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ABSTRACT 

Vascular malformations and cancer remain the major brain pathologies 

that often require surgical treatment. Glioblastoma, classified as a grade IV 

astrocytoma, is a highly malignant cancer of the brain that has a median survival 

of 1-2 years, with more aggressive forms having median survival less than 14 

months. These statistics include standard treatment protocols that include 

surgery followed with adjunctive chemotherapy and radiation treatment. 

Vascular malformations encompass multiple, more specific pathologies including 

arteriovenous malformation, cavernous malformation, mixed malformations, 

telangiectasias, vein of Galen malformation, and venous malformations. 

Treatment of either vascular anomalies or cancer can benefit from improved 

image guided surgery technologies. 

Surgical image guidance has continually been improving over the decades 

since the introduction of the microscope. New technologies including endoscopic 

cameras and non-invasive imaging (e.g., computed tomography and magnetic 

resonance imaging) have led to paradigm shifts in how disease is diagnosed and 

treated. However, even with the numerous advancements in imaging 

technologies, the microscope still remains the most used and required imaging 

technology in the neurosurgical operating suite. There remains to be a system 

that can match ergonomics and visualization that the operative microscope 

provides. The operative microscope retains all aspects of 3-D vision while 

magnifying and focusing the field of view for the surgeon. Cameras, light sources, 

and other surgical equipment have been added to the plethora of attachments 

now available for the operative microscope. 
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This work is organized into three specific aims that collectively present the 

development of a new technology focused on improving image guided surgery 

coupled with a novel contrast agent. The first aim will present the development 

of an augmented microscope that is capable of augmenting the field of view in the 

oculars with NIR fluorescence information. The second aim will provide a 

performance characterization of the augmented microscope through numerous 

examples and demonstrations both in vitro and in vivo. The third aim will discuss 

a novel contrast agent, plasmon resonant liposomes, that can be coupled with 

the augmented microscope for improving visualization in vivo. The combination 

of new imaging technologies and contrast agents can improve visualization of 

pathologies in the brain, like cancer, and lead to better margin assessment and 

surgical outcomes. 
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CHAPTER 1: INTRODUCTION 

Overview 

The overall goal of this research was to develop a novel imaging technology 

and contrast agent aimed at improving image guided surgery (IGS) in the brain. 

In medical applications, augmented reality can be employed to deliver various 

diagnostic information, whether prerecorded or acquired in real time, to merge 

with real images of the surgical field and aid the surgeon in making more accurate 

decisions and thereby improving surgical outcomes. Leading surgical 

microscopes, like those from Leica or Zeiss, provide near-infrared (NIR) 

capabilities as an ‘add-on’ functionality or secondary to the standard bright-field, 

but these microscopes are not optimized for real-time NIR imaging of NIR light 

sensitivity balanced with visible light sensitivity. This secondary imaging 

modality is performed via a switchable technique where bright-field and NIR 

imaging are separate modalities. The lack of real-time coregistration adds time 

and uncertainty to procedures guided by NIR fluorescence. Therefore, there is a 

need to develop more effective imaging technologies that can better visualize, and 

be more sensitive to, the NIR light. The development of the prototype augmented 

microscope will allow for simultaneous bright-field (real) and NIR (synthetic) 

imaging within the ocular of the microscope in hopes to improve image guidance 

during surgical interventions in the brain. 

The imaging technology, augmented microscopy, was developed in stages 

from an initial proof-of-concept (POC) followed with continual development of a 

clinical augmented microscope. The imaging system was evaluated for optical 

performance and each subsequent modification was aimed at improving the 
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technology for clinical use. The novel contrast agent, plasmon resonant 

liposomes, was developed previously in the Romanowski lab [1]. However, to this 

date, they have not been demonstrated in vivo with NIR fluorescence nor have 

their more exotic optical phenomena (e.g. nonlinear scattering) been investigated. 

This research will further demonstrate use of plasmon resonant liposomes in vivo 

with the augmented microscope. The construction of the liposomes not only 

enables surface plasmon resonance (SPR) capabilities, but the construction 

creates an asymmetric interface that can be probed using second-order nonlinear 

spectroscopy and microscopy. Preliminary demonstrations of this nonlinear 

phenomenon are presented along with potential implications for use as a contrast 

agent. Major portions of this dissertation are from already published literature by 

the author and will be reformatted and referenced appropriately [2]–[6]. 

History of the Operative Microscope 

Early theories of vision were developed by ancient philosophers including 

Euclid of Alexandria and Claudius Ptolemaeus, who hypothesized that rays from 

the eyes interact with objects creating vision. In contrast, Aristotle and Claudius 

Galenus later hypothesized that objects emit rays that interact with the eyes and 

create vision. However, it wasn’t until the 1030s when Ibn al-Haytham refined 

the theory of vision into our current understanding that light rays are reflected 

from objects and intercepted by the eye, and vision perception is ultimately 

performed in the brain [7]. 

 The development of the operative microscope occurred in stages and, 

based on historical literature, originally stemmed from the spectacles [8]. Tuscan 

physicist Galileo Galilei modified the telescope design by Hans Lippershey, Hans 
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Janssen, and Zacharias Janssen in 1610, creating the now referred to “Galilean 

system” by using a concave and convex lens assembly [8], [9]; this is in contrast 

to the “Keplerian system” in telescopes that use a pair of convex lenses [10]. 

Literature suggests that Lippershey and the Janssens’ created the first 

microscope in 1590 by reversing the idea of a telescope [11]. Further 

modifications included those by Galileo and his colleague Giovanni Faber, the 

first to coin the term “microscope”, and Robert Hooke who used the microscope 

to identify the “cell” [8], [12]. Capuchin Pere Cherubin d’Orleans developed the 

first binocular microscope in 1671 which has been improved over the years by 

reducing spherical and chromatic aberrations, better ergonomics, and 

functionality [8], [13]. Anton von Leeuwenhoek, arguably one of the most common 

names associated with the microscope, was known for creating the best lenses 

during the era [14]. Eventually, Carl Friedrich Zeiss and Ernst Carl Abbe became 

the well-known names in microscopes owing to their significant advancements in 

the technology and toward the operative microscope [12], [15]–[20]. 

 The first use of the operative microscope in neurosurgery was in 1957 at 

the University of Southern California, Los Angeles. From this point forward, Zeiss 

began developing iterations of operative microscopes that improved image guided 

surgery and addressed criteria set forth by Barraquer and colleagues [21]. Today, 

Zeiss and Leica are the primary manufactures of advanced operative microscopes 

for neurosurgery. Leica has introduced new imaging systems that can integrate 

fluorescence imaging for enhanced tumor visualization and vascular angiography 

(e.g., Leica FL800 and GLOW800). Zeiss has developed their newest operative 

microscope (i.e., OPMI PENTERO 900) that can project standalone synthetic 

information into the eyepieces of the microscope. The continual advancements in 
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neurosurgical practices combined with the demand for improved image guided 

surgery technologies have helped with the evolution of the advanced operative 

microscope. Newer developments have focused on combining various imaging 

modalities within the operative microscope such as in the application of 

augmented reality, and also, the main area of focus discussed here in this 

dissertation work. 

Augmented Reality 

Augmented reality (AR) is defined as overlaying synthetic, computer 

generated or digital information on the real-world environment [22]. This is most 

commonly associated with visual systems, but the idea can be applied to any 

sensory modality so long as the real-world portion is retained. Augmented reality, 

also sometimes referred to as mixed reality, is different compared to virtual reality 

(VR) where the entire scene is synthetic or digital. Therefore, AR alters the 

perception of the real world while VR replaces the real world with a synthetic one. 

The visual AR modality is the focus of this work and will be referred to as simply 

AR from here forward. The technology was originally developed from military 

applications, but it is now becoming more inexpensive and accessible to the 

general public as evidenced by the growing market of augmented reality 

consumer products including Google Glass and other AR systems [23], [24]. 

Current AR Technologies for Consumer Market 

AR typically functions with a see-through display combined with a 

projection technology that projects synthetic information into the visual path. 

The consumer market for AR products has grown considerably in the last decade 

and is expected to reach a $117.4 billion market by 2022 [25]. An abridged list of 
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current consumer technologies that use AR is given in Table 1.1 to provide an 

example of the various options available and their current advancement in the 

technology marketplace. Some of these designs are standalone units that 

function with AR (i.e., Google Glass, HoloLens), and others are designed to 

function with an existing pair of personal glasses (i.e., Vara Vision) or as a contact 

lens [26], [27]. In any case, the technology is becoming easier to manufacture, 

smaller, and less expensive, making it more available to the general public. Even 

with the advancements made thus far in AR, many of these applications are 

focused on the consumer gaming market [28]–[30].  

 

Table 1. 1: Abridged list of current AR technologies. 

AR PRODUCT APPLICATION FOCUS 

Microsoft HoloLens Interactive AR headset 

Google Glass 
Ergonomic and productivity 

improvements 

Magic Leap Lightwear Open access SDK for developers 

Vuzix Blade AR 
Smart glasses for seamless 

integration 

Optinvent Ora-2 Wearable mobile tablet 

Garmin Varia Vision Attachment to glasses 

Everysight Raptor Smart glasses designed for cycling 

ODG R-7 Smartglasses Productivity enhancement 
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Epson Moverio BT-300FPV Drone Ed. 
UAV integration for first-person 

visual environment 

Meta 2 Interactive hologram 

Solos Active lifestyle focus 

 

Current AR Technologies in Medicine 

Many applications of AR in medicine have only been researched more 

recently, and the medical environment creates added challenges for design, 

manufacturing, and final market approval for clinical use [3], [31]–[44]. This 

constrains AR in medicine to a slow evolution, and the value will continue to be 

discovered as the paradigm shift occurs to more advanced image guided surgery 

systems.  

Within the medical environment, AR can be a valuable tool for clinicians 

when practicing medicine. The fundamental principle of augmenting the real-

world environment can provide clinicians with more pertinent, on-demand 

information for improving diagnostic and therapeutic capabilities. This has 

previously been demonstrated by other research groups in the format of wearable 

goggles and other fully digital technologies but has not yet reached complete 

integration into a standard microscope setting [31], [34], [45], [46]. In the 

operating room environment with an operative microscope, such as in 

neurosurgery, the surgeon readily visualizes the “real” surgical field through the 

optical system. However, other synthetic information, for example, pre-operative 

magnetic resonance imaging (MRI) or computed tomography (CT) data, could be 

presented on top of the real optical image to enhance visualization and decision 
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making for the surgeon. A major benefit of AR implemented within the microscope 

setting for neurosurgeons is to enable instant access to pertinent information 

during surgical procedures that otherwise would require a shift in focus away 

from the surgical field. This can be applicable to various neurosurgical 

procedures including vascular repair and tumor resection.  

Cerebrovascular Abnormalities  

Cerebral aneurysm and arteriovenous malformations (AVMs) are two 

examples of cerebrovascular abnormalities of serious concern in neurosurgery. 

These abnormalities can produce severe consequences if not corrected including 

intracranial hemorrhages and epileptic seizures [47]. An aneurysm is a 

ballooning of the vessel wall, and an AVM is a lesion consisting of a chaotic 

collection of abnormally tortuous vasculature [48]. Surgery is often one available 

route for correction which uses IGS technologies including the operative 

microscope and a contrast agent dye. 

The potential benefits of AR in the medical setting is readily noticeable 

during neurosurgical procedures when NIR fluorescence is used to assess the 

cerebrovasculature, otherwise known as vascular angiography or 

videoangiography. Indocyanine green (ICG) is currently the only NIR fluorescent 

contrast agent approved by the Food and Drug Administration (FDA) and 

commonly used for visualizing and assessing the cerebrovascular environment. 

The structure of ICG is shown in  Figure 1. 1. Originally intended for use in 

ophthalmic procedures to visualize retinal vessels, ICG is commonly used today 

in neurosurgery during vascular procedures including repair of aneurysm and 

vascular malformation. 
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Figure 1. 1: Chemical structure of indocyanine green (ICG). ICG is currently the 

only FDA approved NIR contrast agent. The excitation and emission wavelengths 

are 780 and 820 nm, respectively. The dye is hydrophobic resulting from the 

highly aromatic structure. 

 

 ICG is typically administered intravenously (IV) to a patient for assessing 

the outcome of cerebrovascular procedures. In example, during cerebral 

aneurysm repair, a clip is positioned on the neck of the aneurysm to occlude 

blood flow into the aneurysmal sac thereby preventing future rupture [49]–[55]. 

The ICG dye is administered through the patient’s IV access port and imaged 

using a special camera that may or may not be integrated into the operative 

microscope. In the former, the microscope is switched from standard white-light 

imaging to the NIR fluorescence capability, and the NIR fluorescence images are 

visualized on a standalone computer monitor beside the patient. The acquired 

image contains solely black and white fluorescence information and does not 

include any visible spatial cues. Therefore, the surgeon is required to mentally 

register the NIR fluorescence information on the monitor to the real surgical field 

visualized using the microscope. Additionally, this disconnection between the 
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operative microscope and NIR fluorescence imaging prevents surgeons from 

simultaneous anatomical manipulation and visualization of angiography data 

during ICG injection. Therefore, it is advantageous to bridge these two imaging 

modalities into one complete system that operates in real-time and presents 

properly coregistered information to the surgeon within the oculars of the 

operative microscope. 

 The benefit of this technology will be readily apparent in complex vascular 

environments. However, the idea of augmented microscopy is not specific to any 

one procedure and can be applied to other pathologies that require surgical 

intervention and can benefit from improved image guidance. Remaining focused 

on the brain, augmented microscopy may demonstrate unmatched potential for 

improving surgical image guidance and visualization during brain cancer 

surgeries. 

Brain Cancer 

Each year there are approximately 98,000 to 170,000 new cases of 

metastatic brain tumors, originating from lung, breast, and melanoma, with the 

5-year survival rate of just 2.4% [56]–[58]. There were an estimated 22,850 new 

primary grade IV brain tumor cases in the US in 2015 as reported by the NIH 

SEER. Although not a large number compared to total cancers, the 5-year 

survival rate of this particularly insidious cancer remains around 30%. As 

represented in Figure 1. 2, the incidence and mortality of patients diagnosed 

with brain cancer has remained stagnant over the last two decades which 

suggests that no major advancements have been made in the successful 

treatment or prevention of brain cancer. The American Brain Tumor Association 
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indicates that prognosis decreases significantly when staged as a Grade IV 

anaplastic astrocytoma where median survival is 2-3 years, and more aggressive 

glioblastoma multiforme (GBM) can decrease median survival to less than 14 

months. These statistics account for standard treatment protocol of surgery 

followed with adjunct chemotherapy and radiation. GBM accounts for 

approximately 80% of all primary brain tumors in adults and can present in many 

locations including the cerebral hemispheres [48]. One of the limitations to 

current surgical treatment is boundary delineation, and accurately identifying 

tumor margins remains of paramount importance during surgical resection of 

cancerous tissue. The superior vascularization of malignancies and increased 

vascular permeability compared to normal vessels provides for increased uptake 

of exogenous contrast agents within the tumor tissue compared to surrounding 

normal tissue. NIR fluorescent contrast agents have increased in popularity for 

biomedical applications partly for their ability to uptake into tumor tissue and 

improve contrast at the tumor margins [59]–[61]. The use of NIR luminescent 

dyes allows for increased depth penetration and detection from the minimal 

interaction with biological tissue [62]. This rising interest in NIR fluorescence 

imaging for biomedical applications is driving the development of new agents and 

improved imaging technologies. 
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Figure 1. 2: Incidence of brain and other nervous system cancers in patients 

between 1975 – 2014. In 2014, it was estimated that 162,341 people were living 

with brain and other nervous system cancer in the US. (Source data from 

National Cancer Institute, Surveillance, Epidemiology, and End Result Program; 

Cancer Stat Facts: Brain and Other Nervous System Cancer, 2014) 

 

 State of the art image guidance technologies and therapeutic strategies are 

of paramount importance for improving the outcomes of surgical procedures. 

Brain cancer has a high morbidity in part because of the difficult and incomplete 

resection margins [63]. This can be attributed to two main impediments: inability 

to visualize the tumor tissue completely, and inadequate techniques for resection 

of the tumor tissue. GBM, considered the most aggressive and difficult to treat 

brain cancer, is highly invasive and grows diffusely with ‘finger-like’ projections. 

