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Abstract 
	  

 The use of receptor-targeted lipid microbubbles imaged by ultrasound is an 

innovative method of detecting and localizing disease. However, since ultrasound 

requires a medium between the transducer and the object being imaged, it is impractical 

to apply to an exposed surface in a surgical setting where sterile fields need be 

maintained. Additionally, the application of an ultrasound gel to the imaging surface may 

cause the bubbles to collapse. Multiphoton microscopy (MPM) is an emerging tool for 

accurate imaging of tissues and cells with high resolution and contrast. We have recently 

developed a novel method for detecting targeted microbubble adherence to the 

upregulated plectin-receptor on pancreatic tumor cells using MPM. Specifically, the 

third-harmonic generation response can be used to detect bound microbubbles to various 

cell types presenting MPM as an alternative and useful imaging method. This is an 

interesting technique that can potentially be translated as a diagnostic tool for the early 

detection of cancer and inflammatory disorders. 
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Chapter 1: Introduction 
 

One fourth of all deaths in the United States are caused by cancer.1 The diagnosis of 

cancer patients relies greatly on the time and accuracy of the detection of cancerous sites 

in the body. If the diagnosis can be made during the early stages of disease progression, 

then the prognosis for longer-term survival and even cure can be greatly increased.1 In 

addition to early diagnosis, there is also a need to accurately localize and stage disease for 

appropriate therapy as well as a further demand to assess effectiveness of that treatment 

(Theranostics). The aforementioned can potentially be achieved through the detection of 

both cancerous tissues and inflammatory markers in the body.2 Therefore, there is a 

critical need for a novel diagnostic tool that can not only detect disease, but also 

determine the surrounding tumor microenvironment through inflammatory markers to 

provide a more specialized therapy to the patient.  Furthermore, with respect to surgical 

resections of cancerous tissue, a fast and reliable method for determining cancer-free 

margins intraoperatively that avoids the high sampling error associated with current 

methods of frozen-section microscopy of blind biopsies is of high priority. 

Pancreatic cancer is a well-represented model of disease that needs improvement in 

the aforesaid areas of early diagnosis, treatment, and curative resection. Approximately 

80% of pancreatic ductal adenocarcinoma (PDAC) patients are diagnosed with locally 

advanced or metastatic disease due to the poor early diagnosis of current detection 

methods and paucity of symptoms until the disease has become quite advanced.3 The 

remaining 20% of PDAC patients who are fortunate enough to receive an earlier 

diagnosis are eligible for a potentially curative resection surgery, referred to as a 

pancreaticoduodenectomy (PD). PD is regarded as a complex operation and can only be 
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performed if the tumor arises in the periampullary region of the pancreas.4 Currently, 

surgery is the standard treatment for resectable pancreatic cancer, but recurrence rates are 

high and cure is rare. Patients who undergo PD typically experience median survival rates 

of 20-24 months. Additionally, the overall 5 year survival for patients post surgical 

resection for PDAC is only 5% to 10%.4  

 
 

 
Figure 1: An image displaying the tissue removed during a pancreaticoduodenectomy, 
which includes the head of the pancreas, the gallbladder, and part of the duodenum.  

 
 
The current surgical procedure for pancreatic cancer consists of removing the head of 

the pancreas, the gall bladder, and the duodenum, as seen in Figure 1. This surgery is 

commonly referred to as the Whipple Procedure. Although this procedure is currently the 

only chance for a cure, the rate of post-operative mortality remains high because often 

times not all cancer is removed. Remaining cancerous cells at the resection margin is the 
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strongest independent risk factor of poor survival.5–8 In recent years, conflicting data has 

arisen regarding the basic concepts of margin involvement, pathologic assessment, and 

prognostic value in PDAC.9 A critical factor that brought attention to the margin status in 

PDAC was the dramatic variability in the reported margin positivity rate, which ranges 

from 10% to 84% in the literature.9 In general the margin status is associated with the 

quality of surgery, but in the context of PDAC, margin positivity is more complex and 

multifactorial.  

The main factors that influence the variability of the margin positivity rate are tissue 

handling, specimen sampling, and the definition of margin positivity. The tissue handling 

method during the Whipple Procedure is dependent upon the judgment of the surgeon. 

Since primary PDAC exists as a single mass with no satellite lesions, the surgeon 

identifies the tumor by “feel”.10,11 During the procedure, a surgeon will determine where 

to resect the tissue by palpating for a soft, “normal” area of the pancreas beyond the 

visible tumor. This pathologic grossing technique can result in suboptimal margin 

assessment since the borders of PDAC are notoriously difficult to determine accurately 

by either palpation or macroscopic examination due to the chronic inflammation and 

fibrosis often associated with pancreatic cancer disease progression.9 These challenging 

borders have a great impact on margin designation for tissue sampling, as the 

representative tissue is generally taken from the tumor at its estimated closest point to the 

surface. The exact locations for tissue sampling from the resected tissue are up to the 

discretion of the individual surgeon, which can lead to widely variable results.  

Once the surgeon has determined an area of resection, a specimen sample (usually a 

few mm in diameter) is taken from the pancreatic duct at the surface of the resected 
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tissue. The tissue is then frozen, sliced, and H&E stained to be examined under a 

microscope. The process of specimen sample preparation and analysis takes at least 30 

minutes per resection. If residual tumor is identified under the microscope, an additional 

resection and histological analysis will be performed.  Multiple resections are not 

uncommon, and can thus extend a surgery for hours. In more difficult cases, the amount 

of resections required can lead to a total surgical time of 12 hours or more. An increased 

surgical time increases the morbidity and mortality rate for the patient. 

Additionally, it cannot be assumed that a negative margin assessment during surgery 

guarantees that all cancerous cells have been removed. The specimen sample used to 

determine margin status throughout the procedure represents a small fraction of the entire 

cut-surface. The final histological assessment of the entire resected tissue is only 

completed days after surgery. This final assessment determines the R-staging of the 

specimen, either R0, free of cancer, or R1, cancer detected within 1 mm of a margin. R-

staging only defines the surgical margin and is not related to the stage of disease.8 Since 

the R-staging is completed days after surgery, removal of remaining cancerous cells due 

to the discovery of an R1 margin in the patient would require returning to the operating 

room. The majority of PDAC patients are elderly and thus too frail to endure so an 

additional surgery becomes prohibitive.  

