) Calibration of absorbance of PTX-MB with its concentration in PBS medium containing 20 % v/v 

normal mouse serum. 
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Figure S10. (a) Absorbance of supernatants collected during the drug release study of PLGA NPs loaded with PTX-

LMB in PBS with 20 % mouse serum at 0, 1, 3, 6, 12, 24,48, 72, 96, and 120 hours. (b) photograph of the aliquots 

collected  corresponding to the absorbance in (a). (c) the particles isolated from each aliquots were dispersed in 1% 

agarose to avoid precipitation (leading to small variations in photoacoustic signal) and 3D image of the dispersions 

were acquired after the allowing the dispersion to solidify. (c) shows that the photoacoustic  intensity of the isolated 

particles did not follow a specific trend. This is in contrast to the photoacoustic signal of the supernatants of the 

aliquots. 

  



119 

 

 

Figure S11. (a) Dose-response curve of the drugs. The half maximal inhibitory concentration (IC50) of PTX, PTX-

MB, and MB are 68, 447, and 1281 nM respectively. Striped columns have a p < 0.001 compared to the group without 

drug (0 nM). S: p<0.001 (two tail, homoscedastic student t-test). (b) Dose-response curve of the PLGA-DTT-PTX-

MB. The half maximal inhibitory concentration (IC50) of PLGA-DTT-PTX-MB is 78 µg/mL or 362 nM PTX-MB 

after one-hour release. Striped columns have a p < 0.001 compared to the group without nanoparticles (0 µg/mL). S: 

p<0.001 (two tail, homoscedastic student t-test). 
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Figure S12. ESI-mass spectrum of PTX-MB extracted form the supernatant of the aliquot collected from drug release 

study at 120 h. No detectable amounts of DTT was found in the aliquot.  
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Figure S13. Photoacoustic 3D images of experimental and control sets of mice at different time points obtained from 

the in-vivo drug release studies. 
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTION 

 

6.1 Translation of Nanoparticle-based Contrast Agents to Clinical Settings 

   

The translation of nanoparticle-based photoacoustic imaging from laboratories to clinical 

settings is currently limited by toxicity concerns, poor signal, synthesis of NPs, and targeting of 

nanoparticles.  There are active research programs using radio frequency, microwave, x-rays to 

produce acoustic signal286-288, i.e., thermoacoustic imaging. Magnetomotive ultrasound is another 

promising alternative that uses an external high-strength pulsed magnetic field to induce motion 

within magnetically labeled tissue; ultrasound is used to detect the induced internal tissue motion. 

In one example, this was used to discriminate between endocytosed iron oxide nanoparticles and 

extracellular nanoparticles via photoacoustic data as well as the concentration of each.289 This 

approach also offers significant depth advantages. The challenge in each of these approaches is 

achieving sufficient signal and acoustic pressure differences to be detected with clinical 

transducers.  

 

6.2 Hardware Advancements 

 

Another approach to overcoming depth limitation is via the development of novel 

transducers. That is, rather than trying to make the signal stronger, these approaches take the 

detector closer to the signal. There are active research programs developing small, implantable, 

and even wearable photoacoustic transducers suitable for endoscopic, transrectal,290-291 

transvaginal,292 or vascular imaging. These devices will complement novel contrast agents and 

could be used for applications other than imaging such as wearable sensors sensitive to drug levels. 

A third approach to increasing signal moves into the second NIR window (NIR II). This region is 

generally from 1000-1500 nm and offers even lower absorption and scatter (except from water). 
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Although this has thus far been primarily demonstrated for fluorescence imaging,293 we suspect 

that photoacoustic imaging could take advantage of this region. It is likely that nanoparticles will 

play a key role in all three of these developments: sensitizers to the x-rays/RF, near infrared II 

contrast agents, or for use with novel transducers.  

 

We will also likely continue to see theranostic applications that include imaging due to the 

effects on vasculature response, hemodynamics, local temperature69, and pH sensitivity.294 In 

theranostics, the nanoparticle has both a therapeutic role (drug delivery, tumor ablation) and a 

diagnostic role (tumor margins, sub-typing). In one example, gold nanocages (AuNCs) 

encapsulated drugs and a phase-change material to load and release the drug in the presence of 

high intensity focused ultrasound—this allowed for site-specific delivery.295 In another example, 

CuS nanoparticles were used for both photoacoustic imaging, enzyme-responsive drug therapy, 

and phototherapy—this combination therapy may be used as a multifunctional platform for cancer 

treatment.296 Future examples may combine photoacoustic imaging with photothermal therapy. 

This has already been shown with Fe5C2-based nanoparticles297 and is possible because of the 

different optical pulse sequences and wavelengths used in photoacoustic imaging versus 

photothermal therapy. Thus, this same nanoparticle could both image and ablate tumors. Although 

exciting, these combination approaches can be more challenging to clinically translate. Simpler 

materials are usually more easily approved by the FDA. 

 

6.3 Future Direction in Nanoparticle Contrast Agent Development 

 

Nanoparticle contrast agents are useful for imaging applications because they have high 

signal, stable signal, or activatable signal. New persons in this field would be wise to work on the 

NIR II window for improved clinical translation or find collaborators developing novel 
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photoacoustic imaging equipment. Additionally, thermoacoustic and x-ray-based ultrasound are 

tools which can increase the depth of photoacoustic penetration and we suspect that nanoparticle 

contrast agents will continue to play an important role in these hybrid acoustic modalities.  

The field of medicine is rapidly changing with advancements in cell therapy, contrast 

agents for imaging, and medical equipment.  These developments will improve diagnostics and 

therapy as well as overall human health.  
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