While there is positive correlation between better resection margins and improved 

prognosis, identifying tumor margins is extremely difficult [64]. The diffusivity of 

GBM creates the need for better diagnostic imaging techniques that can highlight 

these margins. Additionally, there also exists a need for improved treatment 

strategies to aid in more complete removal or even eradication of the tumor tissue.  



 28 

Near-Infrared Fluorescent Contrast Agents 

Near-infrared fluorescence has gained in popularity for medical 

applications for the advantageous characteristics working within this portion of 

the electromagnetic (EM) spectrum. When searching published literature in the 

PubMed database with keywords including “NIR fluorescence”, “surgery”, and 

“brain”, there has been a noticeable increase in related research and clinical trials 

as demonstrated in Figure 1. 3. Absorption and scattering are reduced in 

biological tissues within the range of 700-1200 nm, and the concern of 

autofluorescence is minimized. Despite the many advantageous to working with 

NIR fluorescence, there are few contrast agents available for this energy range, 

and even fewer are available for clinical application. Specifically, ICG is the only 

FDA approved NIR fluorescent contrast agent. To further emphasize the 

limitation, the clinical instructions for use for ICG are focused on specific 

indications approved by the FDA. Despite these limited indications, ICG is often 

used “off-label” (i.e., non-FDA indication for use) to enhance visualization during 

procedures. However, there are many NIR fluorescent dyes in the pipeline that 

will hopefully gain FDA and other foreign market approvals, thereby improving 

the selection of such dyes for clinical application [41], [42], [65]–[67]. NIR contrast 

agents that have been approved for use in markets outside the United States will 

hopefully aid in quicker FDA approval.  
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Figure 1. 3: Increase in NIR fluorescence brain surgery research. Derived from 

searching PubMed database. Keywords included “NIR fluorescence”, “surgery”, 

“brain”. 

 

In addition to standard fluorescence of dyes, there are many new 

technologies and applications that focus on more exotic fluorescence imaging 

methods in vivo including multiphoton fluorescence and other nonlinear optical 

techniques. Many of the multiphoton techniques use NIR incident light to enable 

luminescence at a shorter wavelength for detection. Contrast agents that support 

such nonlinear phenomena will also be advantageous for imaging in a biological 

setting. 

Plasmon Resonant Liposome Nanoparticles 

Nanomedicine has emerged as an active field of research and aims to 

improve medical diagnosis and treatment using tools of the nanoscale (10-9) size. 

The nano size range can produce unique physical phenomena that are neither 
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described completely by the bulk nor the molecular properties for the specific 

material. Rather, unique effects can arise that are specific to working within the 

nano scale. However, one major concern of nanomedicine with respect to medical 

use of nanoparticles are the potential harmful effects that may exist including 

absorption, distribution, metabolism, and excretion (ADME) [68]–[72]. Many tools 

of nanomedicine are involving the use of heavy metals including gold and silver 

that can be toxic if not excreted from the body [73]–[75]. 

 Plasmon resonant liposomes are a novel tool of nanomedicine that enable 

a plethora of therapeutic and/or diagnostic applications, often termed 

theranostic. The liposomes are synthesized via high pressure filter extrusion and 

subsequently coated with individual clusters of gold through a chemical 

reduction process with gold-chloride and ascorbic acid [76]. The reduced gold 

creates a pseudo shell, in contrast to a contiguous shell, and enables the plasmon 

resonant capabilities. Owing to their biological platform, these liposomes are 

capable of degradation down to 5.5 nm clusters thereby enabling possible 

excretion via the renal system [1]. This degradation pathway would address the 

common concern of excretion and toxicity in the nanomedicine community. 

 The liposome has been used as a drug delivery vehicle in the clinical 

setting [77]–[80]. However, these clinical versions of liposomes are solely to delay 

release of the drug and reduce side effects commonly associated with large 

systemic administered doses. The plasmon resonant liposomes are unique in that 

they enable activated content release [76]. These nanoparticles contain a plethora 

of other capabilities and applications [76], [81]–[85]. Presented here is their use 

in vivo as a contrast agent and their potential for photothermal ablation (PTA), 

the intense heating of the nanoparticle to ablate surrounding tissue. 
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Summary of Dissertation and Research Aims 

The primary goal of this work is aimed at improving surgical image 

guidance through the development of a novel imaging modality, augmented 

microscopy, and combining it with NIR fluorescence. Three aims were created to 

address this goal, corresponding to Chapters 2 – 4: 

Aim 1: Design and development of the augmented microscope for real time 

visualization of both NIR fluorescence and visible light (Chapter 2). 

Aim 2: Characterization and demonstration of augmented microscopy 

using in vitro and in vivo experimental techniques (Chapter 3). 

Aim 3: Development of a novel therapeutic contrast agent for augmented 

microscopy (Chapter 4). 

Chapter 2 describes the continual design and development of the 

augmented microscope. Two iterations are outlined starting with the proof-of-

concept and ending with the most recent clinical imaging system. The primary 

goal of this aim was to develop an imaging system that will augment the standard 

operative microscope and provide improved image guidance during NIR 

fluorescence videoangiography. 

Chapter 3 discusses the performance of the augmented microscope and 

provides both in vitro and in vivo demonstrations of the technology. Important for 

validating the performance of the imaging system, acceptable experimental 

methods were used to characterize the optical system. The augmented 

microscope was used to guide surgical procedures in small animal models that 

served to mimic clinical examples. 
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Chapter 4 focuses on plasmon resonant liposomes, a novel nanoparticle 

that can act as a theranostic agent. This research aims at investigating the optical 

properties of plasmon resonant liposomes and their use as a therapeutic and/or 

diagnostic tool that can be visualized using augmented microscopy. Their specific 

construction method can enable many different uses including activated drug 

delivery, use as a contrast agent, and therapeutic capabilities. Specifically, their 

gold-coated exterior creates an area of asymmetry that subsequently produces 

nonlinear optical phenomena upon illumination with NIR light. 

Chapter 5 will conclude this dissertation and discuss preliminary results 

regarding the theranostic potential (having both diagnostic and therapeutic 

capabilities) of plasmon resonant liposomes including PTA. Future directions will 

be discussed highlighting potential directions and implications for this research. 
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CHAPTER 2: DESIGN AND DEVELOPMENT OF THE AUGMENTED 

MICROSCOPE FOR REAL-TIME VISUALIZATION OF BOTH NIR 

FLUORESCENCE AND VISIBLE LIGHT 

Introduction 

NIR fluorescence imaging is becoming a prevalent tool for image guidance 

during surgery [62], [86], [87]. In these applications, fluorescent agents are 

introduced during surgery to enhance contrast of the operating field to improve 

delineation of anatomical features. ICG is currently the only FDA-approved NIR 

contrast agent that is commonly used in such applications. Approximate 

wavelengths of ICG absorption and emission are 780 and 820 nm, respectively, 

a desirable spectral range for biological applications which minimizes scattering 

and absorption interactions and maximizes imaging depth [88]. In neurovascular 

surgery, ICG is often intravenously administered to evaluate blood flow and the 

vascular environment [89]. ICG has also been used to better delineate cancerous 

from normal tissue due to extravasation of dye into tumor tissue [90]. Certain 

surgical specialties, most notably neurosurgery, extensively use surgical 

microscopes – highly specialized stereomicroscopes installed on articulated 

mounts and providing a long working distance, multiuser access, and certain 

functional enhancements [91]–[94]. Implementation of NIR fluorescence imaging 

in these applications creates the added challenge of merging various imaging 

modalities within one format that is both familiar and beneficial to the 

neurosurgeon. 

To facilitate some of the intraoperative NIR imaging techniques, 

fluorescence videoangiography can be integrated into surgical microscopes (e.g., 
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Zeiss OPMI Pentero Infrared 800, Leica FL800) routinely used during complex 

vascular surgeries. These commercial microscopes feature a switchable design 

where the surgeon is required to switch from the fully optical bright-field view to 

the fully electronic projection of NIR fluorescence within the ocular or onto a 

liquid-crystal display (LCD) monitor. The NIR image alone lacks the spatial cues 

that would normally help the surgeon identify anatomical points of reference and, 

therefore, the surgeon mentally registers fluorescence in the NIR image to the 

respective structure(s) in the bright-field view. Several research-stage devices aid 

in intraoperative visualization of NIR fluorescence [95]–[99]. However, none of 

these are capable of real-time display of the merged NIR and bright-field 

stereoscopic images [100]–[102]. The augmented microscope uses an optical 

technology to produce a simultaneous view of the surgical field (real object) and 

computer-processed NIR fluorescence (synthetic object) superimposed in real 

time (Figure 2. 1) [2], [4], [103]. Using a newly completed prototype of this device, 

we have demonstrated fluorescence angiography with augmented microscopy 

enhancement (FAAME) in animal models [3]. In cerebrovascular surgeries 

performed to resolve aneurysm and arteriovenous malformations, intraoperative 

fluorescence angiography is applied to assess blood flow and vessel patency. The 

augmented microscope was capable of producing a composite image in which 

fluorescence of ICG presented in false color helped localize vessels, branching 

points, and direction of flow under full white light illumination of the surgical 

field [3]. With cerebrovascular surgeries routinely performed under specialized 

stereomicroscopes, this demonstration provides a relevant example of how the 

augmented microscope improves intraoperative diagnostic assessment within the 

standard configuration of the surgical stereomicroscope. The design and 
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development of the augmented microscope has been in conjunction with the 

division of neurosurgery at the University of Arizona. Therefore, future 

description of microscope development will be focused on neurosurgery practices, 

but the technology may be applicable to many other surgical procedures.  

 

 

Figure 2. 1: Augmented microscopy. Representation of augmentation within the 

oculars of a stereomicroscope during vascular angiography between white light 

and false-colored NIR fluorescence (green). This representation is symbolic of the 

image seen by the surgeon when looking into the eyepieces of the augmented 

microscope. 

 

Described here is the continued development and detailed design of the 

augmented microscope. This technology is also patented in the United States 

bearing publication number US-2018-0024341-A1 (Appendix B). The imaging 

system includes augmentation in one of the two optical paths of the 

stereomicroscope. This chapter is broken into two main sections: the first 
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discusses the initial proof-of-concept (version 1.0), and the second discusses 

current implementation of the clinically focused version of the augmented 

microscope (version 2.0). In the latter, much work has focused on addressing 

challenges observed in the original POC system. The chapter will conclude with 

the current development status of the augmented microscope. 

Materials and Methods 

Version 1.0: Proof-of-Concept Augmented Microscope 

Original development of the augmented microscope aimed at basic POC 

design and development. Briefly, to perform augmented microscopy, the standard 

optical path of the stereomicroscope must remain patent to allow white light 

transmission. The design was focused on augmenting NIR fluorescence imaging 

into the imaging system. Therefore, it was necessary to provide appropriate 

excitation source(s) and detection sensor(s) with filters, mirrors, and lenses to 

manipulate light within the microscope body, while not affecting the white light 

transmission. To provide the co-registered overlay in real-time within the oculars, 

a projection device and appropriate optical system was necessary to merge the 

false-colored NIR images with the white light path of the microscope. 

Prototype Design 

For demonstration of augmented microscopy, a stereomicroscope of the 

common main objective, or the Galilean, type was modified. This design, common 

in surgical microscopes, produces two parallel beams of collimated light so 

various optical modules, such as filters or beam splitters, can be inserted into 

the optical pathway. Without loss of generality, we provided augmentation to one 

of the two optical paths of stereovision. The prototype utilizes an Olympus 
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modular stereomicroscope (SZX7, Olympus, Center Valley, Pennsylvania). A 

custom augmentation module was designed to integrate the bright-field image 

with a processed image of NIR fluorescence within the optical path of the 

stereomicroscope (Figure 2. 2). The visible (bright-field) and NIR fluorescence 

images are acquired through the same optical system and overlaid in real time, 

ensuring correct spatial and temporal coregistration of the composite image 

presented to the user through the ocular of the microscope. 

 

 

Figure 2. 2: Optical schematic of augmented microscope (version 1.0). Current 

prototype provides augmentation in the right ocular. Light paths are designated 



 38 

by lines and arrows and labeled as VIS, NIR, and/or GRN. Figure used with 

permission from Watson et al., 2015. 

 

 As shown in Figure 2. 2, NIR excitation is provided by a 160 mW 780 nm 

light-emitting diode (LED, M780L2, Thorlabs, Newton, New Jersey) mounted on 

the left optical path of the microscope. The collimated NIR light passes through a 

short-pass filter (793AESP, Omega, Brattleboro, Vermont), removing longer 

wavelengths produced by the LED, then reflected down the left optical path 

toward the operating field via a dichroic mirror (730DCSP, Chroma, Bellows Falls, 

Vermont). The microscope uses a 1x NA 0.10 objective lens (DFPLAPO 1x, 

Olympus). Near-infrared fluorescence signal is collected through the right optical 

path, where it passes through two 50/50 beam splitters, passes through an 

emission band-pass filter (840HBP50 EM, Omega), and, finally, is detected using 

a scientific complementary metal oxide semiconductor (CMOS) camera (ORCA-

Flash4.0, Hamamatsu, Hamamatsu City). The CMOS camera is attached to the 

microscope via an adapter (U-TV0.5 XC-3, Olympus). The NIR fluorescence 

imaging is processed via computer software (HC Image, Hamamatsu) and 

projected back into the right ocular path using an 800 x 600 pixel monochromatic 

green organic light emitting diode (OLED) (Green OLED-XL, eMagin, Bellevue, 

Washington) controlled by monocular interface and design kit (IDK) EMA-200002 

(eMagin). The IDK board utilizes a microchip PIC16F876, and a reprogrammable 

CMOS flash microcontroller, The board acts as the interface between analog VGA 

(640 x 480 pixels) or SVGA (800 x 600 pixels) video signals (with RS 232and 

composite ports also available) and the eMagin SVGA OLED microdisplay. The 



 39 

board automatically determines the frame rate and provides user-controlled 

adjustments of image orientation and luminance in 255 steps. The OLED is 

coupled to the system using SM1 lens tube components (Thorlabs). A custom 

holder for the OLED was printed using a three-dimensional (3-D) printer 

(Objet350 Connex, Stratasys, Eden Prairie, Minnesota). This holder, placed at the 

far end of the lens tube, allows for ± 1.5 mm lateral adjustment to enable 

adjustment and alignment for image coregistration. Moving toward the 

microscope body, a plano-convex lens, diameter 25 mm, focal length 100 mm, is 

placed in the lens tube at approximately the focal length from the OLED array. 

The adjustable lens tube length enables formation of the OLED image at the 

intermediate image plane within the optical path of the microscope. Finally, a 

custom-made adapter is used to mechanically couple the lens tube to the 

accessory port of the beam splitter module. 

Image processing creates the false color image and corrects its spatial 

placement for coregistration. This monochromatic synthetic image representing 

NIR fluorescence is combined with the real (or bright-field) image of the surgical 

field of view using the 50/50 beam splitter, yielding the composite image 

presented in the right ocular. The monochromatic OLED provides for high image 

intensity and desirable overlay color. Bright-field illumination of the surgical field 

is provided by a metal halide-based ring illuminator (Fiber Lite MH-100, Dolan-

Jenner Industries, Boxborough, Massachusetts) with an NIR blocking short-pass 

filter (SP OD4 675 nm, Edmund Optics, Barrington, New Jersey), and a set of 

LED lamps with 800 lm output, 86 CRI, 4000K (16P30S/840FL32, Toshiba, 

Irvine, California), representative of lighting conditions within the operating 

room. Each ocular is fitted with short-pass filters (E700SP, Chroma) to protect 
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the user from transmitted NIR light. The microscope has been fitted onto a Zeiss 

OPMI surgical microscope stand (Figure 2. 3). Visible, NIR, and augmented 

images are also displayed on the two high-definition monitors. The total weight 

of the microscope head (without the stand) before modifications required for 

augmentation of images is 2.6 kg. With all the accessories added, the weight of 

the microscope head is 4.8 kg. For comparison, Zeiss Pentero allows for the total 

weight of accessories up to 6 kg.  

 

 

Figure 2. 3: Augmented microscope POC design (version 1.0): (a) on a stand with 

extendable arm and motorized telescoping base; (b) close-up view of 

augmentation module with equipment labels. Figure used with permission from 

Watson et al., 2015. 