In resectable cancer, mistaken margin status is associated with local recurrence 

following the tumor removal surgery. Additionally, the initial margin status from the 

intraoperative frozen section analysis relates heavily to the patient outcome. Although the 

survival after a pancreaticoduodenectomy is disappointing, initial negative margins (R0) 

do best.12 A positive margin in PDAC (R1), which reveals the presence of high-grade 
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dysplasia on a margin of the resected tissue, may be indicative of aggressive tumor 

biology and already dispersed micrometastatic disease leading to an abbreviated 

survival.9,12,13 It is imperative that margin assessment be improved upon as the current 

wide variability in margin status affects the overall clinical outcome of the patient. The 

foregoing study presents a novel technique using lipid microbubbles to ensure clean 

margins after resection during the Whipple procedure. This technique could lead to an 

increase in efficiency as well as improved clinical assessment of resected margins.   

In the past three decades, lipid microbubbles have been extensively explored as 

contrast agents to enhance ultrasound imaging in applications ranging from 

echocardiography to molecular imaging of vascularized tumors with a high degree of 

sensitivity. The diagnostic capability of lipid microbubbles (1-10 µm) for contrast-

enhanced ultrasound (CEUS) is well established as an inexpensive and sensitive tool that 

provides both anatomical and functional information of tissue in real time.14 A new 

technique, not yet approved in the clinical setting, is the use of targeted microbubbles as a 

diagnostic tool.15 A targeting ligand is made of peptides, antibodies, or carbohydrates 

designed to adhere selectively to cellular epitopes and receptors.16 A ligand is preferably 

linked to the bubble through a covalent chemical bond, such as a peptide, ester, disulfide 

or thioether.16 These ligand-conjugates decorated on the outer surface of microbubbles 

are aimed for selectivity to an individual pathologic cell type over normal cells due to the 

overexpression of specific receptor proteins residing on the surface of these cells.15 This 

development of targeted microbubbles could lead to additional diagnostic applications for 

CEUS as well as other imaging modalities such as; 1) early detection of cancerous 
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lesions; 2) localization of inflammation; and 3) an especially large role in emerging 

theranostics.17  

The motivation for this study is to develop a method whereby receptor-targeted lipid 

microbubbles can be used to ensure clean margins on remaining viable pancreatic tissue 

after the surgical removal of the tumor. Such a technique will allow the entire surgical 

margin to be analyzed for the presence of cancer during surgery, which is currently not 

possible. Figure 2 demonstrates how the use of lipid microbubbles could potentially 

replace the need for frozen section microscopy during the Whipple procedure.  

The beginning of Figure 2 displays a patient that would be undergoing a pancreatic 

tumor resection. The tissue that would be resected includes the head of the pancreas, part 

of the duodenum, part of the common bile duct, and the gall bladder. This entire cut 

surface would then be submerged in an aqueous solution containing our plectin targeted 

lipid microbubbles and would remain in the solution for 30 minutes, allowing the lipid 

microbubbles time to bind to any remaining cancerous cells on the surface of the excised 

tissue. After the 30-minute incubation period, the tissue would be washed with a saline 

solution to remove any residual unbound bubbles from the tissue. Lastly, the entire cut 

surface of the resected tissue would be imaged using a multiphoton endoscopic probe to 

detect any lipid microbubbles bound to the surface of the resected tissue. If bubbles were 

to be detected, then an additional resection would have to be performed. If no bubbles or 

a lower limit of bubbles indicative of non-specific binding were detected, then we would 

be able to diagnose the margin negative for PDAC and the surgeon would finish the 

procedure. 
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Figure 2: The	  flow	  chart	  demonstrates	  the	  surgical	  procedure	  using	  our	  targeted	  
lipid	  microbubbles	  to	  determine	  PDAC	  margin	  status	  with	  multiphoton	  imaging	  in	  
the	  operating	  room.	  	  	  

 

 As an initial part of this study, we wished to first pursue the selective binding of 

receptor-targeted microbubbles to pancreatic tumor cells in vitro. We are pursuing 

microbubbles over an optical contrast agent because we believe microbubbles will 

provide a larger contrast when imaged against a tissue surface. However, prior to 

embarking on this study, we needed to address the limitations of; 1) imaging microbubble 

binding on tissue surface in the absence of an aqueous medium for which bubbles would 

reside; and 2) the method of microbubble detection. 

1. Limitations of a Surface-exposed Environment: Although ultrasound easily 

images microbubbles intravenously, in an external aqueous-based environment, 
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ultrasound imaging may not always be practical as an intra-operative procedure 

because it would necessitate the presence of a medium (e.g. a contact gel) 

between the transducer and the object being imaged. Pressure on microbubbles 

from direct contact with ultrasound gel and a transducer can cause the bubbles 

to collapse or burst, leading to diagnostic inaccuracy. In addition, sterile, gas-

free gels may be difficult to make.  

2. Limitations for Ultrasound Detection of Microbubbles on Surgical Tissue:  The 

use of ultrasound can become problematic when sterile environments need to 

be maintained. Although the imaging for this technique is performed on excised 

tissue, sterility still needs to be maintained since the procedure would take 

place in the operating room. Additionally, if the technique were to be applied to 

non-resected tissue in the future, sterility would be mandatory. Hence, a 

technique where no physical contact with the tissue is of vital importance.  In 

order to increase simplicity and preserve accuracy, imaging modalities need to 

be explored that can detect microbubbles directly on a surface without the use 

of a contact medium (herein referred to as contact-free). Multiphoton 

microscopy (MPM) has the ability to image contact-free, eliminating any 

concerns regarding contamination of a tissue surface.  In addition, they can be 

miniaturized into a hand-held probe, making the imaging device easily 

applicable to, for example, intraoperative settings where point-of-care 

diagnostics can be utilized fast and efficiently.2   
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The study described herein reports the successful imaging of microbubbles using a 

multi-photon microscope with compact femtosecond fiber lasers operating at 1560 nm 

and 1040 nm.  In particular, we were able to explore via contact-free imaging, the binding 

of receptor-targeted lipid microbubbles in vitro on pancreatic tumor cell culture, using 

third-harmonic generation (THG). Compared to fluorescence detection, THG does not 

require an excitable marker and has a much larger dynamic range and thus a larger 

probing sensitivity.18–22 This method has the potential to provide the accuracy and 

specificity required to improve upon margin assessment during the Whipple procedure, 

provide detection of cancer in earlier stages, and identify inflammatory markers in the 

body. To show the capability of our technique, we investigate the detection of plectin-

targeted lipid microbubbles, as these receptors are overexpressed in pancreatic cancer cell 

lines.23 This method is fast and accurate, making it useful for the analysis of large-scale 

tissue samples. To our knowledge, the detection of microbubbles using THG is a novel 

technique and could apply to a wide range of diagnostic applications. 

 
Chapter 2: Lipid Microbubbles 
 
 

2.1 Lipid Microbubbles 
 

 Microbubble contrast agents are clinically established as a safe and effective way 

to enhance ultrasound echoes from the vasculature.17 The low density and high 

compressibility of these shell-stabilized gas spheres compared to the adjacent 

surrounding media provide significant acoustic backscatter.24 This backscatter acts as a 

bright image tracer for blood flow in the vasculature. Clinically, ultrasound contrast 
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agents (UCAs) are 1 to 5 um diameter, comparable to the size of red blood cells, limiting 

the bubbles to travel through the vasculature only. Since microbubbles are considered to 

be intravascular agents, they are especially useful for perfusion imaging applications such 

as assessment of myocardial perfusion following myocardial infarction or the detection of 

angiogenesis within tumor vasculature. In addition to the clinical applications of 

perfusion imaging, microbubbles are being evaluated clinically for molecular targeting as 

well as drug delivery in cancer settings.24 

 The general design of a microbubble is relatively simple: a gas core that is 

surrounded by a stabilizer shell that is immersed in an aqueous medium and then 

administered to patients as intravenous injectables.25 The shell coat is necessary to avoid 

fusion of adjacent bubbles in the vial and it also provides stability both in storage and in 

vivo. Currently, the most popular microbubble shell design is based on a stabilized lipid 

monolayer.25 The preparation of these microbubbles is achieved by high-shear gas 

dispersion in aqueous solutions. In the case of our lipid microspheres, the lipid mixture is 

added to an excipient solution and then packaged in a vial containing a perfluorocarbon 

gas headspace. Mechanical agitation of the vial shaken for 45 seconds will produce 

microbubbles of the desired size immediately prior to use.  

More recently microbubbles have begun to receive special attention as 

noninvasive, targeted ultrasound molecular imaging contrast agents.25 Targeted UCAs 

(tUCAs) differ from the clinically approved UCAs by the decoration of their lipid shell 

with targeting ligands.26 All targeting ligands are attached to the microbubble shell via a 

lipid, polymer, or protein anchor and are held by non-covalent interactions. The targeting 

ligands are capable of binding to a specific receptor that is upregulated in the area of 
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disease.25 These tUCAs are being used for a wide range of pre-clinical applications such 

as diagnosis, monitoring of drug treatment, and therapy, which will eventually combine 

to play a large role in the emerging field of theranostics.26 

Theranostics is the combination of therapeutic and diagnostic agents on a single 

platform.27 A tUCA could have the ability to simultaneously monitor and treat disease by 

investigating its role as a potential drug carrier.27 Ideally a targeted microbubble loaded 

with a chemotherapeutic drug could be monitored with ultrasound during its circulation 

in the body. Upon reaching its targeted destination, it would bind to the cancerous cell 

and then a burst of ultrasound would be used to cavitate the bubble, releasing the 

therapeutic drug directly at the cancerous site. This is just one of many examples of 

theranostic research currently being investigated through the use of targeted 

microbubbles. Additional theranostic applications are being explored with other imaging 

modalities, as well. Since theranostic agents and their targeted conjugates are relatively 

new, the research requires further evaluation to be applied to more complex systems. 

In order to synthesize a targeted microbubble, there are several factors that have 

to be accounted for including the gas core, the coating material, the biomarkers that are 

upregulated in the disease of interest, and the corresponding targeting ligand to the 

biomarker. The gas core of the bubble is typically made of an inert, high molecular gas 

like perfluorocarbons. Their decreased solubility and amphipathic nature prolong the 

lifespan of the microbubble within the cirulcation.16 The coating material of the 

microbubble is needed to reduce surface tension and gas diffusion out of the tUCAs as 

well as improve microbubble coalescence. Coating materials currently available are 

albumin, galactose, lipids, or polymers.26 The composition of the coating material 
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determines the stiffness of the bubbles, their resistance to cavitation, and the ease in 

which they are cleared by the reticuloendothelial system.16 Lipid coating is preferred over 

the others because of its ease to oscillate under low ultrasound intensity as well as the fact 

that different lipid mixtures can easily be formulated and modified depending upon the 

application.16,26 For example, increasing the length of the carbon chains in a lipid mixture 

will increase the stiffness of the bubbles. In our study, we experimented with a variety of 

lipid mixtures to increase the binding efficacy of the lipid microbubble, as is further 

discussed in Section 2.3. In addition to the lipid mixture, binding efficiency is dependent 

upon the synthesized ligand, which is targeted to a receptor. In order to establish what 

ligand to use, first a biomarker has to be identified that is upregulated in the area of 

disease in order to ensure specificity. Once a biomarker has been determined, then a 

suitable ligand can be synthesized that will bind only to this upregulated receptor. 

 
2.2 Ligand Selection 
 

A tUCA is made functional by its ligand. A ligand is typically composed of a 

peptide, protein, polymer, or antibody.25 A ligand also requires a terminus so that it is 

able to attach to the tUCA shell. The terminus must be situated on the molecule such that 

it will not interfere significantly with the binding potency of the ligand itself to the 

receptor. A terminus needs to be suitable for conjugation with the ligand of interest, and 

generally consists of biotin (non-covalent) or covalent coupling via a carboxylate group, 

thiol, or maleimide.25 Covalent coupling does not require foreign proteins, and therefore 

is less likely to cause an immune response in a clinical setting.  