 

Version 2.0: Clinical Augmented Microscope  

 Many changes have been made to the clinical augmented microscope that 

were aimed to address the challenges and limitations observed in the POC. The 
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clinical augmented microscope was developed with the intention of obtaining 

Institutional Review Board (IRB) approval for use in the clinical setting. Therefore, 

some changes that were implemented were focused on ensuring appropriate 

clinical use. The fundamental principles and overall optical manipulation design 

were translated to the clinical version, and other changes were aimed at 

improving functionality and ergonomics for clinical application. 

Clinical Augmented Microscope Design 

The continual development of the augmented microscope was translated 

into a clinically focused imaging system referred to as the clinical augmented 

microscope (version 2.0). Current implementation of the augmented microscope 

is based on the ongoing development from the POC. It uses a surgical Ear, Nose, 

and Throat (ENT) microscope body and stand (Prima ENT, Labo America, Inc., 

Fremont, CA) (Figure 2. 4) and meets optical and ergonomic standards that are 

expected in the clinical setting (i.e., working distance, depth of focus, white light 

flux, maneuverability). This microscope retains the Galilean optical design, with 

two parallel optical paths for stereovision, that enables a modular augmentation 

module to be inserted into the optical path. The modified single module design 

was focused on allowing stereoscopic augmentation capabilities in the new 

surgical microscope (Figure 2. 5). The microscope was fitted with a custom-built 

computer that would allow for advanced video processing if necessary. The 

computer is powered with a 520 W power supply (Seasonic S12II 520 Bronze) and 

assembled with an ATX motherboard (ASRock Z270 Killer SLI/AC LGA 1151), 

Intel Core I7-6700 processor (FC-LGA14C 3.40 GHz 8 M LGA 1151), CRYORIG 

H7 tower cooler, and 32 GB of RAM memory (G.Skill DDR4-2133 16GBx2). The 

operating system and all functional software are loaded onto a 500 GB SSD 



 42 

(Samsung 850 Evo 2.5” SATA III SSD) and all long-term file storage is loaded onto 

a 3 TB hard drive (Seagate Barracuda 7200.14 ST3000DM001). All of these 

components were installed into an NZXT H230 case. A large touch-screen 

monitor (Planar Helium PCT2785 27”) was mounted on the stand for providing 

seamless operation in a clinical environment. The monitor was attached to the 

stand via a VESA 75/100 pole mount with swing and swivel function ordered on 

Amazon. Longer screws were purchased separately to accommodate the large 

diameter stand post. A Tripp Lite 6-outlet medical grade power strip was attached 

to the stand via the Tripp Lite PSCLAMP. These clamps were further machined 

from their standard configuration to accommodate the large diameter stand post. 
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Figure 2. 4: Clinical augmented microscope (version 2.0). Original ENT 

microscope that has been modified with the augmentation module, computer, 

and touch-screen monitor. 

 

 

Figure 2. 5: Clinical augmentation module. (a) Side-view of the microscope body 

with augmentation module cover removed exposing internal optical mold 

assembly. (b) SolidWorks projection of augmentation module with cover removed. 

(c) SolidWorks projection of augmentation module with cover installed. 
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The new module was designed using SolidWorks and machined from 

aluminum (Figure 2. 5). The design retained functionality of the standard 

attachment mechanism native to the surgical microscope. Using 3-D printing 

technology (Stratasys), a custom mold was created for aligning and mounting the 

necessary optical assembly (Figure 2. 6). Attached to the custom module was the 

CMOS sensor for detecting NIR light (ORCA-Flash4.0, Hamamatsu), the NIR LED 

for fluorescence excitation (M780L2, Thorlabs), and the projector for introducing 

the synthetic image into the optical path and eyepieces (DLP2010, Texas 

Instruments). The optical assembly was modified slightly from the original POC 

for specific application into the new microscope and for allowing stereoscopic 

augmentation capabilities by installing a mirror image of the optical mold in the 

other light path (Figure 2. 7). 3-D manipulation of the light path was necessary 

to move the left/right optical path of NIR light to the centerline of the microscope 

for imaging onto the CMOS sensor. A simple translation of the light path was not 

possible because the diameter of the collimated path (19 mm) was larger than the 

required translation distance (11.25 mm). Besides the dimensional limitation, the 

optical mirrors used to perform this translation would block parts of the optical 

path as demonstrated in Figure 2. 6. The prism assembly moves the NIR light 

path in 3-D to reach the centerline of microscope and subsequently the CMOS 

sensor. The assembly was created using NA matched UV adhesive (NOA61, 

Thorlabs) with right-angle prisms (BK7, external aluminum reflector, Knight 

Optical) and a 4 mm thick window (BK7, Knight Optical). This optical design also 

allows for stereoscopic augmentation capability by allowing both the left and right 

optical paths to reach the CMOS sensor. The fluorescence excitation source (780 

nm LED) was mounted in the back of the module and the light collected using a 
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-50 mm focal length lens which matched the focal distance of the objective for 

ensuring proper collimated illumination. A filter (793AESP, Omega) was placed 

in the LED light path to limit spectral output to below 800 nm. A dichroic mirror 

(730DCSP, Chroma) was placed in the optical path to reflect the NIR excitation 

source down toward the surgical field while also filtering the fluorescence 

emission light and directing it toward the CMOS sensor. Another dichroic mirror 

(FF791-SDi01, Semrock) was used to separate the fluorescence excitation and 

emission light appropriately and direct the emission toward the CMOS sensor 

mounted on top of the module. A specific bandpass filter (FF01-842/56-25 BP, 

Semrock) was used to further filter the signal to only the characteristic ICG 

emission wavelengths, and a 150 mm focal length lens was used to focus the 

fluorescence image onto the detector. The lens was glued to the first surface of 

the prism assembly. The CMOS detector was attached to the module via a 

telescoping lens tube (SM1ZM, Thorlabs) that enabled fine adjustments for 

ensuring complete focus of the fluorescence image. The synthetic image was 

injected into the collimated optical path via a digital micromirror device (DMD) 

projector, lens (f = 100mm), neutral density filter (ND 4.0), and beam splitter 

(30R/70T, Chroma) for merging with the real, white light image path. 

A color CMOS camera was attached via a standard beam splitter module 

purchased from the microscope manufacturer and mounted above the 

augmentation module to collect real-time video of the procedures. The controller 

for the fluorescence excitation LED was mounted onto the right side of the 

augmentation module for direct access and quick adjustment as necessary by 

the surgeon. The control electronics for the DMD projector were mounted on the 

bottom of the augmentation module using a custom machined bracket. Reference 
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Appendix D for a complete operating protocol for the clinical augmented 

microscope. 

 

 

Figure 2. 6: 3-D printed optical mold and prism. (a) Front-outside view showing 

prism location and prism assembly with ray tracing. (b) Back-inside view showing 

light paths: Light red is LED emission, dark red is fluorescence emission, blue is 

white light, and green is augmented image. (c) Augmentation module drawing 

showing the impossibility of simple optical path translation in two dimensions 

toward the microscope centerline. BS: beam splitter; DCSP: dichroic short pass; 

DMD: digital micromirror device; LED: light emitting diode.  
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Figure 2. 7: Optical schematic of clinical augmented microscope module. Figure 

represents a side-view of the microscope configuration. Line colors/patterns 

represent different frequencies of light and the path traveled within the 

microscope. Light red/long dash is NIR excitation, dark red/short dash is 

fluorescence emission, blue/solid line is visible light, and green/solid line is the 

augmented image from projector. 

 

Results 

The augmented microscope was originally developed to simultaneously 

overlay visible and false-colored NIR images within the eyepieces in real-time. 

This was performed with novel optical design and implementation of the 
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appropriate detector and projector systems. The CMOS detector was chosen for 

its extended spectral efficiency in the NIR spectrum, resolution, and frame rate 

capabilities. The development of the augmented microscope was focused on NIR 

fluorescence imaging of ICG, and as such, was optimized for this spectral window 

with filters that function in the respective NIR region. However, the optical design 

remains modular, and filters can be interchanged to match spectral 

characteristics for specific contrast agents of interest. Throughout the design and 

development process, changes have been implemented to address challenges and 

limitations observed through use and experimentation. The current realization of 

the augmented microscope utilizes a clinical ENT surgical microscope that has 

been modified to enable augmented microscopy. The augmentation module was 

custom designed to enable a single plug-and-play function. The augmented 

microscope was capable of real-time imaging under standard lighting conditions 

experienced in an operating room setting. 

Discussion 

The engineering behind the POC was focused on modifying parts of the 

Olympus stereomicroscope to attach appropriate hardware for augmentation. 

These modifications enabled the attachment of standard Thorlabs optical parts 

for ease of access and prototyping. Throughout the design process, changes were 

made to ensure further advancement and capabilities of the augmented 

microscope. 

Challenges with Proof-Of-Concept 

After the initial development of the POC augmented microscope, certain 

challenges were identified and addressed. These challenges were discovered 
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during characterization and performance analysis and through in vivo 

demonstrations of the technology. The major areas for improvement included 1. 

Improved ergonomics for microscope positioning, orientation, working distance, 

and depth of focus; 2. Improved contrast between real and synthetic images 

presented within the eyepiece; 3. Combine augmentation module into one, single 

“plug and play” package.  

 The version 1.0 system used the standard Olympus stereomicroscope that, 

due to the optical design, had a short working distance and shallow depth of 

focus. This was readily apparent upon use and demonstration, and these 

limitations made using the system difficult. At times, the surgeon was not able 

to place the microscope in a comfortable or desirable position for visualizing the 

appropriate region of interest. In addition, the short working distance made using 

surgical tools under the device challenging and not ideal. The shallow depth of 

field made it difficult to see the entire surgical field as only a small slice of the 

FOV was in focus. This also made it difficult to capture good representative 

images of the procedure for demonstration and archiving. 

 The augmented microscope had the metal halide illumination system that 

was comparable to the operative microscope in white light output. When set to 

maximum light output, the white light intensity was far greater than that of the 

OLED synthetic image. This reduced contrast between the real and the synthetic 

images in the ocular making it difficult to see augmentation. At times of use and 

demonstration, it was necessary to reduce the white light output to retain 

adequate contrast between the augmented images in the microscope for 

visualization. 
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The initial prototype had the NIR sensor and primary augmentation 

module separated and attached to the microscope in different locations. This was 

an inherent limitation to the POC device due to microscope design. Combining 

all the necessary tools and optics into a single augmentation module will further 

simplify the use of this technology with other microscope systems. By 

encompassing all necessary hardware and electronics into a single module, this 

technology can be inserted into other microscopes that have a Galilean optical 

design for enabling augmented microscopy. These challenges were addressed in 

the continued development of the version 2.0 clinical augmented microscope. 

Technology Advancements 

The clinical augmented microscope successfully implemented a single, 

custom augmentation module. The combination of all hardware into a complete 

package made implementation into standard Galilean optical systems a 

realization. There were challenges associated with the new optical system in the 

surgical microscope that enable longer working distances and improved depth of 

focus (i.e., low NA optics and long focal length objective). These specifications are 

in contrast to those for fluorescence microscopy where high NA optics are 

typically desired. Therefore, the optical system for augmentation in the clinical 

system needed to focus on light throughput efficiency to retain sensitivity to 

fluorescence capture. This was performed using primarily dichroic mirrors that 

enabled minimal light splitter but rather redirecting the appropriate frequencies 

within the imaging system. The single use of a beam splitter was solely to 

recombine the false-colored NIR image with the white light, and this did not affect 

the sensitivity to NIR fluorescence emission signal. 
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As specified above, a CMOS detector was used for imaging NIR 

fluorescence. Another option for NIR detection is the electron multiplying charge 

coupled device (EMCCD). This detector is more sensitive and can be adjusted to 

enhance detection efficiency of the weak NIR signals. However, the camera itself 

is large and heavy and requires a separate power supply module, and these 

specifications led to the choice of using the smaller, more compact CMOS camera 

system. Either camera is capable of being attached to the module via the standard 

Thorlabs and C-mount hardware and function using the same software. 

Therefore, for more sensitive imaging applications where fluorescence detection 

efficiency is required over the ergonomic considerations, then the EMCCD can be 

employed.  

The presented location of the control electronics for the projector (mounted 

on the underside of the augmentation module) was intended to be temporary. 

Mounting the electronics on the microscope head was required specifically due 

to the short length of the flex cable that connects the electronic board to the 

projector. We investigated the custom design and development of a longer flex 

cable in conjunction with the Chemistry Instrumentation and Electronics Facility 

(ChIEF). However, this extension, when implemented, caused functionality 

problems with the projector in which the system would sporadically lose 

connection, and this caused permanent damage to the physical DMD. Further 

investigation determined that spontaneous power disruptions to the on and 

functioning projector would cause physical damage to the micromirror array. The 

power disruptions observed were likely a result of the custom longer flex cable 

that introduced impedance mismatch in the system. The entire light engine 

assembly was purchased as a development kit and was not specific for the 
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application. Therefore, it is possible that custom design and manufacturing of a 

light engine module for the augmented microscope will enable the electronics to 

be located on the stand, away from the microscope head. This would minimize 

the amount of cables and extra hardware located on the microscope head and 

near the surgical field resulting in a superior ergonomic design. 

Rapid prototyping for an optical mold assembly allowed for quick 

adjustments and optimized alignment for the augmented microscope during the 

design process. By encompassing all optical elements into a single mold, this 

made alignment less cumbersome and aligned the system as a whole. This was 

ideal especially when compared to the possibility of individual mounts for each 

optical element and subsequent individual alignments that would be required. In 

the case of limited tolerances that can be achieved with current rapid prototyping 

technologies (approximately 25-50 µm with the system used for this project), the 

mold was specifically engineered as a two-piece design that would enable a final 

product to be machined for ultimate accuracy and tolerances required in 

precision optical systems. The current mold design was also intended to allow for 

stereoscopic augmentation. To complete stereoscopic realization, the mold can be 

printed as a mirror image and placed in the other optical path. With modulation 

of the left and right optical paths prior to, and synced with, the CMOS detector, 

NIR images of both optical paths can be successfully captured. The optical mold 

design functions to focus the NIR images directly onto the center of the CMOS 

sensor thereby retaining better resolution compared to splitting the sensor with 

the left and right paths. In another optical configuration, the NIR image can be 

taken from the left and right optical path and focused onto the right and left side 

of the CMOS sensor, respectively. Therefore, in theory, stereoscopic capture of 
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NIR images is possible by splitting the CMOS sensor. However, splitting the 

sensor reduces resolution of the NIR image and may prove to be inadequate. In 

the current setting, augmentation is only performed on the right optical path. 

Each element for augmentation would need to be duplicated and inserted into 

the augmentation module to enable stereoscopic augmentation capabilities.  

Conclusion 

 The development of the augmented microscope has been a continual 

process aimed at addressing specific clinical standards and needs (i.e., 

ergonomics, sensitivity, functionality). The initial POC successfully demonstrated 

the idea of performing augmented reality within the eyepiece of a 

stereomicroscope. The focus on translating the technology toward a clinical 

setting further contributed to developing the augmented microscope into the 

current realization presented here (Figure 2. 4). The clinical augmented 

microscope used specific optical technologies that addressed the limitations 

identified in the version 1.0 system. The most apparent of which was the new use 

of a DMD to produce a synthetic image into the eyepiece. The DMD technology 

was capable of bright luminance that ensured contrast between the real and 

synthetic images. 

The DMD was used to obtain a synthetic display intensity that was 

comparable to the intensity of white light used for surgical illumination. The 

intensity was adjustable electronically, and a ND filter was introduced as an 

additional means for reducing the brightness of the projector and prevent overly 

bright images to the viewer. The DMD was a color display and could be 

programmed appropriately for either monochromatic or color image 



 55 

representation. The lens used to collect the image from the DMD and send the 

image into collimated light space was selected to closely match the magnification 

of the real image within the eyepiece. This ensured that both the synthetic image 

and real image appeared in the intermediate image plane within the microscope 

with similar size/magnification and only small electronic size adjustments were 

necessary for optimizing coregistration within the eyepieces. 