With any type of ligand, the biomechanics of the binding have to be considered. 

The ligand-receptor binding has to occur rapidly and efficiently, so that the microbubbles 
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will not detach off the receptor under shear load.25 Flexible extending PEG, a 

poly(ethylene glycol) chain, has been used for decades in microbubble targeting. In this 

type of bubble, a flexible polymer spacer arm separates the ligand and the anchor from 

one another. The presence of this spacer arm improves targeting efficacy, and the long 

tether expands the ligand location beyond the immediate proximity to the microbubble 

surface, as seen in Figure 2.25 Contrary to the figure, this long tether is not extended all 

the time. The PEG sits on the surface of the microbubble as a random coil and 

occasionally extends, which is when the ligand at the end can actually bind to a receptor. 

Thus, the larger concentration of PEG tethers conjugated to the microbubble, the more 

likelihood a bubble will bind to a receptor. We utilized a short polyethyleneglycol spacer 

in our study attached to a peptide ligand to improve the binding efficiency to the plectin 

receptor. 

 
 
 

Figure 3: Microbubble with ligand PEG tethers extending towards the target 
vessel surface. 
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Before a ligand can be created, the overexpressed target receptor in the designated 

disease or condition has to be identified. In this study, plectin-1 (Plec1) was chosen as the 

target receptor as Plec1 expression is a characteristic of both primary and metastatic 

human PDAC. The use of Plec1 is advantageous over current clinical diagnostic tools and 

markers, which lack sensitivity and specificity, since Plec1 is a specific biomarker for 

invasive and preinvasive pancreatic cancer.23 Plec1 detects all PDAC and their small 

metastatic foci as well as the majority of preinvasive cancers (PanIN III) in addition to 

discriminating PDAC from chronic pancreatitis.  

Since Plec1 is a novel biomarker, its role in the overexpression in pancreatic 

cancer is unknown.23 Plec1 itself is a cytolinker protein of the plankin family. Plankin 

proteins function to stabilize cells mechanically, regulate cytoskeleton dynamics, and 

serve as a scaffolding platform for signaling molecules. Due to these roles, plankin 

proteins were described as essential for skin and muscle integrity, and therefore initially 

identified in skin disease.23 A recent study discovered Plec1 interacts with the breast 

cancer susceptibility gene 2 (BRCA2).28 The BRCA2 gene plays a role in DNA damage 

repair and is found on the cell nucleus as well as the centrosome. The Plec1/BRCA2 

interaction is involved in directing centrosome localization and therefore Plec1 

misexpression causes displacement of the centrosome.23 This may contribute to genomic 

instability and therefore lead to the development of cancer.  

We have created a peptide ligand to bind to pancreatic ductal adenocarcinoma. 

This receptor is identified in 100% of tested PDAC tumors and 60% of pre-invasive 

PanIN III lesions [11]. Immunohistochemistry of human tissue has shown that Plectin-1 

is not expressed by most normal tissue, with the exception of the skin and genitourinary 
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tract. The Plectin-1 specific ligand was panned from a phage display screen reported 

previously [12]. We have adopted a peptide ligand for specific targeting of PDAC in our 

lipid microbubble imaging. A peptide was attached to the bis-palmitoyl lipid-like moiety 

via a short polyethyleneglycol spacer (extended span distance ~ 140Å). The specific 

peptide sequence was Lys-Thr-Leu-Leu-Pro-Thr-Pro-NH2. The synthesis of the lipidated 

ligand was performed by solid-phase technology using a Fmoc/tBu protection strategy 

[13-15].  

 
2.3 Microbubble Formulation Adjustment 

 
    Most lipid microbubbles contain a brush of polyethylene glycol (PEG) in their 

shell to prevent close contact between adjacent microbubbles and to shield them from the 

body’s immune system.26 Although the addition of PEG is thought to increase UCA 

lifetime, the necessity of incorporating PEG into the shell of the microbubble has recently 

been questioned.29 Van Rooji et al. suggests that small peptides, either conjugated to the 

lipid membrane directly or via a PEG-spacer (~10 monomers), might hinder access of the 

ligand to target receptors when short PEG brushes (~8 monomers) are part of the 

coating.26 Therefore we altered our microbubble formulation in our initial studies by 

removing PEG(2000) from our lipid mixture. We found this adjustment to greatly 

enhance the bubble binding, and prepared the microbubbles without PEG(2000) for the 

remainder of the experiments.   
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2.4 Microbubble Preparation 
 

The lipid microbubble formulation is depicted in Figure 4. Microbubbles were 

prepared with a lipid composition containing 92% mol 1,2-dipalmitoyl-sn-glycero-3-

phosphatidylcholine (DPPC) (Genzyme, Cambridge, MA, USA), 6% mol 1,2-

dipalmitoyl-sn-glycero-3-phosphate (monosodium salt) (DPPA) (Avanti Polar Lipids, 

Alabaster, AL, USA), and 2% mol of our lipidated ligand targeting pancreatic cancer 

cells. The lipid composition was dissolved in an excipient solution of propylene glycol, 

then phosphate-buffered saline (PBS), and lastly glycerol for a total lipid concentration of 

1 mg mL-1. From this lipid solution, 1.5 mL was aliquoted into 2 mL glass vials 

(Wheaton Industries, Millville, NJ), and the headspace was purged with decafluorobutane 

(DFB) gas (Fluoromed, Round Rock, TX, USA). The microbubbles were then formed by 

mechanical agitation using a modified dental amalgamator (Lantheus Medical, New 

York, NY), resulting in a microbubble distribution ranging predominantly from 1 -10 

microns with a concentration of 1-5 x 109 microbubbles per mL of solution [16]. The 

initially undiluted microbubble liquid suspension was then imaged using a tightly focused 

femtosecond laser beam, which was scanned across it. The THG signal was hypothesized 

to be generated strongly from the liquid/gas interface (Figure 4). 
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Figure 4: a) The basic components of the lipid microbubble used in the experiment. 

The specific targeted ligand (KTLLPTP) used was the selective for the plectin-1 receptor. 
b) Microbubble and focused femtosecond laser beam interaction. THG signal is expected 
to be generated strongly from the liquid/gas interface. 
 
 
Chapter 3: Optical Imaging 
 
 

3.1 Multiphoton microscopy 
 
 
Multi-photon (MP) imaging is a powerful technique that allows three-dimensional 

mapping of samples that have a measurable nonlinear optical response such as second 

harmonic generation, third harmonic generation, or fluorescence induced by MP 

absorption.  MP imaging (MPI) is currently an important tool for biological research and 

efforts are underway to turn this useful imaging technology into robust instruments for 

clinical applications.30–33 The quantum mechanics behind multiphoton processes, such as 

two-photon excitation (TPE), uses a simple theoretical prediction: two photons of about 
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equal energy (from the same laser source) interact with a molecule, producing an 

excitation equivalent to the absorption of a single photon possessing twice the energy.31 

MPI is termed “nonlinear” because the rate at which two-photon excitation occurs 

depends nonlinearly on the intensity. To generate enough TPE fluorescence for imaging, 

a pulsed laser is used to further increase the probability that two photons will 

simultaneously interact with a molecule, while still keeping the average power relatively 

low.31  

Practical MPM took off when the application of mode-locked Ti:Sapphire (Ti:S) 

crystal-based lasers were demonstrated in 1992.31 The term “mode-locked” refers to a 

laser operating with a certain set of frequencies, or modes, propagating in the laser cavity. 

The phase between these modes is locked so that there is destructive interference between 

the propagating frequencies everywhere in the cavity except at one point where the waves 

add constructively.31 Femtosecond Ti:S lasers need a relatively large number of 

intracavity frequencies to achieve 100-fs pulses, and therefore the pulses have a 

significantly large spectral bandwidth.31 Commercial Ti:S lasers were made with 

broadband optics, which permitted the use of the full tunable range (~700 to 1,000nm) 

without changing laser mirrors. This more operator friendly design made MPM an 

accessible tool for biology and clinical applications.31  

The advanced success of some optical imaging systems, such as optical coherence 

tomography, in clinical applications is partially attributed to their fiber-based 

implementation. A fiber-based optical system makes the system compact and portable, 

which makes the system easy to transport.2 Although MPM is an accessible tool for 

biology, a Ti:Sapphire femtosecond laser tends to be bulky making it difficult to 
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transport. Several new kinds of femtosecond laser sources are emerging that may be a 

better option in a clinical environment. The laser employed in the multiphoton 

microscope for this study is a ytterbium (Yb) fiber-based femtosecond-pulsed (FBFP), 

which is compact and robust.2 Furthermore, an FBFP laser offers wavelength tenability 

through the use of special fibers as well as a fiber output feature allowing direct coupling 

with fiber-based systems. With the ability to become a compact system, MPM is now a 

strong competitor for the current popular optical imaging systems used in clinical 

applications.     

The main advantages of MPM are attributed to nonlinear excitation: localized 

excitation and the expanded wavelength accessibility of most fluorophores. Since 

multiphoton excitation is restricted to the focal plane it alleviates out-of-focus 

photobleaching and photodamage.31 Therefore all photons generate or contribute to the 

signal and there is no background, making the emission collection both simple and 

efficient. The lack of out-of-focus fluorescence in combination with the use of IR light 

explains the success of MPM for use in fluorescence imaging in thick specimens of up to 

1-2 mm.31 In addition to the large imaging depth, the nonlinear response of MPM can 

interact with non-centrosymmetrical structures to produce a radiation at exactly half of 

the exciting wavelength or one-third of the exciting wavelength depending if the 

nonlinear response is second harmonic or third harmonic generation respectively. The use 

of SHG to create high-resolution images of unstained collagen structures is becoming a 

standard tool for determining molecular structure. THG is used to detect an interface 

between materials of different excitability, such as an interface that has a phase change 

from liquid to gas. In this study we explored the use of THG to detect the phase change 
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of plectin-targeted microbubbles due to their liquid membrane surrounding an inside of 

perfluorocarbon gas.    

Lipid microbubbles are small, spherical structures formed by a thin lipid layer and 

contain a biocompatible gas (e.g. DFB) inside. These bubbles are typically dispersed in a 

liquid medium (solution) where they can attach to binding sites if their lipid membrane is 

functionalized with a suitable ligand. There exists a transition from liquid phase to gas 

phase at the surface of the bubbles, stabilized by a thin lipid membrane. For that reason, 

ultrasound has been used to detect these bubbles due to the large scattering of ultrasound 

signal at their liquid/gas interfaces. In optics, third harmonic generation (THG) is a 

nonlinear optical effect, which arises from the third order nonlinear optical response of a 

material. THG has been shown to be very useful in label-free multiphoton imaging.18–22 

Due to the Gouy phase shift in a tightly focused laser beam, the THG signal is generated 

only from interfaces where there is a change in the refractive index (or change in the third 

order nonlinear response). Hence, THG has been shown to be useful in detecting these 

interfaces in biological tissues through contactless detection from 1-2 cm away from the 

surface of the tissue. Given the above, we hypothesized that THG should be useful as a 

contactless detection of targeted lipid microbubbles given the sudden liquid/gas transition 

that these bubbles exhibit.  

The design and performance of our home-built microscope has been published 

previously.22 The new feature that we added to the system is a new femtosecond laser 

operating at 1040nm which emits ~70mW average power at ~8MHz repetition rate and 

~100fs pulse duration. The microscope can accommodate both 1560nm and 1040nm 

without changing the optics in the excitation beam path. The addition of the 1040nm laser 
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allows us to excite the marker dye, DiI ((1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindocarbocyanine Perchlorate ('DiI'; DiIC18(3))) , which we use to colocalize 

the fluorescence marker with the THG signal (described below) to confirm that we 

indeed detect THG from the liquid/gas interface of the bubbles. The dichroic filter and 

bandpass filter in front of the photomultiplier tube (PMT) for THG signal detection are 

changed to match the new excitation wavelength respectively. Specifically, we use a 

345nm bandpass filter (~20nm pass band) in front of the PMT to detect the THG signal. 