Further development of the clinical augmented microscope will be 

necessary for keeping up with the current paradigm in image guided surgery and 

augmented reality in a medical setting. Preliminary research has been conducted 

in the lab using DMDs for the spatial light modulator in the microscope (Appendix 

G). Using the DMD in this way will function to select and merge two separate 

image sources (i.e., augmenting one image source with another). If placed in the 

collimated light path, synonymous with k-space or frequency space, the DMD 

can theoretically function as an electronically controlled filter. A kernel could be 

applied to the DMD that will adjust the mirror positions and filter the collimated 

light path. This theory of filtering may enable new speeds of image processing in 

an optomechanical setting. The DMD as a spatial light modulator in the 

augmented microscope has the potential to provide unique capabilities for 

continuous adjustment of images and balance of images being displayed.   
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CHAPTER 3: CHARACTERIZATION AND DEMONSTRATION OF 

AUGMENTED MICROSCOPY USING IN VITRO AND IN VIVO 

EXPERIMENTAL TECHNIQUES 

Introduction 

There have been many advancements in neurosurgery for improving 

visualization and guidance during procedures [104]–[108]. In vascular cases, 

preservation of blood flow in normal vasculature and the exclusion of flow from 

vascular lesions are of paramount importance (e.g., aneurysm repair). Even 

minimal compromise of vessel lumens can cause ischemic changes; conversely, 

residual flow into a vascular malformation can maintain the catastrophic risk 

associated with rupture [109]. Several methods exist for the intraoperative 

assessment of blood vessel patency [37], [110]–[113]. Intraoperative digital 

subtraction angiography (DSA) has been successfully implemented in complex 

vascular cases. Multiple reports suggest that, based on DSA results, 7% to 34% 

of cases required additional manipulation to restore optimal blood flow [111], 

[114]–[117]. Although DSA is established as the gold standard for vascular 

imaging, it requires substantial resources, including additional time and staff to 

perform the procedure. Intraoperative Doppler ultrasound and flowmetry are 

effective for the detection of major vessel stenosis after aneurysm clip placement. 

However, these techniques do not have high accuracy and only provide an 

indirect assessment of vessel lumen compromise [110], [112].  

 Fluorescence angiography with fluorescein sodium and ICG was 

introduced for neurovascular procedures in the 1960s [118]. Initially, 

fluorescence angiography was used for the observation of vessels on the brain 
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surface; static images were captured and analyzed after surgery [119]. This 

evolved into modern videoangiography: fluorescence excitation sources and filters 

integrated into the operative microscope allow the acquisition of multiple video 

loops that can be analyzed intraoperatively [37]. Observation of a fluorescent 

contrast agent introduced into the vasculature allows for the assessment of local 

blood flow dynamics [120]. Multiple clinical trials have shown the effectiveness of 

fluorescence angiography in the management of vascular pathologies of the brain 

and spinal cord [37], [100], [121]–[124]. 

 Currently, ICG videoangiography is acquired as video loops on an 

integrated camera after switching the white light optics to a near-infrared (NIR) 

filter set. Light from the field is directed to the camera, and, with the exception of 

some small background bleed-through, the NIR image contains only fluorescence 

emitted from the ICG while the white light image is recorded independently. We 

hypothesized that, with sufficient contrast, the angiographic image can be added 

in real-time back to the white light image seen in the oculars. In such 

fluorescence angiography with augmented microscopy enhancement (FAAME), 

the relationship between the angiographic data and the rest of the tissue 

instrumentation could be directly visualized rather than inferred.  

 In addition to cerebrovascular procedures, fluorescence imaging has seen 

considerable advances over the past decade in cancer including the more recent 

investigation and clinical applications of NIR fluorescence imaging [125]. Many 

researchers have developed new imaging devices for specific NIR fluorescence 

applications [2], [126]–[128]. While ICG is not a tumor-selective probe, the 

compromised blood-brain-barrier (BBB) caused by invasive tumor tissue allows 

for enhanced permeation and retention (EPR) effect of the dye. Indeed, ICG has 
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been shown to accumulate in astrocytoma grown in mice and imaged using a 

confocal endomicroscope [90]. Subsequently, there has been increased use of ICG 

dye to evaluate blood flow and vascular anomalies in cerebrovascular surgeries 

[100].  

Here, the experimental realization of augmented microscopy is for both in 

vitro and in vivo applications. We present a proof-of-concept investigation of real-

time observation of NIR fluorescence angiography augmenting the conventional 

white light field of view within the oculars of the operating microscope. In vitro 

demonstrations include visualization of NIR fluorescence in plates and tissue 

phantoms to evaluate performance and sensitivity of the system. In vivo 

demonstrations include vascular angiography and tumor localization with ICG. 

Materials and Methods 

ICG Solution Preparation 

A stock solution of ICG was prepared by dissolving 4.8 mg/mL (6.19 mM) 

ICG (Cardio green, Sigma Aldrich, St. Louis, Missouri) in 60 mg/mL solution of 

heat shock fractionated bovine serum albumin (BSA) (Sigma Aldrich) prepared in 

phosphate buffered saline and used within 24 hours. 

In Vitro/In Vivo Imaging Parameters 

CMOS sensor exposure time was set at 50-100 ms (resulting in 

approximately 30-20 fps) with 4 x 4 binning producing 512 x 512 effective pixels, 

and total optical magnification of the microscope zoom system set at 8x. At these 

conditions, the working distance is 81 mm and the field of view (FOV) is 25 mm 

across as defined by the microscope objective, Olympus DFPLAPO 1x. At this 

working distance, the magnification is adjustable in steps between 0.8 to 5.6x 
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and viewed through 10x eyepieces, making the total optical magnification 8 to 

56x, respectively. The manual focus knob located on the microscope assembly 

allows for quick focus adjustment. Using a portable lux meter, we measured the 

maximum output of the metal halide ring illuminator of 80,000 lux at the 

objective plane of the augmented microscope. In combination with the auxiliary 

LED lights, the total field luminance at the objective plane was 100,000 lux. In 

comparison, we measured maximum luminance of 70,000 lux from the xenon-

arc lamp in the Zeiss operative microscope. NIR excitation power was 2 mW/cm2 

as measured under the objective using a thermopile-based power meter (1917-R, 

818P-001-12, Newport, Irvine, California). Resolution of the optical system was 

determined using an air force target. Visible, NIR, and composite images were 

captured as videos and stills and saved for review and/or further processing. NIR 

images were captured using the scientific CMOS camera (16-bit), whereas visible 

and composite images were collected through a separate camera port (8-bit) 

capturing the view through the right ocular of the augmented microscope. The 

16-bit images were subsequently thresholded for enhancing intensity for display. 

Tissue Phantoms 

Polyacrylamide gel tissue phantoms were prepared to evaluate the 

detection limit of fluorescence through a medium. The tissue phantoms were 

constructed in a manner similar to the previously described protocol [85]. 

Polystyrene beads (1.530 ± 0.039 µm, Polybead microspheres, Polysciences, Inc., 

Warrington, Pennsylvania) were embedded in the tissue phantom to mimic 

scattering properties similar to white brain matter [129]. To form gels of different 

thicknesses, ranging from 1 to 10 mm, custom casts (Figure 3. 1) were printed 

using the 3-D printer (Stratasys). The gels can also be formed using the Bio-Rad 
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gel electrophoresis preparation kit. To create a 1 mm thick gel, prepare the 

reagents in a 15 mL conical tube (Table 3. 1). This recipe can be volumetrically 

scaled appropriately for preparing different thickness gels. Note that the 10% 

Ammonium persulfate (APS) must be prepared fresh (within 24 hours) for 

successful polymerization. Scattering beads can be introduced depending on the 

required experimental conditions. This recipe prepares a gel with scattering 

properties similar to that of brain tissue (𝜇𝜇𝑠𝑠 = 26.9 𝑐𝑐𝑚𝑚−1) by including polystyrene 

beads (1.54 µm, Cat# 17133, Polysciences, Inc) [130]. The APS and 

Tetramethylethylenediamine (TEMED) are the catalyzing reagents that will begin 

the polymerization process. Therefore, it is imperative that the gel solution is 

ready to be pipetted into the plate once these reagents are added. A short 

agitation of the conical tube using the vortex mixer can help mix all the reagents 

together prior to plating the gel. A small layer of alcohol (e.g., ethanol) can be 

added to the top of the gel surface during the polymerization process to create a 

flat and smooth edge of the gel. 

 

Table 3. 1: Polyacrylamide gel recipe for preparing a 1 mm thick gel. This recipe 

can be volumetrically scaled proportionally for various thickness gels. 

Reagent Volume 

1.650 ml Deionized water 

2 ml 
Acrylamide 40% Solution 

(Acrylamide: Bis-Acrylamide, 29:1) 

1.250 ml 1M Tris-HCL Buffer, pH 7.5 
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175 µL Polystyrene beads 

50 µL 10% Ammonium persulfate (APS) 

3 µL 
Tetramethylethylenediamine 

(TEMED) 

 

 

 

Figure 3. 1: 3-D printed tissue phantom mold as designed using SolidWorks. 

The mold design included various spacers for different thickness gels (∆Y) and 

capillary tube integration to simulate vessels. Image obtained from Watson et al., 

2015. 

 

Fluorescence Imaging Sensitivity 

The detection limit of ICG was evaluated using two methods: (1) directly, 

that is, by imaging ICG serial dilutions in capillary tubes placed in the direct view 
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of the imaging system; and (2) through the gel, that is, by imaging ICG in capillary 

tubes placed under tissue phantoms. Using ImageJ, regions of interests were 

manually drawn around the capillary tube and compared to a control background 

signal captured at the beginning of experimentation. Signal-to-noise ratio (SNR) 

was calculated using equation 3.1: 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜇𝜇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝜇𝜇𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏
𝜎𝜎𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏

    (3.1) 

where 𝜇𝜇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 and 𝜇𝜇𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏 are the mean of the signal and background, 

respectively, and 𝜎𝜎𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏 is the standard deviation of the background. Images 

were subsequently evaluated by the user and objectively with MATLAB using a 

standard edge-detection algorithm utilizing the Canny filter for finding the edge 

of the capillary tube 

ICG Dilutions 

Twenty-five serial dilutions of ICG in two-fold increments were prepared in 

capillary tubes, ranging in concentration from 6.19 mM to 369 pM. Each tube 

was individually imaged to determine the concentration that produced the 

maximal fluorescence signal intensity. This concentration was used for the 

following tissue phantom experiments. 

ICG Imaging Under Tissue Phantoms 

A 1-mm diameter capillary tube filled with ICG was embedded between 

layers of polyacrylamide gels. A 5-mm gel was placed beneath the tube and 

various layers of gels were stacked on top to make up the appropriate thickness 

∆Y (Figure 3. 2). ICG was imaged through the tissue phantoms at a consistent 

concentration of 96.8 µM and at varying gel thicknesses (∆Y = 0 – 10 mm). 
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Figure 3. 2: Polyacrylamide gels were layered to resemble various tissue depths. 

G0 indicates the 5 mm base gel below the 1 mm diameter capillary tube (T). G1 

through Gn indicates the various layer of gels that were stacked to increase 

imaging depth from 0 to 10 mm (∆Y). Figure used with permission from Watson 

et al., 2015. 

 

Demonstration of Augmented Imaging 

To provide a comprehensive analysis and demonstration of augmented 

imaging, we performed both bench-top and in vivo realizations of the technology. 

Augmented Imaging in Multi-Well Plates 

To demonstrate formation of real, synthetic, and composite images in a 

simple experimental system, we prepared solutions of various dyes representing 

a broad gamut of colors and placed them in a white 384-well plate. Some of these 

wells were spiked with a small amount of ICG, yielding approximate 
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concentration of 194 µM. The well was then imaged under the previously 

summarized conditions. 

In vivo Augmented Microscopy 

All procedures involving animals in this study were approved by the 

University of Arizona Institutional Animal Care and Use Committee. The 

augmented microscope was used in vivo for both vascular and cancer 

applications. These demonstrations were aimed to address the capabilities of 

augmented microscopy and the ability to guide surgical procedures. 

Vascular Angiography 

 To demonstrate the augmented microscope’s performance in vivo, we 

imaged the left carotid and femoral artery in 3-month-old female Sprague Dawley 

anesthetized rats (300 g, n = 5; Harlan Laboratories, Indianapolis, Indiana) [3]. 

The rats were anesthetized with intramuscular injection of a 

ketamine/xylazine/acepromazine cocktail. The left carotid and femoral regions 

were exposed using standard microsurgical technique under augmented 

microscope guidance. Using the recommended dose of ICG of 0.5 mg/kg of body 

weight (Akorn, Lake Forest, Illinois), the approximate dose in a 300 g rat is 0.15 

mg of ICG. While imaging the left carotid or femoral artery, we delivered contrast 

agent by injecting 0.3 mL of 0.6 mg/mL solution of ICG dissolved in the aqueous 

solvent provided by the manufacturer into the left femoral vein using a 1 mL 

syringe. High-contrast fluorescent signal was visible in the oculars presenting a 

dynamic pattern of real-time flow into the femoral artery and its branches. Video 

loops were recorded and replayed for further analysis. After completion of 

experiments, animals were euthanized according to IACUC approved guidelines. 
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C6 Cell Transduction 

Rat glioma C6 cell line was purchased from ATCC. The cells were treated 

with lentiviral vector (Cignal Lenti Positive Control (luc), Oiagen, Valencia, CA) to 

transduce the cells (Figure 3. 3) with luciferase gene using a puromycin selector 

(Santa Cruz Biotechnology, Dallas, TX) and a transducing reagent to enhance 

transduction efficiency. Luminescence was confirmed using a plate reader. The 

transduction protocol from the Cignal lentiviral vector was followed. Reference 

Appendix E for cell culture protocol. 

 

 

Figure 3. 3: Transduction using a lentiviral vector. The lentivirus contains 

appropriate DNA for the luciferase receptor which will be integrated into the host 

cell genome. The DNA will then be transcribed, and receptors will be synthesized 

and placed into the cell membrane. Upon injection, luciferin will bind to the 

luciferase receptor causing a cascade resulting in the production of luminescent 

proteins. 
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C6-Cell Implantation 

We used 200 g adult female Wistar rats (n=4). The rats were anesthetized 

by intraperitoneal injection of a ketamine/xylazine cocktail (80 mg/kg ketamine, 

12 mg/kg xylazine) prepared at a dose of 1 mL/kg. Presurgical injections of saline 

(5 cc) and gentamycin (8 mg/kg) were given for hydration and antibiotics 

respectively. The rats were placed into a stereotactic frame for cell implantation. 

Coordinates for cell implantation were 1 mm A/P, 3.5 mm M/L, 3.5 mm V/D 

measured from bregma (Figure 3. 4). We injected 105 luc-C6 cells suspended in 

5 µL volume at a rate of 1 µL per minute with a 10 µL Hamilton syringe and a 28-

gauge cannula (Plastics One, Roanoke, VA). The cannula was slowly advanced 

ventrally 4 mm and the retraced 0.5 mm after 1 minute to create a pocket for cell 

infusion. Following cell infusion, 1 minute elapsed before the cannula was 

retracted out of injection site. The access hole was closed with bone wax and the 

scalp closed using wound clips. The tumor was grown in the rat for 22 days. 

Tumor growth was followed using a bioluminescence imaging (BLI) system 

(LagoX, Tucson, AZ) with luciferin and contrast-enhanced magnetic resonance 

imaging (MRI) (BioSpec 7T, Bruker, Bracco Diagnostics, Cranbury Township, NJ). 

Using MRI is consistent with current clinical practice to confirm tumor growth in 

the clinic. The size of the tumor for resection was confirmed using MRI within 24 

hours of resection. 
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Figure 3. 4: Rat skull diagram with injection site. Approximate injection site of 

the glioma cells denoted by red arrow. Image obtained from Paxinos G and 

Watson C (1997). Paxinos and Watson’s The Rat Brain in Stereotaxic Coordinates 

Compact, 3rd Edition. Elsevier Academic Press, San Diego. 

 

Glioma Resection 

Tumor resection was performed by a neurosurgeon at the Banner 

University Medical Center, Tucson Campus. Following a full craniotomy and prior 

to tumor resection, each rat was injected with luciferin and imaged in the BLI 

system pre- and post-surgery. Resection was performed under standard 

microscopy (n=2) and augmented microscopy with ICG (n=2). ICG was injected 

15 minutes prior to resection under augmented microscopy guidance. Video of 

all resection procedures were recorded. Representative snapshots of the videos 

are shown. 
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 All BLI imaging was performed with 8-bit dynamic range and a 10-minute 

exposure time. Rats were injected with 0.4 mL of luciferin prepared at 50 mg/mL 

(GoldBio, Olivette, MO). Dose of luciferin was prepared according to the protocol 

supplied by GoldBio. Rats were anesthetized for BLI imaging using 1-3% 

isoflurane. Percent tumor growth was calculated by drawing a region of interest 

around the luminescence boundary in BLI images and integrating the intensity 

values. Duration of the surgical procedure did not exceed 30 minutes. No addition 

luciferin injection was given post-surgery with the assumption that continued 

luminescence from the remaining and resected tumor tissue would still be 

present. After tumor resection and post-surgical BLI imaging, the brain was 

explanted and placed in paraformaldehyde. Resected tumor tissue was placed in 

freezing solution and flash frozen in liquid nitrogen. All samples were prepared 

for histology. ICG dose was calculated according to standard clinical dose (Akorn 

Pharmaceuticals, Lake Forest, IL) and scaled by body weight for rat injection. The 

rats used for research with augmented microscopy guidance were injected with 

1 mL of 62.5 µg/mL solution of ICG (Sigma-Aldrich, St. Louis, MO) to yield a dose 

of 25 mg/80kg. 

Results 

Augmented Microscope Performance 

Microscope Resolution 

Using the air force target, the augmented microscope optical system was 

capable of resolving group 7, element 6 with full magnification at 56x, equivalent 

to 228-line pairs per millimeter, and group 5, element 4 at 8x magnification, 

equivalent to 45-line pairs per millimeter. 
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Serial Dilutions in Capillary Tubes 

 Maximal fluorescence intensity from the capillary tube appeared at 96.8 

µM ICG concentration. At higher concentrations, the fluorescence intensity 

decreased, which we attributed to self-quenching. We observed a linear increase 

in fluorescence emission versus excitation power when imaging 96.8 µM solution 

with no evidence of photobleaching. We were able to demonstrate a linear 

relationship with fluorescence intensity and concentration between 189 nM and 

6.05 µM (R2 = 0.996; Figure 3. 5a). The minimum detectable concentration of 

ICG imaged directly (method 1) was 189 nM under direct observation. 

Fluorescence from the capillary tube was not visually detectable below an SNR of 

2 (Figure 3. 5b). The MATLAB algorithm was not able to find any capillary tube 

edge below a SNR of 2. 
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Figure 3. 5: Serial dilutions in capillary tubes: (a) indocyanine green (ICG; 11.8 

nM – 6.05 µM) in capillary tubes on a log-log scale. Each capillary tube was 

independently imaged. The graph shows the linear range of ICG fluorescence 

emission versus concentration. Dotted line represents signal-to-noise ratio (SNR) 

of 2. Inset shows all 25 dilutions on a log scale. (b) Image collage of ICG filled 

capillary tubes which were imaged directly (∆Y = 0 mm). Images shown: visible 
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(top), near-infrared (NIR; middle), and augmented (bottom). Figure used with 

permission from Watson et al., 2015. 

 

Detection of ICG Through Tissue Phantom 

When imaging through the gel (method 2), the augmented microscope was 

able to detect fluorescence emission of the ICG filled capillary tube (96.8 µM) 

through 10 mm of tissue phantom (Figure 3. 6a). However, with the increasing 

thickness of the tissue phantom, the edges of the capillary tube are increasingly 

diffuse, and the tube becomes indiscernible at 3 mm and greater thicknesses of 

tissue phantom (Figure 3. 6b), both subjectively and using the MATLAB 

algorithm. 
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Figure 3. 6: Detection of ICG through tissue phantom: (a) constant ICG 

concentration (96.8 µM) imaged at increasing depths within tissue phantoms (0 

mm – 10 mm). Dotted line represents detection limit threshold at SNR = 2. (b) 

Image collage of ICG filled capillary tubes which were imaged through the gel (∆Y 

= 1 – 4 mm). Images shown: NIR (top) and augmented (bottom). Figure used with 

permission from Watson et al., 2015. 
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Demonstration of Augmented Imaging 

Color Balance with Augmented Imaging 

 A simple illustration of augmented microscopy is provided in Figure 3. 7. 

Images shown here represent the eyepiece view of the augmented microscope 

operating in (a) bright field, (b), NIR fluorescence, and (c) augmented 

configurations, producing real, synthetic, and composite images, respectively. In 

the augmented configuration, NIR fluorescence, not visible to the operator, is 

converted into green signal and overlaid with the bright-field image. White rings 

of light seen in some of the wells in Figure 3. 7 are reflections of the right 

illuminator from the surface of the aqueous solutions of dyes. 

 

 

Figure 3. 7: Custom colored dye solutions with randomly plated ICG solution: 

(a) visible view through microscope, (b) NIR view seen on computer monitor, and 

(c) augmented view seen in real time through the ocular of the augmented 

microscope. Figure used with permission from Watson et al., 2015. 
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In Vivo Vascular Angiography 

 As a result of in vitro experiments, the process of device calibration was 

simplified, and image acquisition parameters were optimized. In order to calibrate 

the augmented microscope, we ensured proper coregistration of the overlaid 

fluorescence image with the real-time white light image to reproduce shapes and 

sizes of test objects (Figure 3. 8). The proper coregistration of visible (real) and 

NIR (synthetic) images is accomplished before use with a calibration phantom. 

With the use of computer controls, the synthetic image projected by OLED is 

repositioned until it is aligned with the real image, as monitored within the 

eyepieces of the microscope. Because the visible and NIR images share the same 

optical pathway, once aligned, the microscope maintains proper coregistration 

throughout working conditions. Therefore, visible/NIR coregistration is 

maintained throughout the full range of optical zoom setting (0.8x-5.6x) and 

positions of the articulated arm, with no need to readjust. We found alignment 

drift to be minimal on our system and only performed routine recalibration after 

physically moving the scope to different locations.  
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Figure 3. 8: The in vitro test objects. Images showing 2 glass tubes, one filled 

with saline and another with ICG solution (arrow). All images were captured using 

FAAME. (A) Image obtained by using visible optical path only. The saline- and 

ICG-filled tubes cannot be distinguished. (B) Image obtained by using NIR path 

only. ICG fluorescence pattern delineates the glass tube shape. The saline-filled 

tube cannot be clearly identified. (C) Image obtained by augmentation of the 

visible light with NIR fluorescence. The saline-filled tube appears identical to the 

white light image. Bright ICG fluorescence corresponds to the shape of the glass 

tube. Figure used with permission from Martirosyan et al., 2015. 

 

We demonstrated image-guided surgery in anesthetized rats using the 

augmented microscope. First, the surgeon exposed the left carotid and femoral 

arteries under the microscope operating in the bright-field mode. The working 

distance of 81 mm with 8x magnification provided a field of view of 25 mm across, 

which is appropriate for this procedure. The synthetic channel was activated to 
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generate superposition of bright-field and NIR fluorescence. The ICG was injected 

and a bright green signal appeared in areas filled with ICG solution (Figure 3. 9c 

and Figure 3. 10c). Examples of images generated in real time are shown in 

Figure 3. 9 and Figure 3. 10. The surgeon had the ability to control the 

brightness of the synthetic image (NIR fluorescence color coded in green) added 

on top of the real image (bright-field). The image in Figure 3. 9c and Figure 3. 

10c exemplifies a balance of these two. The composite image illustrated there is 

generated at 20 fps, enabling a video rate monitoring of ICG distribution. We 

estimate that with an NIR sensor format of 512 x 512 pixels and 25 mm field of 

view corresponding to 8x magnification, blood vessels as small as 50 µm in 

diameter can be visualized, and 7 µm at 56x magnification (i.e., human arterials 

are on the order of tens of micrometers). This spatial resolution is approaching 

the limit of the optical resolution of the system operating at 820 nm with the NA 

0.1 objective lens. 

 

 

Figure 3. 9: Left rat carotid artery: (a) visible image, (b) NIR image, and (c) 

augmented image. Ruler increments are 1 mm. Spatial differences between 

simultaneously acquired NIR and augmented images are a result of capturing 

these images at different microscope ports. ICG injection into rat model and 



 77 

visualization of carotid artery. Figure used with permission from Watson et al., 

2015 

 

The augmented microscope produced high-contrast pseudo-colored real-

time green angiograms of the femoral artery imaged in the rat (Figure 3. 10). The 

overlaid ICG angiograms were not disruptive to the white light images and could 

be adjusted or eliminated on demand. They appeared as a bright-green signal 

within anatomic boundaries of the vessel wall. The direction of flow of the 

angiogram confined within the vessels was accurate. Adjacent anatomic 

structures, e.g., skin, muscles, were also visible as with a conventional surgical 

microscope. The segment of the artery covered by fat and connective tissue was 

identified as well. During fluorescence augmented microscopy, at no point did 

the surgeon need to look away from the oculars of lose track of the view of the 

operative field. The ICG solution concentration and diameter of the vessels 

visualized (1.5 mm +/- 0.3 mm) were consistent with common operative 

neurovascular conditions. The optics and electronics used are all amenable to 

integration with operating room microscopes. 
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Figure 3. 10: The in vivo images using FAAME of the femoral artery of the rat 

after ICG injection into jugular vein. (A) Image obtained by using the white light 

path only. Exposed femoral artery (arrow) and femoral vein (arrowhead) are visible 

within the field of view. (B) Image obtained by using NIR path only. ICG 

fluorescence is observed within anatomic borders of femoral artery. The 

surrounding anatomic structures cannot be identified. (C) Image obtained by 

augmentation of the visible light with NIR fluorescence. The anatomic structures 

within the field of view can be identified. The ICG fluorescence appears as a 

bright-green signal within anatomic borders of the femoral artery. The segment 

of the femoral artery covered by fat and connective tissue is clearly delineated 

(arrow). Figure used with permission from Martirosyan et al., 2015. 

 

In Vivo Glioma Resection 

 Tumor growth was monitored using BLI. Figure 3. 11 shows a 

representative BLI time lapse of tumor growth in one of the rats. A plot of tumor 

growth over time is shown in Figure 3. 12. Represented in both Figure 3. 11 

and Figure 3. 12 is the resection time point (day 22). We saw a characteristic 

exponential growth pattern of the glioblastoma (Figure 3. 12). T1 weighted MRI 

with gadolinium contrast was used to confirm tumor growth in the animals twice 

during the study, once in the middle of the tumor growth phase on day 10, and 

once at the end of the growth period on day 22 (Figure 3. 13). These images were 

supplied to the neurosurgeon preoperatively for surgical planning, similar to 

current clinical practice. 
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Figure 3. 11: BLI imaging of luc-C6 glioma growth in a rat over 20 days (68R2). 

 

 

Figure 3. 12: Plotting tumor growth over time followed using BLI. Tumor growth 

determined by integration of luminescence intensity on the BLI system (68R2). 

Figure from Watson et al., 2016. 
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Figure 3. 13: T1 weighted MRI with gadolinium contrast showing tumor growth 

in the rat brain. Images were captured at day 10 and day 22 (within 24 hours of 

resection). Transverse and horizontal slices are shown on top and bottom for each 

day, respectively. All slices are at the same imaging depth for transverse and 

horizontal slices, respectively, as depicted by the horizontal line in transverse 

slices.  

 

 As seen in Figure 3. 14, there is an apparent drop in luminescence signal 

after surgery due to the reduced luminescence from tumor cells that were 
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resected. However, it was also apparent that after resection, there was still the 

presence of tumor cells in the resection bed. This was consistent across all 

animals (Figure 3. 14). The neurosurgeon collected a majority of the resected 

tissue on a sample dish that was imaged with BLI beside the exposed resection 

bed in the brain of the animal. The threshold scale between Figure 3. 11 and 

Figure 3. 14 are not the same here and were adjusted to account for 

luminescence intensity changes following craniotomy. The threshold was 

adjusted to optimize luminescence boundary and minimize noise. 

 

 

Figure 3. 14: Post-resection BLI showing the exposed resection bed and the 

resected tumor tissue in a sample dish beside the animal. Figure from Watson et 

al., 2016. 

 

 Tumor resection was performed under both standard bright-field 

microscopy, similar to current practice in the clinic, and under augmented 
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microscopy with ICG contrast. Figure 3. 15 shows an example of accumulation 

of ICG in the tumor tissue. It is suggested in Figure 3. 15, the green signal, that 

some tumor tissue was left behind (blue arrowhead). This is consistent with post-

resection BLI data showing remaining tumor tissue. ICG accumulation (blue 

arrow) was minimal in the 69R2 row of Figure 3. 15. 

 

 

Figure 3. 15: Brain tumor resection in a rat. Blue arrowhead denotes remaining 

ICG signal post-resection. Blue arrow denotes ICG signal before resection. Scale 

bar equals 1 mm.  

 

 Histology was performed on explanted tissue samples. Standard 

hematoxylin and eosin (H&E) staining was performed on 6 µm sections taken 

from the resection bed of the rat brains. Figure 3. 16 shows representative 

sections of the brain tissues from rats that did not have ICG injection prior to 

resection (68R1 and 68R2), and rats that did have ICG injection prior to surgery 

(70R1 and 69R2). The rats that did have ICG injection prior to surgery underwent 
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resection using augmented microscopy guidance. The 4x magnification image 

shows the resection bed and the subsequent magnifications show the clear and 

distinct margin of cancerous versus normal tissue. Histology appears consistent 

with both BLI and augmented microscopy data which indicated tumor cells were 

left in the resection bed. 

 

 

Figure 3. 16: H&E stain on representative slices of brain at resection bed. 68R1 

and 68R2 did not have ICG injection prior to resection and underwent surgery 

with standard microscopy guidance. 70R1 and 69R2 did have ICG injection prior 

to resection and underwent surgery with augmented microscopy guidance. Scale 
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bars are 1mm, 200 µm, 100 µm, and 50 µm for 4x, 10x, 20x, and 40x, 

respectively. 

 

Discussion 

 We described the practical realization of augmented microscopy, where 

bright-field images are superimposed with electronically processed images of NIR 

fluorescence of ICG within the optical path of the stereomicroscope. This 

augmented microscope is designed to produce such composite images in real 

time, under illumination conditions typically encountered in the operating room. 

Operating under luminance of 100,000 lux provided by a metal halide lamp and 

auxiliary LED lamps, and capturing NIR fluorescence at 20 Hz frame rate, the 

microscope can detect ICG concentrations down to 189 nM. Typical dose given to 

a patient is at least 3 µM. We observed a linear relationship between the 

fluorescence intensity and ICG concentration within the range of 189 nM – 6.05 

µM (R2=0.996), with self-quenching becoming evident at higher concentrations. 

The concentration that produced maximal fluorescence emission (96.8 µM) is 

different than that reported in the literature [131]. This may be attributed to 

differences in experimental conditions as well as the difference in specific serum 

albumin contributions to the fluorescence intensities observed by various 

authors. Even at higher concentrations of ICG, 194 µM and 96.8 µM, we observed 

a linear increase in fluorescence emission versus excitation power with to 

evidence of photobleaching. 

 The SNR appeared to be lower for 0 mm gel depth compared to 1 mm gel 

depth. At 0 mm, the capillary tube is partially exposed at the air/gel interface, 



 85 

and this interface may in fact enhance forward and lateral scatter from the tube 

and gel with concomitant reduction in SNR, as observed in Figure 3. 6.  

 Fluorescence images observed using the augmented microscope appear 

sharp and well defined (Figure 3. 9 and Figure 3. 10). This ensures accurate 

visualization of superficial anatomical structures. The ability to detect signal at 

greater depths within tissues may be beneficial for observing hidden structures 

of importance. At the same time, however, fluorescence from within a greater 

depth may contribute to diffuse images, displaying superimposed layers of 

fluorescence originating from various depths, similar to those shown in Figure 

3. 6. Extracting useful information from such images may require further 

development of the instrument, including structured illumination or image 

processing. In its current realization, the augmented microscope was able to 

display augmented fluorescence images down to approximately 3 mm. Beyond 

this depth, structures are no longer discernable and fluorescence signal is 

diffused producing no useful anatomical information. 