A pump filter (Semrock, FF01-750/SP-25) is also used to remove pump laser light from 

reaching the PMTs. A 520nm bandpass filter is used with the 1560nm excitation laser to 

filter out the THG signal. The diagram of the microscope can be seen in Figure 5. 

 

 
Figure 5: Left: Schematic diagram of our home-built multiphoton microscope. Right: A 
photograph of the microscope where both excitation laser sources are visible. 
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3.2 Imaging of lipid microbubbles using confocal microscopy and MPM 
 
The water-air interface in the lipid microbubble generates a THG signal that is 

demonstrated in Figure 6. The image on the right (Figure 6b) shows the THG signal 

generated from the lipid microbubbles through the use of a filter that separates the THG 

signal into the corresponding PMT detector from the longer wavelength channel. The 

image on the left (Figure 6a) shows lipid microbubbles bound to a surface imaged with 

confocal microscopy (for comparison purpose). The microbubbles could not be imaged 

with confocal microscopy in a solution, as in Figure 6b, because the solution contains 

residual DiI molecules that do not insert into the membrane of the bubbles. Since 

confocal microscopy only detects fluorescent signal, the imaging resolution is not high 

enough to separate the fluorescent signal from the DiI molecules on the microbubble 

membrane from the residual DiI fluorescence in the surrounding solution. Therefore to 

obtain Figure 6b, we had to allow the lipid microbubbles to bind to the bottom of a petrie 

dish and then wash the remaining bubble solution off the dish so that only the bound 

microbubbles were imaged. This method allowed us to obtain clear bubble images with 

confocal microscopy since there was no residual DiI impeding the signal. Although the 

confocal image in Figure 6 is clear, it required a higher objective and a fluorescent label 

to obtain a clean image of the bubbles. In the MPM image the residual DiI makes no 

difference because MPM is detecting only the liquid to gas interface of the bubble due to 

the THG signal as observed in the emission spectrum in Figure 6c. Since the image 

obtained from MPM can be obtained label-free, it makes it a promising solution for lipid 

microbubble detection.   
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Figure 6: Both upper images display lipid microbubbles conjugated with DiI. (a) 

Image taken by confocal microscopy where bubbles are dispersed and bound to a poly d-
lysine cell culture plate with residual DiI washed away. (b) Image taken by multiphoton 
microscopy (using 1040nm excitation laser and a 40x Nikon oil objective), specifically 
THG, where many unbound microbubbles are floating in a solution. (c) Emission 
spectrum from 1560nm multiphoton microscope displaying emitted THG signal during 
microbubble imaging compared to the total pump laser. (d) The pump laser spectrum 
(divided by three) overlaid on the THG spectrum. In a perfect THG process, these curves 
would be identical. However, it is clear that the THG spectrum is cleaner than the pump 
laser, and this is likely due to chromatic aberration and the specific geometry of the 
focused field. 

 

To verify that the signal obtained from MPM was specifically THG, we performed 

another experiment with a lipid microbubble solution conjugated with DiI to prove 

colocalization between the fluorescent light channel and THG channel. We used the 1040 
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nm laser to image the bubble solution with a 538 nm dichroic filter as well as a 345 nm 

bandpass THG filter. We chose the 1040nm laser over the 1560nm laser for this 

experiment because the 1040nm laser better excites the DiI signal. The beam split 

through the filters was such that the DiI signal appeared only in the fluorescent light 

channel and the THG signal appeared only in the third harmonic generation channel. 

Figure 7 shows the images obtained from this experiment as well as the emission 

spectrum. Figure 7a is an image of the THG channel, Figure 7b is an image of the 

fluorescent light channel, and Figure 7c is an image of a) and b) overlaid with THG 

represented in red and fluorescent light represented in green. Colocalization of the 

bubbles causes the bubble membrane to appear yellow. Figure 7d displays the Thermo 

Fisher DiI excitation/emission spectrum compared to our experimental DiI emission 

spectrum, confirming the fluorescence signal we obtain in the image is indeed from DiI. 
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Figure 7:  Targeted lipid microbubbles conjugated with DiI. (a) The THG signal from 
the bubbles only (b) The fluorescence signal from the bubbles (c) A composite image of 
(a), represented in red, and (b), represented in green with the colocalized microbubbles 
represented with a yellow membrane (d) The emission spectrum of the DiI conjugated to 
the membrane of the lipid microbubbles compared to the thermofisher emission spectrum 
for DiI. 
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Chapter 4: In Vitro Studies 
 

4.1 Cell Culture 
 

The pancreatic cancer cell lines PANC-1 and MIA-PaCa2, which have amplified 

plectin expression, were grown in the University of Arizona Cancer Center using 

Dulbecco’s Modified Eagle’s Medium (DMEM) with 4.5 g/L glucose, L glutamine, and 

sodium pyruvate, supplemented with 10% fetal bovine serum and 1% penicillin-

streptomycin. The cells were incubated in a 5% carbon dioxide, humidified atmosphere at 

37° C. Cells were detached with trypsin and transferred onto poly-d-lysine coated glass 

bottom dishes (Mat Tek, Ashland, MA) followed by incubation for an additional 24 hours 

to ensure adherence. 

 
4.2 Imaging of targeted and labeled lipid microbubbles using confocal microscopy 

 
 

To verify lipid microbubble binding to the cell strains, we first imaged with confocal 

microscopy. Twenty-four hours after the cells had been plated, the cells were rinsed with 

5 mL of Dulbecco’s phosphate buffered saline (DPBS) to remove debris from the 

microenvironment. Then the cells were incubated in DPBS for 30 minutes supplemented 

with 5 microliters of calcein dye in addition to 100 microliters of the lipid microbubbles 

conjugated with DiI (0.2% concentration). Due to the buoyancy of the microbubbles, the 

cells were inverted for this period to maximize exposure of the cells to the microbubbles. 

After the incubation period the cells were washed three times with DPBS to remove any 

residual, unbound microbubbles and were then maintained in media for imaging.  