 We used 2.3 µg/mL ICG in 60 g/L albumin solution for the ex vivo 

experiments. ICG exhibits fluorescence when dissolved in blood/albumin. This 

concentration does not necessarily reflect the amount of ICG used in patients. 

However, it provided a grossly equivalent intensity of fluorescence for in vitro/ex 

vivo experiments where flow and metabolism are not present. The goals of in 

vitro/ex vivo experiments were to optimize parameters for static and dynamic 

image acquisition. Final compatibility tests to emulate clinical settings were in 

vivo experiments in rats. The usual dose for ICG videoangiography in clinical 

settings ranges from 0.2 to 0.5 mg/kg, and the total daily dose should not exceed 

5 mg/kg [37]. Thus, FAAME allowed sufficient and useful visualization of ICG 
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fluorescence in vivo at an ICG concentration routinely used in clinical practice 

(0.3 mg/kg). 

 Another area of potential application of the augmented microscope is in 

surgical treatment of brain tumors. Current treatment modalities include 

surgical resection of tumors and their adjacent tissue, which often contains 

infiltrative neoplastic cells [39], [40]. Aggressive resection is associated with the 

risk of removing normal brain tissue and impairing neurological functions of the 

patient. On the other hand, incomplete resection of tumor results in its 

immediate relapse in 90% of patients [38]. Intraoperative NIR imaging may aid in 

resection of these challenging tumors [3], [31]–[37], [39]–[44], [100]. The long-

term interest in the intraoperative NIR fluorescence visualization is driven by the 

development of new agents capable of improved delineation of brain tumor 

margins. Examples of dyes include various derivatives of NIR fluorescent dye 

currently undergoing preclinical or clinical evaluations, such as BLZ-100, a 

chlorotoxin-ICG conjugate [41], [42], CLR1502, an alkylphosphocholine 

derivative of a cyanine dye [65], [66], anti-EGFR antibody fragments conjugated 

to IRDye 800 CW [67], [132], and others [91]. We believe that the ability to 

simultaneously visualize the surgical field and contrast agent within the 

augmented microscope will enable broad implementation of image guidance in 

surgeries. 

The augmented microscope proved successful for image guidance during 

glioma resection experiments. These images retained excellent contrast to the 

bright-field image and was able to minimize throughput of NIR noise to the 

augmented image with only simple thresholding. These methods of image 

processing minimize processing time thereby reducing any lag in the real-time 
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image processing and display. The extent of resection was at the discretion of the 

neurosurgeon and the augmented microscope was only used for improved image 

guidance and not in an effort to change the neurosurgeon’s resection decision(s). 

ICG was injected intravenously. The dye is quickly cleared from the circulation 

with a typical half-life of 3 minutes. As visualized under the augmented 

microscope, the dye showed apparent diffusion and retention into tumor tissue, 

likely attributed to a compromised BBB caused by the invasive glioma. Post-

resection BLI and histology showed remaining tumor cells even after using the 

augmented microscope for image guidance. These results were corroborated with 

the apparent green signal remaining in the augmented microscope after resection 

was performed. We suggest that this is due to the non-specific nature of ICG 

distribution in the tumor and that the fluorescent molecule did not penetrate 

through the entire tumor margin. Therefore, it is probable that tumor cells extend 

beyond the boundary delineated by ICG signal. The time between ICG injection 

and resection using augmented microscopy can also influence the amount of 

signal detected. The time is directly related to the ability for ICG to diffuse through 

the tumor tissue. Allowing more time between injection and resection may lead 

to more ICG distribution in the tumor tissue and highlighting the margins more 

accurately. However, this must be further investigated as the lymphatic system 

continuously clears ICG from the tissue and interstitial space. Despite the typical 

compromise to lymphatic drainage observed in tumor tissue, this added 

mechanism for clearance may eventually outperform the rate at which ICG can 

diffuse into the tumor tissue. 

 Notably, it was demonstrated that tumor growth in the rat can be 

monitored non-invasively by BLI through the intact skull and scalp and with 
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luminescent tumor cells. In comparison, post-resection BLI was performed in situ 

with neither the skull nor scalp present. With different experimental conditions 

where BLI is captured pre-operatively with similar anatomical conditions 

compared to post-resection, the signal acquired can be compared directly. It is 

evident in Figure 3. 15b that the luminescence appears to have a gradient over 

the tumor tissue. This is likely a consequence from the non-stereoscopic 

configuration of the augmentation channel and produces an uneven illumination 

field and/or detection. Again, this is due to excitation and detection being 

performed in only one optical path. Future development aims to move to a fully 

stereoscopic configuration thereby eliminating this gradient effect. This gradient 

may also arise from spherical or chromatic aberrations from the imaging optical 

path. Higher quality and more specific optical elements can alleviate any 

concerns for the optics causing image deterioration.  

 The development of augmented microscopy has proved to provide a unique 

imaging environment for oncologic surgical procedures. With the continued 

development of novel NIR contrast agents, the augmented microscope aims to 

visualize such fluorophores and to guide surgical procedures or therapies. 

 The presented imaging system development is concerned with processing 

and display of NIR images, such as those obtained from fluorescence emission. 

Because scattering and absorptive properties of the tissue obscure fluorescence 

signal, various forms of data corrections may be required to yield quantitative 

diagnostic data related to the true distribution of NIR contrast agents in the 

tissue. Examples of such processing methods are discussed in the literature 

[133]–[135]. These are generally based on some form of processing fluorescence 

and reflectance data and may require acquisition of spectrally resolved images. 
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Because the visible and NIR channels are separated in the presented design, 

image processing within the visible channel, 350 to 750 nm, would not affect 

functionality of the augmentation; however, implementation of such processing 

may require further testing in the augmented microscope. The image 

augmentation described allows for seamless integration of such quantitative 

fluorescence images within the optical system of the microscope. The system has 

the ability to create image processing scripts, such as arbitrary thresholding of 

live data before projecting the synthetic images through the augmentation 

module. With the possible implementation of a color projector, the threshold data 

can also be color-coded in a user-defined scheme. We envision that display of 

such quantitative fluorescence images could benefit from the color display (in 

place of green monochrome) to help highlight diagnostically relevant information.  

 Future development of the augmented microscope will focus on 

introducing stereoscopic augmentation whereby both channels of the 

stereoscopic microscope will produce the composite of real and synthetic images, 

with proper coregistration of the left and right ocular images. This has yet to be 

completed, but as demonstrated in Chapter 2, the current realization of the 

clinical augmented microscope is capable of stereoscopic implementation. In 

addition, we will explore applications of the augmented microscope in guiding 

laser surgery using an NIR laser beam, such as Ti:Sapph and Nd:YAG [136], 

[137], as well as for superimposing other types of information, such as 

prerecorded magnetic resonance imaging images or single point data readouts. 

  These observations point to several potential clinical applications of 

augmented microscopy. The surgical augmented microscope provides a 

promising image guidance technology for visualizing NIR procedures. The simple 
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and ergonomic integration of the module into a surgical microscope will be 

advantageous to the surgical community and provide easy access to augmented 

imaging procedures. 

Conclusion 

The novelty of the presented augmented microscope is three-fold: (1) NIR 

augmentation of bright-field images is provided within the optical path of a 

conventional stereomicroscope via an add-on module; (2) by utilizing the optical 

path of the stereomicroscope, we maintain full 3-D stereoscopic vision, lost in 

fully digital display systems; and (3) we retain the imaging environment familiar 

to surgeons, including integral features of surgical microscopes such as real-time 

magnification and focus adjustments, camera mounting, and multiuser access. 

 The optical stereomicroscope remains a standard tool in neurosurgery and 

other surgical procedures. It retains all cues critical for 3-D perception: binocular 

disparity, motion parallax, convergence, and accommodative distance. A 

microscope-based intraoperative imaging system provides control of the 

magnification and the field of view while maintaining uninterrupted spatial 

coregistration and multiviewer access as required in many surgical applications 

of microscopes.  

 The concept of the augmented stereomicroscope described here should be 

contrasted with stereoscopic rendition systems based on two cameras, often 

found in computer vision systems, including the da Vinci robotic system (Intuitive 

Surgical, Sunnyvale, California). Such electronic systems simplify image 

processing and overlays. In the implementation presented here, the microscope 

retains the full stereoscopic capability, with the bright-field (real) image being 
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presented in both oculars. The false-colored NIR fluorescence (synthetic) image 

appears only in one ocular where it is superimposed with the matching channel 

of the bright-field image. Therefore, the primary cues for 3-D vision, convergence 

and accommodation depth are completely defined by the bright-field image. We 

believe that this solution reduces strain and fatigue commonly associated with 

fully electronic stereoscopic displays, such as that used in the da Vinci Surgical 

Systems, where the accommodative distance and the convergence angle are 

decoupled and are pointing to different spatial locations [138]. Such distorted, 

even conflicting, spatial relations often contribute to fatigue and strain as well as 

subpar outcomes in certain performance tests [139], [140]. Also, our system will 

likely reduce the strain and fatigue in comparison to systems where the left and 

right oculars separately present the real and synthetic images, with no clear cues 

for spatial coregistration of these two types of images, such as the dual imaging 

color module (Leica Microsystems, AG). We envision that a fully developed 

augmented microscope will generate a stereoscopic composite image in both 

oculars, using separate NIR fluorescence images captured form the left and right 

optical paths of the microscope, providing complete and correct spatial cues for 

3-D vision, therefore significantly reducing strain and fatigue. 

 Developments of the intraoperative NIR fluorescence imaging techniques 

may enable surgical manipulation while simultaneously monitoring distribution 

of NIR contrast agents. The augmented microscope described here uniquely 

addresses this need in many situations routinely requiring the use of specialized 

surgical microscopes, such as the neurological, cerebrovascular, 

otolaryngological, and ophthalmic procedures. As such, it complements the ever-

increasing range of superb commercial and research devices relying on the 



 92 

synthetic (predominately false-colored NIR fluorescence) images projected on 

auxiliary monitors [31]–[33], wearable see-through display [34], [35], or dynamic 

optical projection onto the surgical field [36] introduced recently and excelling in 

their own applicable medical specialties.  

 Procedures that traditionally are performed using surgical microscopes 

will likely benefit form image augmentation as we described in this report [2], [3]. 

In one example, we demonstrated FAAME, a technique in which the augmented 

microscope is employed to improve the performance of ICG videoangiography, to 

directly visualize the relationship between angiographic data and the tissue [3]. 

ICG videoangiography has already become a standard element of vascular 

neurosurgeries [37]. Therefore, the surgeon reviews the black and white 

angiography video loops displayed on a monitor to assess aneurysm and vessel 

patency, vascular architecture within the surgical field, obliteration status of 

arteriovenous pathology, direction of blood flow, and assessment of bypass grafts 

and collateral blood flow [38]. 

ICG videoangiography has become a widely disseminated tool in the 

vascular neurosurgical armamentarium. Reviewing the isolated black and white 

angiography video loops provides comprehensive information about aneurysm 

and parent vessel patency, vascular architecture within the surgical field, 

obliteration status of arteriovenous pathology, direction of blood flow, and 

assessment of bypass grafts and collateral blood flow [37], [38] introduced 

microvideoangiography to the neurosurgical audience in 2003 by using a system 

separate from the operative microscope. Neurosurgeons and microscope 

manufacturers quickly recognized the merit of this technology and integrated it 

into the surgical microscope [113], [124], [141]. Since then, software-based 
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analysis of ICG angiographic video has emerged as a method of quantitative 

analysis of blood flow [120]. FAAME merges existing imaging technologies to 

simultaneously present information available from an intraoperative angiogram 

while maintaining all the current capabilities of the microscope-integrated ICG 

angiography. 

 Currently, ICG NIR fluorescence is captured before or after manipulation 

and analyzed on a video monitor. The surgeon may simultaneously perform 

manipulations while observing fluorescent angiography on the screen or, in some 

cases, as a video signal injected directly into the oculars; however, the angiogram 

remains separate from the white light image. The system introduced here allows 

flow assessment and manipulation of tissue and vasculature during 

microangiography with instant and accurate feedback regarding how such 

manipulation alters the blood flow. We also noted that this technique helped 

identify small vessels buried in a thin covering of the connective tissue that 

became more obvious with the direct anatomic correlates than they were on the 

ICG-only vascular map. The ability to see and manipulate small vessels covered 

with a thin tissue using a strong contrast agent like ICG could be helpful in a 

number of instances including the dissection of the distal superficial temporal 

artery for bypass procedures. 

 During surgical management of arteriovenous malformations, it is crucial 

to identify feeding and draining vessels. In cases with a large nidus with 

numerous convoluted vessels, it can be challenging to correlate videoangiography 

data with the microscopic white light image to properly detect a vessel of interest. 

This limitation could be overcome by using FAAME, which provides an instant 

merged view of the surgical field and conventional fluorescence angiography. The 
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direction of blood flow can be identified in any vessel visible within the surgical 

field. Furthermore, the pseudo-color video loop overlay can be replayed long after 

the fluorescence signal has faded from the field. A static or animated vascular 

roadmap can be maintained or recalled with ease at any point during the surgery.  

 FAAME shares many of the advantages of fluorescein microangiography, 

which has recently been described as a commercially available operative 

microscope upgrade [142]. Fluorescein has an emission spectrum that can be 

capture by wide band pass filter sets. This allows a large amount of multispectral 

light into the oculars along with the bright yellow-green emission of the 

fluorophore. Under such conditions, fluorescein emission is easily detectable over 

the background because it has a peak wavelength that the human fovea is very 

sensitive to. Nonetheless, as the white light image and fluorescein emission share 

the spectral bandwidth, fluorescence angiography is compromised by the 

decreased image intensity and loss of color accuracy. Furthermore, unconjugated 

fluorescein is a small molecule that tends to stain brain tissue if it comes into 

direct contact. Disruptions in the blood-brain-barrier of even small amounts of 

bleeding can cause the contrast agent to leak and produce background noise if it 

is retained in the surrounding tissue. Having a specifically filtered, low-

background, high-contrasts ICG angiogram that can be modulated as it is sent 

back to the oculars allows for fine-tuning not permitted by fluorescein 

microangiography alone.  

 FAAME technology provides an interactive modular method of 

visualization of anatomic structures and fluorescence blood flow patterns. We 

believe that FAAME will improve microvascular neurosurgical techniques and 

potentially improve patient safety and outcomes. Use of a pseudo-colored overlaid 
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angiogram will be subject to some of the same issues as conventional ICG 

angiography, such as the potential for accumulation of the background signal 

after multiple doses. The combined white light and pseudo-colored images may 

lack some of the contrast seen in the conventional video angiogram. However, 

implementation of the FAAME should be completely non-disruptive to existing 

ICG angiography functionality because this is purely and adjunctive feature. 

Another avenue being pursued is fully stereoscopic implementation of FAAME 

such that both the white light and the fluorescence angiogram can be seen 

simultaneously with true stereoscopy. Integration of FAAME technology into 

existing operative microscopes will likely be feasible by using the augmentation 

module provided as a modular upgrade. The upgrade path may be significantly 

simplified in certain surgical microscopes that support image injection into the 

eyepieces. Further testing is needed to determine the feasibility of FAAME 

technology in the management of neurovascular pathology. 
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CHAPTER 4: DEVELOPMENT OF A NOVEL THERAPEUTIC 

CONTRAST AGENT FOR AUGMENTED MICROSCOPY 

Introduction 

 The focus thus far has been on new imaging technologies for NIR 

fluorescence imaging. There is a large emphasis in research that is aimed at 

developing new NIR fluorescent dyes that can be translated to clinical use, 

whether for vascular or cancer applications. These contrast agents can be aimed 

at either diagnostic or therapeutic purposes, or both. Nanoparticles are an 

exciting area of research for the development of novel agents that can be used 

both diagnostically and therapeutically, often defined as being a theranostic. Of 

these nanoparticles, metallic nanoparticles are of special interest. Metallic 

nanoparticles comprised of gold have strong potential for use as a diagnostic tool 

owing to their unique luminescent properties for visualization and the fact that 

they are bio inert. Their enhanced light absorption due to plasmon resonance 

expands the therapeutic possibilities including heating and ablation [143]. 

 Typical gold nanoparticles (e.g., Turkevich synthesis) are prepared in the 

size range of 10 – 100 nm, and there are concerns regarding clearance and 

toxicity [68], [144]–[148]. To address clearance and toxicity challenges associated 

with solid nanoparticles, we have investigated the development of gold-coated, 

plasmon resonant liposomes [1]. These nanoparticles are synthesized from lipids 

and have small clusters of gold, less than 5 nm in size, reduced onto the liposome 

outer surface. We expect that these nanoparticles will degrade via normal 

biological processes to clusters small enough for excretion through the renal 

system (Figure 4. 1). In addition to addressing clearance issues, gold-coated 
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liposomes are uniquely capable of activated drug delivery via modulated NIR laser 

light [81], [84]. Because of their various modes of interaction with NIR light, gold-

coated liposomes present a novel choice for visualization and guidance under the 

surgical augmented microscope.  

 

 

Figure 4. 1: Liposome degradation by surfactant. (a) Extinction spectra: gold- 

coated liposome spectra (blue), bare liposome spectra (black) and gold- coated 
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liposome spectra after incubation with Triton X-100 (red). (b) From left to right 

image of corresponding vials: Suspension of bare liposomes, gold-coated 

liposomes and gold-coated liposomes after incubation with Triton X-100. (c) 

Histogram depicting size distributions of bare liposomes. (d) Histogram depicting 

size distribution of degradation product. (Figure used with permission from 

Troutman, T. S., Barton, J. K., and Romanowski, M., 2008) 

 

 The liposome creates a special environment where either a hydrophilic or 

hydrophobic dye can be integrated into the core space or lipid membrane, 

respectively. This inherent flexibility makes more contrast enhancing dyes 

available for use within this system. Once loaded with a fluorescent dye, the 

plasmon resonant liposomes can be visualized in biological tissue. In the case of 

drug delivery, for example, the integration of an exogenous contrast agent will 

make visualization and tracking of the liposomal system possible. Incorporation 

of a NIR fluorescent dye in the liposome allows visualization using the augmented 

microscope. Since a majority of NIR fluorescent dyes are inherently hydrophobic, 

they can be readily incorporated into the liposome via integration into the 

hydrophobic lipid membrane. These fluorescent plasmon resonant liposomes can 

be used as a new vascular angiography contrast agent, as well as other uses. 

Investigation of optical properties may uncover other unique uses for this system. 

Nanomedicine is an active area of research requiring new tools in biological 

sensing, visualization, and therapy [149], [150]. Many groups have investigated 

the optical properties of polymer and metallic nanoparticles and their potential 

use in biological applications [151]–[159]. However, in contrast to standard solid 
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gold nanoparticles, plasmon resonant liposomes can be characterized similar to 

the core-shell architecture theory [160]. The plasmon resonant liposome deviates 

slightly from the typical core-shell description such that gold is reduced in 

discrete clusters onto the surface of the liposome rather than as a complete shell, 

and the free electron movement can be described by interparticle coupling [161]. 

Leung and Romanowski described the dielectric properties of the plasmon 

resonant liposomes extensively, realizing the size-dependent dielectric function 

of gold in concurrence with the Drude theory [162]. The Maxwell Garnett effective 

medium theory can describe the permittivity of a composite sphere with a core-

shell architecture by 

𝜀𝜀𝑠𝑠 = 𝜀𝜀𝑚𝑚 �𝜀𝜀𝐴𝐴𝑏𝑏(1+2𝑓𝑓)+𝜀𝜀𝑚𝑚(1−𝑓𝑓)
𝜀𝜀𝐴𝐴𝑏𝑏(1−𝑓𝑓)+𝜀𝜀𝑚𝑚(2+𝑓𝑓) �    (4.1) 

where 𝜀𝜀𝐴𝐴𝑏𝑏 and 𝜀𝜀𝑚𝑚 are the dielectric constants for gold and the surrounding 

medium, respectively, and 𝑓𝑓 is the fill factor, or ratio of the volume of gold 

particles to the volume of the shell. The plasmon resonant absorption and 

respective spectral tuneability of the gold coated liposome is controlled by varying 

the fill factor 𝑓𝑓 and has been extensively characterized and demonstrated by the 

Romanowski group [1], [76], [81], [83], [84]. The polarizability of the system can 

be described by Kerker’s approximation as 

𝛼𝛼 = 3𝑉𝑉 � (𝜀𝜀𝑠𝑠−𝜀𝜀𝑚𝑚)(𝜀𝜀𝑚𝑚+2𝜀𝜀𝑠𝑠)+𝑞𝑞3(𝜀𝜀𝑚𝑚−𝜀𝜀𝑠𝑠)(2𝜀𝜀𝑠𝑠+𝜀𝜀𝑚𝑚)
(𝜀𝜀𝑠𝑠+2𝜀𝜀𝑚𝑚)(𝜀𝜀𝑚𝑚+2𝜀𝜀𝑠𝑠)+𝑞𝑞3(𝜀𝜀𝑚𝑚−𝜀𝜀𝑠𝑠)(2𝜀𝜀𝑠𝑠−2𝜀𝜀𝑚𝑚)�   (4.2) 

where 𝑉𝑉 is the volume of the shell, q is the ratio of core diameter to outer-most 

diameter (R/Rs), εs and εm are the permittivities of the shell and surrounding 

media, respectively, and the core and surrounding medium are the same and 

separated by the shell [163]. These properties are all necessary considerations 
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when further investigating nonlinear second-order characteristics of the plasmon 

resonant liposomes. 

Hyper Rayleigh scattering (HRS) is an incoherent process where frequency 

doubled light is produced from an asymmetrical interface [164]. Incident 

fundamental energy induces a nonlinear polarization in the material and a 

second harmonic of the incident field is observed. This is in contrast to second 

harmonic generation (SHG) which is detected from materials over a macroscopic 

distance from a significant amount of second harmonic radiation and is 

considered a coherent process [164]. Therefore, liquid samples of biological 

samples or nanoparticles suspended in solution can often be difficult to classify 

as SHG do to the incoherence of the frequency doubled scattered frequency that 

prevents constructive interference and strong signal as observed in more ordered 

systems (e.g., collagen). A general overview of SHG and HRS will still be presented 

here to provide a fundamental understanding of the nonlinear optical processes. 

Microscopy and spectroscopy were both performed on the plasmon resonant 

liposomes which provided preliminary data demonstrating their ability to produce 

nonlinear, frequency doubled signal generation. 
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Figure 4. 2: SHG/HRS Jablonski diagram. Showing the conversion of two 

photons from a fundamental frequency 𝜔𝜔 to a doubled frequency 2𝜔𝜔. This 

nonlinear process occurs via virtual states and from an induced nonlinear 

polarization in the material arising from the acentric system. 

 

The SHG process occurs when two photons of lower energy are annihilated 

and a single photon of twice the energy is created. This is represented by the 

Jablonski diagram in Figure 4. 2, named after the Polish physicist Aleksander 

Jablonski [165].  Production of harmonic frequencies from the fundamental in a 

system rely on the asymmetrical considerations, especially for the production of 

even harmonics [166]. The second harmonic signal generated is proportional to 

the intensity of the electric field squared and therefore occurs only in the focus 

where optical intensity is the greatest. In systems that retain inversion symmetry, 

SHG is a forbidden process as observed in the electric dipole approximation [166]. 

However, focusing our observation on the surface of such gold-coated liposomes, 

symmetry is in fact broken. Gold clusters distributed on the surface of liposomes 
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are interacting with lipids on one side and water on the other, two media with 

different permittivities. In a simple model of plasmon oscillation, electrons 

collectively oscillating around the center of the gold cluster, x=0, experience the 

restoring potential energy expressed as 𝑈𝑈 = 𝑁𝑁
𝜀𝜀1𝜀𝜀0

𝑥𝑥2 for x<0 and 𝑈𝑈 = 𝑁𝑁
𝜀𝜀2𝜀𝜀0

𝑥𝑥2 for x>0, 

where 𝜀𝜀1 and 𝜀𝜀2 are permittivities of lipid and water, respectively (Figure 4. 3). 

This generally asymmetric piece-wise function is responsible for the presence of 

higher order harmonics. The potential energy well can deform away from an ideal 

parabola described by the Hooke’s law in a manner depending on the system of 

interest, contributing to nonlinear properties of the system (Figure 4. 3). 

For a colloidal particle exposed to the local field, the induced dipole is 

𝒑𝒑(𝑡𝑡) = 𝜀𝜀0 �𝛼𝛼𝑬𝑬+ 𝛽𝛽
2
𝑬𝑬2(𝑡𝑡) + ⋯�    (4.3) 

where 𝛼𝛼 is the first-order (linear) polarizability, 𝛽𝛽  is the second-order 

polarizability or first hyperpolarizability, etc., the E is the local electric field 

vector, and we assume no static dipole moment. The nonlinear polarization in a 

material is related to the electric field strength of the applied optical field 𝐸𝐸 =

𝐸𝐸0sin (𝜔𝜔𝑡𝑡) and can be expressed by  

𝑷𝑷(𝑡𝑡) =  𝜀𝜀0[𝜒𝜒(1)𝑬𝑬(𝑡𝑡) + 𝜒𝜒(2)𝑬𝑬2(𝑡𝑡) + 𝜒𝜒(3)𝑬𝑬3(𝑡𝑡) + ⋯ ]  (4.4) 

where 𝜀𝜀0 is the material permittivity, 𝜒𝜒(𝑠𝑠) is the 𝑛𝑛𝑡𝑡ℎ-order nonlinear susceptibility, 

and 𝐸𝐸 is the electric field vector. Note the relation between material constants. 

Linear polarizability is related to permittivity 𝜒𝜒 = 𝜀𝜀 − 1. For small linear 

polarizabilities, so that 𝑆𝑆𝐴𝐴𝛼𝛼 ≪ 1, the following relations hold: 𝜒𝜒 ≈ 𝑆𝑆𝐴𝐴𝛼𝛼, where NA is 

the Avogadro number. Also, polarization P as used in equation 4.4 can be related 

to the individual dipole moment p in equation 4.3 and the number N of these 
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dipole moments per unit volume: 𝑷𝑷 = 𝑆𝑆𝒑𝒑. Oscillating dipole moment p(t) (and 

similarly polarization) is directly related to the field of the scattered wave E(t), 

which in turn relates to the intensity of scattered light: 𝐼𝐼 ∝ 𝐸𝐸2. 

 Nonlinear polarization induced in materials, as described in equation 4.4, 

maintains coherence of incident light. The process is described as SHG. In 

contrast, in a suspension of colloidal particles, as described in equation 4.3, all 

coherence of the incident light is lost. This process is described as HRS. We 

hypothesize that suspensions of gold coated liposomes are capable of producing 

HRS because the plasmon electrons in gold nanoparticles are exposed to the 

asymmetric permittivity function, determined by water on one side and lipid on 

the other. In the second-order process, the dipole moment 

𝑝𝑝(𝑡𝑡) = 𝜀𝜀0
𝛽𝛽
2
𝐸𝐸2(𝑡𝑡) = 𝜀𝜀0

𝛽𝛽
2
𝐸𝐸02 sin2 𝜔𝜔𝐿𝐿𝑡𝑡   (4.5) 

gives rise to the HRS term 𝐸𝐸02 sin𝜔𝜔𝐿𝐿𝑡𝑡 describing scattering at twice the frequency 

of the incident light 𝜔𝜔𝐿𝐿. The total intensity of the scattered light is then 

proportional to the sum of the squares of all HRS dipole terms, in contrast to the 

square of the sum in SHG. Therefore, the experimentally observed intensity is 

𝐼𝐼2𝜔𝜔𝐻𝐻𝐻𝐻𝐻𝐻 ∝ 𝑆𝑆 and 𝐼𝐼2𝜔𝜔𝐻𝐻𝐻𝐻𝑆𝑆 ∝ 𝑆𝑆2. 

Previous research has described HRS from spherical gold nanoparticles 

[154]–[156]. In these experimental realizations of HRS, the intensity of the 

frequency doubled emission is given by 

𝐼𝐼2𝜔𝜔 = 𝐺𝐺(𝑆𝑆1〈𝛽𝛽12〉+ 𝑆𝑆2〈𝛽𝛽22〉)𝐼𝐼𝜔𝜔2𝑒𝑒−𝑁𝑁2𝛼𝛼2𝑠𝑠   (4.6) 

where 𝐼𝐼𝜔𝜔 is the intensity of incident light, 𝐺𝐺 is an instrumental correction factor, 

𝑆𝑆 is the number density, 𝛽𝛽 is the first hyperpolarizability, 1 and 2 refer to analyte 
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and solvent, respectively, and the inverse exponential term adjusts for any 

absorption due to sample thickness. The hyperpolarizability of water is used as 

𝛽𝛽𝑤𝑤 = 0.56 × 10−30 esu. It is hypothesized that the induced nonlinear polarization 

will be stronger and subsequently produce greater HRS signal if we create a 

stronger dielectric constant gradient at the interface of a nanoparticle (i.e., the 

gold coated plasmon resonant liposome shown in Figure 4. 3). Creating a system 

that produces stronger HRS can yield a new nonlinear contrast modality, allow 

for visualizing the integrity of the gold shell on the liposome, and demonstrate 

basic research in materials. 

Plasmon resonant liposomes are created by reducing small clusters of gold 

onto the surface of the lipid head groups [1]. The gold-coating creates a pseudo-

shell that enables collective oscillation of the electrons in the conduction band of 

the gold. This surface plasmon resonance (SPR) enables strong and specific 

absorption of NIR light energy. In this system, we have created a strong dielectric 

constant gradient between the lipid-gold-solvent which may function to enhance 

the HRS intensity. 
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Figure 4. 3: Liposome with gold coating and electrostatic potential energy well 

diagram. 
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Materials and Methods 

Cerebrovascular Angiography with Plasmon Resonant Liposomes 

NIR fluorescent gold-coated liposomes were prepared using standard 

techniques and loaded with a hydrophobic NIR fluorescent dye (IR792, Sigma-

Aldrich, St. Louis, MO) [76]. Briefly, a mixture of lipids with NIR dye were dried 

overnight using a vacuum cold trap and then rehydrated with PBS. Freeze/thaw 

cycles were subsequently performed followed by high pressure extrusion through 

100 nm pore size filters. Gold coating was performed by reducing gold-chloride 

onto the surface of the liposomes in the presence of ascorbic acid. The presence 

of plasmon resonance was confirmed by absorption spectra (Cary5, Santa Clara, 

CA), and the size of the nanoparticles was confirmed via dynamic light scattering 

(ZetaSizer Nano ZS90, Malvern, UK). The gold-coated liposomes were prepared at 

30 mM lipid concentration with 0.1 mole percent of the NIR dye. 

 Angiography was performed in a rat model with an open craniotomy. The 

animal was anesthetized (1-3% isoflurane, Henry Schein, Melville, NY) and 

monitored visually along with a tow pinch technique periodically administered 

during surgery. Immediately following anesthesia, the tail vein was cannulated 

for vascular access. Under the guidance of the augmented microscope, an 

incision was performed centerline on the scalp and connective tissue was cleared 

exposing the skull. A craniotomy approximately 2 x 5 mm was performed on the 

right lateral side of the superior central sulcus between bregma and lambda using 

a high-speed drill. The dura was carefully removed using microsurgical technique 

to fully expose brain vasculature and any bleeding was immediately controlled 

either with cotton tip applicators or electrocautery. The gold-coated liposomes 

with NIR dye were injected (0.5 mL) through the cannulated tail vein while the 
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surgical field and NIR fluorescence were observed within the oculars of the 

augmented microscope and recorded for further analysis. 

Plasmon Resonant Liposome Preparation for HRS and PTA Experiments 

The plasmon resonant liposomes were prepared similar to previously 

described methods [81]. The lipid composition was 

dipalmitoylphosphatidylcholine (DPPC), monopalmitoylphosphatidylcholine 

(MPPC), and dipalmitoylphosphatidylethanolamine-[N-methoxy(polyethylene 

glycol)-2000] (DPPE-PEG2000) at 90:10:4 molar ratio (Avanti). For samples that 

required standard fluorescence, AlexaFluor 647 fluorescent dye was included at 

a 0.1 mole percent. Amount of lipids were weighed such that the final preparation 

of liposomes would yield approximately 5 mL at 60 mM liposome concentration. 