The conjugation was finally visualized under the AZCC Leica SP5 confocal 

microscope (Leica Microsystems, Buffalo Grove, IL) with a 63x oil immersion objective 
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captured at 2048x2048 pixels to obtain a field of view of 246.03x246.03 um. The visible 

light wavelength lasers used were the 50mW Argon laser (458, 477, 488, and 514nm) and 

the 1mW Helium Neon Laser (543nm) to capture the spectrum of the calcein 

(ex495/em515) fluorescing the cytoplasm of the living cells and DiI (ex549/em565) 

conjugated to the lipid microbubble membrane. Figure 8 displays the evident binding of 

the plectin-targeted lipid microbubbles to the pancreatic cancer cells. 

  
4.3 Multiphoton imaging of microbubbles 
 

The technique of detecting lipid microbubbles using THG as a contrast 

mechanism was demonstrated by colocalization of the THG signal with the DiI 

fluorescence emitted from the microbubble membrane. In order to obtain separate DiI 

and THG signals, filters were placed in the multiphoton microscope to direct DiI 

fluorescence and THG into two PMT channels. The beam split through the filters would 

be such that the DiI signal appears only in the fluorescent light channel and the THG 

signal appears only in the third harmonic generation channel. These two channels were 

then combined in a false color image to show that the DiI signal and the THG signal from 

the membrane interface overlap thereby demonstrating dual and independent detection of 

label-free microbubble membranes.  

The same procedure referenced elsewhere (Section 4.2) was used to prepare the 

cells for MPM imaging. The cells were visualized under the 1040 nm multiphoton 

microscope with a water immersion 40x objective (.75 NA) with two filters to 

demonstrate THG generation could image plectin targeted lipid microbubbles. The filters 

used in the system were a 538nm dichroic filter and the 345nm bandpass THG filter. The 

538nm dichroic filter was used to send the fluorescent emission signals of the DiI on the 
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bubbles and the calcein on the cells to one PMT detector. The THG filter was used to 

send the emission signal from the liquid-gas interface of the microbubbles to the other 

PMT detector. Figure 8 displays the images obtained from the two separate filters, a 

composite image of the filter combination, and an image from confocal imaging to 

compare to the final MPM image. Specifically, Figure 8a represents the THG signal, 

Figure 8b represents the fluorescent DiI signal, and Figure 8c is the composite image of 

8a (represented in red) and 8b (represented in green) so that the colocalized bubbles 

appear yellow. The presence of the yellow bubbles in Figure 8c demonstrates 

colocalization and defines THG as a method of detection for lipid microbubbles.  

Figure 8d is a comparison image from confocal microscopy bound to pancreatic 

cancer cells. Although this image appears to be an equivalent or even superior imaging 

modality, the confocal image requires a fluorescent label and a higher objective (63x oil 

immersion) to obtain such a high resolution image. Multiphoton microscopy provides an 

image where the lipid microbubbles are easily detected without the use of a label, and a 

relatively high resolution image in comparison to the objective lens being used (Nikon 

40x water immersion). The last portion of Figure 8, part e, displays the excitation and 

emission wavelengths provided by Thermofisher for both fluorescent dyes used in the 

experiment, DiI and Calcein dye.  
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Figure 8: Displays pancreatic cancer cells with the targeted lipid microbubbles bound to 
the surface of the cells. (a) The THG signal from the bubbles only (b) The fluorescence 
signal from the bubbles and cells (c) A composite image of (a), represented in red, and 
(b), represented in green with the colocalized microbubbles represented in yellow (d) An 
image obtained from confocal microscopy for comparison (e) A spectrum obtained from 
Thermo Fisher displaying the excitation and emission wavelengths of both calcein and 
DiI. 
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4.4 Discussion  
	  

The contact-free detection of targeted lipid microbubbles was explored using the 

THG imaging modality of multiphoton microscopy. The results indicate that THG has the 

potential to generate images of microbubbles with a contrast and clarity equivalent to that 

of ultrasound, therefore eliminating the need for a medium in an external environment. 

The main application of this work stems from the large dynamic range as well as high 

probing sensitivity of THG, making it a potential imaging method for earlier detection of 

cancer and inflammatory markers in the body. Additionally, the high lateral resolution of 

THG allows for image sectioning of the sample and thus provides three-dimensional 

images of transparent samples.18 Due to these attributes THG is an appealing imaging 

modality for this study in conjunction with the fact THG microscopy can obtain useful 

images at power levels that do not harm live specimens.34 The reduced power levels in 

combination with the contact-free imaging modality make MPM an optimal imaging 

method for a surgical environment. Although THG is ideal for our application, this  

technique is designed to be a contact-free imaging technique that can be used for a wide 

variety of applications.  

Although our study only covers cell work, this contact-free detection method could 

easily be translated to imaging large tissue samples, such as the resected tissue from 

pancreatic surgery.  Moreover, the development of this device into a hand-held probe will 

provide the mobility required to integrate MPM into a surgical setting, making it a 

potential method for point-of-care diagnostics.35 The conventional method to determine 

margin status during pancreatic surgery is based on frozen section microscopy of a tiny 

portion of the entire surgical margin, which is subject to false representation since the 
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pathologist could be missing tumor located elsewhere on the margin. Thus, after surgery, 

what were thought to be cancer-free margins are subsequently found to have had residual 

tumor tissue after it is too late to re-do the operation.9 The receptor-targeted imaging of 

the entire surface of a PDAC patient’s resected tissue will enhance the Whipple 

procedure through two main components. First, an onsite tissue examination will 

eliminate the surgical time required to send the tissue to a pathologist for analysis, and 

thus decrease surgical cost as well as increase quality of care for the patient. Second, the 

receptor-targeted detection method will increase the accuracy of uncovering remaining 

cancerous cells in the patient due to the fact that a larger percent of the resected tissue 

will be able to be examined before the completion of the surgical procedure. Overall, this 

point of care diagnostics method could improve cancer-free survival in pancreatic cancer 

patients and reduce the cost of care.    

4.5 Conclusion 
	  

We believe these are the first reported images of microbubbles detected by THG. Our 

preliminary results indicate that label-free, contact-free THG images of microbubbles 

may enable unseen cancer to be detected during surgery. With the development of MPM 

into an endoscopic probe, we believe this novel technique could be translated to a wide 

variety of applications in point-of-care diagnostics as well as early detection of cancer.  
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Chapter 5: Future Directions 
 
 
 The aforementioned study only completes the initial steps in the process of 

developing a novel method for the determination of clean margins on remaining viable 

pancreatic tissue after the surgical removal of the tumor during the Whipple procedure. 

Although it provides an initial framework for the study, there are still many aims to 

accomplish before this device can move from bench to bedside. We need to ensure the 

specificity of the targeted microbubbles and further test the interaction with the 

microbubbles on large tissue samples. The initial tissue study would be performed in vivo 

using a murine model, but eventually the study would need to progress to testing human 

pancreatic tissue samples. 

We are currently in the process of growing the hTERT-HPNE cell line. This is a 

strain of normal human pancreatic cells; more specifically human intermediary cells 

formed during acinar-to-ductal metaplasia. We will use this cell line to ensure that our 

plectin-targeted lipid microbubbles do not bind to normal pancreatic cells through our 

standard experimental set up using confocal microscopy. If a large amount of binding 

occurs using this cell line, we will have to reconsider the targeting ligand used in our 

experiments. If minimal binding occurs and our targeting ligand is proven to be selective, 

then we will be able to move on to the next step of the study using murine tissue samples. 

Since the study has only analyzed cell interaction with lipid microbubbles, the 

next step would be to ensure that the targeted lipid microbubbles interact with live tissue 

samples in the same manner that they interact in an in vitro environment. To perform this 

study, we will use an in vivo murine model to grow a pancreatic adenocarcinoma 

aggregate. Once the tumor reaches the appropriate size, we will excise the tumor as well 
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as normal pancreatic tissue from the mouse. We will apply our plectin-targeted lipid 

microbubbles to each of these tissue types to test the specificity of the bubbles as well as 

the ability of MPM to image across a live tissue sample. Since we do not expect the 

resected tissue to generate a strong THG signal, we believe the microbubbles imaged 

with THG will provide a large contrast against the tissue surface allowing us to obtain a 

clear signal. Ideally, the findings from the study will suggest that plectin-targeted 

microbubbles are highly selective to pancreatic cancer cells and do not bind to normal 

murine pancreatic tissue. Additionally, MPM should be able to image the tissue sample 

quickly and efficiently while providing the appropriate depth penetration to explore the 

structural components of the tissue. If all findings are as expected in the murine model 

study, the next step will be to repeat the study using human resected tissue. Normal 

human pancreatic tissue as well as human pancreatic tumor tissue will need to be 

obtained to again test the specificity of the plectin-targeted lipid microbubbles as well as 

the efficacy of MPM as a diagnostic imaging modality. 

 If each of the tissue studies proves to be successful, a hand-held probe for MPM 

will need to be developed so that we can enter into clinical trials. Fiber-based 

femtosecond-pulse (FBFP) sources that can deliver short femtosecond pulses (<100 fs) at 

a high repetition rate (100 MHz) with relatively large average power (>500 mW) are 

essential in moving this technology from bench to bedside.2 Previous studies have shown 

the development of a multiphoton microscope into a hand held probe to be possible, but 

few studies have demonstrated a fiber-based probe combined with a fiber laser source. 

Previous studies done by Liu et al. have demonstrated the development of a compact 

MPM system that integrates a compact and robust fiber laser with a miniature double clad 
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photonic crystal fiber (DCPCF)-based handheld probe.2 This entire system is compact 

and easily transported, as seen in Figure 9.   

 

 

Figure 9: Schematic and photograph of the hand held probe created by Liu et al.2 [Fs: 
focusing distance of the scan lens; ft: focusing distance of the tube lens; ff: focusing 
length of the focusing lens] 
 
 
 

In addition to the complexity of creating the probe itself, multiple issues will need 

to be addressed, as this probe will be used in a surgical setting. Firstly, sterility will need 

to be considered. Even though our technique will be performed on excised tissue, the 

probe will still need to be sterile since the diagnostic testing will take place in the 

operating room. The probe could be sterilized after each use, or a disposable device could 

be made to cap the end of the probe so that the device does not require an extensive 

sterilization process after each use. Although the latter will be simpler in a surgical 

setting, we then would have to consider a type of polymer that will not interfere with the 
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signal emitted from the fibers within the probe, as well as a sterilization technique for the 

plastic itself. Secondly, the limitation of the microbubbles will need to be considered in a 

surgical setting. During the Whipple procedure, the microbubbles will be exposed to air 

and no longer immersed in an aqueous media. If the bubbles are exposed to air long 

enough, they could dry out and pop. We may need to consider the use of a large type of 

coverslip for imaging so that the bubbles will be less exposed to air. Alternatively, 

formulation of the microbubbles (i.e. micro-balloons) could be made to increase stability 

in a non-aqueous environment. Additionally, the THG imaging of bubbles exposed to air 

rather than immersed in liquid may change the amount of signal obtained from THG as 

the phase change at the interface will not be as diverse. These are challenges that will 

need to be addressed before entering into clinical trials. 

 Once a probe is created and the limitations of microbubbles are addressed then we 

will be able to enter into clinical trials, provided the FDA approves the study. Throughout 

the phases of the clinical trials we will determine the safety and efficacy of our method. 

Additionally, we will need to determine a requirement for the number of bubbles that 

must be detected in a certain area in order to indicate that the surgeon must perform an 

additional resection. We are aware of the possibility of non-specific binding and would 

have to establish a minimum number of bubbles or contrast consistent with a positive 

cancer detection.  Although this determination is out of the scope of the project at its 

present state, it will be incorporated as the project becomes more quantifiable.  If our 

plectin-targeted lipid microbubbles imaged with a MPM hand-held probe prove effective, 

then we will have created a novel technique for point-of-care diagnostics during the 

Whipple procedure. Our goal is to bring the margin status results back efficiently and 
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immediately to the surgeon. This will be a more cost-effective method for both the 

surgeon and patient, and will hopefully reduce the morbidity and mortality rates of the 

Whipple procedure.  
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