The lipid components were weighed and mixed together using organic solvent and 

subsequently dried with nitrogen gas followed by overnight drying in a vacuum 

cold trap. Next, the dried lipids were rehydrated with 5 mL PBS. Heat was applied 

using a water bath to encourage complete rehydration of the lipids in the PBS. In 

the most difficult circumstances where the lipids would not rehydrate completely, 

very slight sonication was used (less than 10 seconds total). The sonication 

helped dissolve the lipids into the PBS, but time was restricted so to minimize 

any pre-formation of liposomes due to sonication. The lipid solution underwent 

10 cycles of freeze/thaw using an isopropyl alcohol dry ice bath and water bath 

set to 50-60 C, respectively. This process in theory creates lipid bilayer sheets in 

solution. The sample was subsequently extruded through 200 nm followed by 

100 nm polycarbonate membranes, 5 times each. The confirmed 100 nm final 

diameter was measured using dynamic light scattering (Zeta Sizer, Malvern). In 

a sample cuvette, 10 µL of the liposomes with PBS to make the total volume 1 
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mL. A 1:1.5 ratio of Gold(III) chloride trihydrate (18 µL, 0.1 M, Sigma-Aldrich) and 

L-Ascorbic acid (27 µL, 0.5 M, Sigma-Aldrich), respectively, were added to 1 mL 

of 10 mM liposomes to yield a plasmon resonance absorption peak near 860 nm. 

Plasmon resonance absorption peak was verified using a spectrophotometer 

(Cary5E, Varian). In a 1 x 1 cm cuvette, 50-100 µL of the sample was added plus 

PBS to make a total volume of 2 mL. The reference cuvette contained 2 mL of 

PBS. Dialysis using 100kD pore size tubing was performed overnight in 3 L of 

PBS following the gold coating process to remove free ions of gold and chloride in 

solution. Successful dialysis was confirmed by measuring a pH between 7 and 8. 

Polyacrylamide Gel Preparation with Plasmon Resonant Liposomes 

Polyacrylamide gels were prepared similar to the protocol given in Chapter 

2. The plasmon resonant liposome sample was volumetrically added (200 µL) to 

the gel preparation prior to adding catalyst. The gel was catalyzed with plasmon 

resonant liposomes incorporated into the gel matrix (Figure 4. 4) and 

subsequently imaged using a multiphoton microscope described below. 

 

 

Figure 4. 4: Polyacrylamide tissue phantom with 100 nm plasmon resonant 

liposomes 
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Spectroscopy 

A spectroscopy instrument was assembled to analyze the nonlinear 

processes in the plasmon resonant liposomes (Figure 4. 5). A Ti:Sapphire laser  

(Mai Tai, Spectra Physics) operating at 100 fs pulse width, 80 MHz was used to 

probe the sample. A zero-order half-wave plate (WPH05M, Thorlabs) and Glan-

laser polarizer (GL10-B, Thorlabs) was used to manually adjust incident beam 

power as measured using a thermopile-based power meter (1917-R, 818P-001-

12, Newport). The incident laser beam was expanded with two lenses, focal 

lengths -50 mm and 100 mm, respectively. A 10x, 0.25 NA objective (Plan N, 

Olympus) focused the light into the sample cuvette. The sample cuvette was a 

round 4 mm OD quartz NMR tube (714-PQ-100M, SP Industries) placed into a 

custom 3-D printed sample holder and subsequently mounted onto the stage 

(LC1A, Thorlabs). The collection objective was 20x, 0.50 NA (UPlanFL N, 

Olympus). A filter (700SP) was placed after the collection objective to filter out 

excitation light followed by a lens (25 x 85 mm, NT49-359-INK, Edmund Optics) 

to focus light into a fiber-coupled spectrometer (QE65000, Ocean Optics). 

Emission spectra was analyzed using Spectra Suite software provided by Ocean 

Optics with 30 second integration, 1 scan average, and 600 mW average power 

as measured before the excitation objective. 
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Figure 4. 5: Spectroscopy instrument for measuring HRS. 

 

Microscopy 

The plasmon resonant liposomes were imaged using a multiphoton 

scanning microscope that used a Ti:Sapphire laser source (Coherent). The 

microscope was configured with standard fluorescence excitation source and 

white light transillumination that could both be used separately from the 

scanning geometry (Figure 4. 6). In this configuration, imaging and photothermal 

ablation (PTA) was demonstrated with the plasmon resonant liposomes. The 

scanning microscope photomultiplier tubes (PMT) was configured with 

appropriate dichroic and bandpass filters for the calculated second harmonic 

frequency with respect to the incident frequencies. A 20x water immersion 

objective (XlumPlan FL, 20x, 0.95 NA, water, Olympus) was used to visualize the 

sample. Laser power was measured with a thermopile power meter and recorded 
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at each wavelength used to illuminate the sample. The plasmon resonant 

liposomes were imaged in two experimental configurations: 1. Plasmon resonant 

liposomes pipetted directly onto a glass slide with cover slip, and 2. Plasmon 

resonant liposomes incorporated into a polyacrylamide gel. 

The scanning settings were adjusted between imaging and PTA conditions. 

For imaging, scanning was performed with 400 x 400 µm FOV, 512 x 512 pixels, 

800 Hz, 1 scan average. PTA parameters varied across specific samples and are 

detailed in the appropriate figures, but the FOV for PTA scanning was 100 x 100 

µm, 512 x 512 pixels. The sensitivity of the PMT channels were set to 80. 
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Figure 4. 6: Scanning microscope configuration with three imaging modalities: 

1. Multiphoton scanning microscopy, 2. Standard fluorescence, 3. 

Transillumination. The standard fluorescence from the AlexFluor 647 was 

captured using a Cy5.5 filter set installed into the filter wheel. The Ti:Sapphire 

laser was tuned to fundamental wavelengths 780-980 nm as appropriate. 

 

Results 

Cerebrovascular Angiography 

 The NIR fluorescent gold-coated liposomes were used for angiography and 

visualized within an open craniotomy on a rat under the augmented microscope 

(Figure 4. 7). The NIR fluorescent gold-coated liposomes are larger than a 

standard molecular dye making it less likely to extravasate thereby reducing 

background signal over subsequent injections. Fluorescent signal was confined 

to the cerebral vasculature. A strong signal was observed from the fully exposed 

brain vasculature. A noticeable signal was also observed through the cranium 

directly above the superior sagittal sinus (Figure 4. 7b) There was minimal 

scattered fluorescence signal within the craniotomy maintaining clear and sharp 

fluorescence signal. 
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Figure 4. 7: Augmented vascular angiography with gold-coated liposome 

nanoparticles synthesized with IR792 fluorescent dye as NIR contrast agent. (A) 

Image shows without augmentation enabled. (B) Image shows with augmentation 

enabled. The red horizontal line observed in the images is a result of the visible 

camera readout artifact. Scale bar 1 mm. Figure from Watson, J. R., Garland S., 

and Romanowski, M, 2017. 

 

Spectroscopy 

HRS was measured from the plasmon resonant liposomes at a variety of 

wavelengths in the NIR spectrum (Figure 4. 8). Characteristic HRS peaks are 

apparent in the spectra. Broad luminescence spanning 400 – 700 nm was 

observed from the sample which was otherwise not visible in the absence of gold 

(Figure 4. 8 insert). This broad emission is consistent with previous observations 

in literature and represents multiphoton luminescence in the system [167]. The 

artifact observed near 700 nm in the spectra is from approaching the cut-off 

wavelength of the short-pass filter placed in the collection arm. 
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A linear fit was applied to the log-log plot of HRS emission and incident 

power, respectively. The slope of 1.79 indicates a second-order process, 

consistent with HRS. The liposome data was compared to a KTP crystal as a 

control which had a strong linear fit and slope of 2 (Figure 4. 9). The linear fit 

from Figure 4. 9 for the plasmon resonant liposome sample may be lower than 

the expected slope of 2 for a second-order process due to influence from the broad 

luminescence that bleeds into the HRS peak as observed in the spectra.  

  

 

Figure 4. 8: HRS spectra and luminescence from plasmon resonant liposomes. 

Inset shows spectra of liposomes without a gold-coating. 
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Figure 4. 9: Log/Log plot of HRS emission and power, respectively. Linear fit 

applied to both datasets. Sample data was compared to KTP crystal. 

 

The HRS signal was collected without specific polarization as a result of 

the fiber-coupled spectrometer. The polarization dependence of the HRS signal 

will need to be investigated further, but maximal light throughput was necessary 

in the current set-up with a CCD-based spectrometer. Introducing a polarizer 

into the collection arm reduced the emission to a level below detection. Future 

studies can utilize a monochromator or PMT with appropriate filters for more 

sensitive detection. 

Microscopy 

 The plasmon resonant liposomes were imaged on a multiphoton 

microscope with a variety of settings. Using a polyacrylamide gel preparation with 



 116 

plasmon resonant liposomes, the incident laser beam was scanned at moderate 

power. There were noticeable PTA effects (e.g., gel etching and bubble formation) 

from the laser scanning process (Figure 4. 10). These effects were not observed 

under control conditions with no plasmon resonant liposomes or with liposomes 

that were not coated with gold. When imaging the sample directly pipetted onto 

a glass slide with cover slip, the harmonic signal was visualized in the appropriate 

PMTs (Figure 4. 11, Figure 4. 12, Figure 4. 13, and Figure 4. 14). There was 

also a noticeable signal in the PMT channel that looked for other nonlinear 

multiphoton processes. A 3-D representation of the scanned sample is given in 

Figure 4. 12. Under moderate incident laser power, there was noticeable 

suppression of the harmonic and multiphoton signals as evident from the dark 

square area in the images (Figure 4. 13). Under increased incident laser power 

conditions, there was noticeable heating in the sample and what appeared to be 

bubble formation (Figure 4. 14). These findings in the multiphoton configuration 

were further analyzed using transillumination microscopy and observing visible 

defects in the sample or gel after laser scanning (Figure 4. 10, Figure 4. 13, and 

Figure 4. 14).  
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Figure 4. 10: Multiphoton demonstration of PTA, a preliminary dataset. Imaging 

parameters: 4 mW, 3 sec scan time, 780 nm. PTA parameters: 40 mW, 30 sec 

scan time, 780 nm. 

 

 

Figure 4. 11: Multiphoton luminescence. Acquisition performed across two PMTs 

with different filter sets. The two PMT channels were merged to show localization 

of the signals. Imaging parameters: 23 mW, 780 nm, 800 Hz, 1SA. Scale bar = 30 

µm. 
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Figure 4. 12: 3-D rendition of multiphoton luminescence. (a) Cross-section of 

plasmon resonant liposomes sample. (b) 3-D rotation about y-axis showing a z-

stack of the images. These images contained merged PMT channels 

(Blue=377/50BP; Green=460/80BP). Imaging parameters: 23 mW, 780 nm, 0.5 

µm step size, 800 Hz, 1 SA. Scale bar = 30 µm. 
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Figure 4. 13: Photobleaching multiphoton luminescence signal. Laser scanned 

in central region of image. Imaging parameters: 20mW, 1 sec, 760 nm. PTA 

parameters: 88 mW, 30 sec scan time, 760 nm. Transillumination collected on 

CMOS camera. Scale bar = 30 µm. 

 

 

Figure 4. 14: PTA effects under multiphoton microscopy. Laser scanned in 

central region of image. Imaging parameters: 20mW, 1 sec, 760 nm. PTA 

parameters: 121 mW, 60 sec scan time, 760 nm. Transillumination collected on 

CMOS camera. Scale bar = 30 µm. 

 

Discussion 

The multiphoton microscopy of plasmon resonant liposomes produced 

images with apparent signal generation and PTA when scanning parameters were 
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set as specified in the methods and appropriate figures. A major application for 

this finding is the development of new contrast agents for live-cell imaging. 

Because it is a biological-based agent, it can be ideal for use in biological systems. 

The use of metallic nanoparticles in medicine is under continuous scrutiny for 

potential toxic effects form accumulation. Many metallic nanoparticles are often 

too large for easy excretion pathways in the body and can localize in the liver. 

However, the plasmon resonant liposomes, although large when assembled, can 

degrade down to clusters averaging 5.5 nm [1]. Since the plasmon resonant 

liposomes are constructed on a biological template made of lipid molecules, these 

particles have less potential for deleterious toxic effects and may even be excreted 

through the renal system. 

The preliminary demonstration of plasmon resonant liposomes as a 

contrast agent in vivo shows promising use with the augmented microscope. 

These nanoparticles produce strong luminescence and are large enough to 

prevent quick extravasation. Long circulation times were also observed in the 

cerebrovascular angiography experiments. These circulation times are likely a 

result of the PEG lipids that make the liposome “stealth” in the vascular system 

and the size that limits their filtering potential until they are broken down. The 

plasmon resonant liposomes could make an ideal candidate for vascular imaging 

applications where sustained contrast signal is desired. 

The successful angiography demonstration led to further investigation of 

the optical characteristics of the liposomes. From this, spectroscopy and 

microscopy experiments showed nonlinear optical phenomena from the plasmon 

resonant liposomes. The observation of potential HRS has demonstrated further 

capabilities that can be exploited for imaging using the liposomes. It may be 
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possible to enhance the HRS signal when liposomes are used in a biological 

application and extravasate into a tissue. In this case, the mobility and diffusion 

of the liposomes will be significantly reduced, if not stationary on a macroscopic 

scale, and may even enable coherent nonlinear optical phenomena (e.g., SHG). 

However, further research will need to be performed to investigate these claims. 

Polarization and concentration dependent analysis of the suspected HRS signals 

from the plasmon resonant liposomes should be conducted to better characterize 

the nonlinear phenomena. 

Conclusion 

Plasmon resonant liposomes have many different properties that 

demonstrate their potential for biological applications. The biological 

nanoparticle system also aims to address the typical toxicity concern associated 

with heavy metal-based nanoparticles. Further pharmacokinetic studies need to 

be performed with the plasmon resonant liposomes to confirm their proper 

biodistribution ADME kinetics. The augmented microscope was used for 

visualizing the plasmon resonant liposomes during vascular angiography, 

demonstrating the potential of the nanoparticles as a contrast agent. Although 

not completely demonstrated here, the augmented microscope could also be an 

imaging platform for guiding and monitoring PTA with the plasmon resonant 

liposomes. The PTA process is performed using NIR light, and the augmented 

microscope would be capable of directly visualizing the treatment beam and 

potential heating effects in situ. 

 The demonstrations of the plasmon resonant liposomes as a contrast 

agent, nonlinear luminescent particle, and tool for PTA highlight their potential 
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as a theranostic agent. This is further strengthened by the previous research that 

has also shown activated content release and their use as a drug delivery vehicle 

or biological sensor [81][168].  
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

The development of an augmented microscope has aimed at improving 

image guided surgery in the brain. Current clinical procedures and practices are 

expected to benefit from implementation of such a technology. The ability to 

visualize pertinent information in real-time and coregistered when necessary will 

enable the surgeon to more accurately and quickly diagnose or treat the patient. 

In the case of surgical procedures, this translates to more accurate visualization, 

quicker surgical times, and improved patient outcomes. 

The augmented microscope presented in this dissertation work has 

undergone continual development since the proof-of-concept. In addition to the 

design and development, the technology was patented in the United States. The 

microscope was demonstrated in various systems of contrast agent use. In 

addition, multiple NIR fluorescent dyes were investigated. With the continual 

development of new NIR agents for biomedical use, the augmented microscope 

will provide the mechanism for visualization. In application to neurosurgery, the 

augmented microscope has demonstrated successful image guidance for the 

surgeon in a pre-clinical setting. Future development of image processing 

algorithms for pre-surgical image data (e.g., MRI and CT) can enable more 

sophisticated image presentation within the oculars of the microscope. In 

example, the augmented microscope could provide a platform for visualizing MRI 

data in real-time that are registered to the surgical procedure. Such 

advancements could enable more accurate and efficient procedures thereby 

reducing complications and increasing success. 
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Augmenting the surgical view can provide limitless potential for adding 

helpful diagnostic and therapeutic information during procedures. In 

neurosurgery, image guidance is of paramount importance to ensure the surgeon 

has an adequate roadmap. Current image guided surgery is visualized on 

standalone monitors that make it necessary for mental registration of the data to 

the actual surgical FOV. By augmenting the surgical microscope, any information 

could be presented to the surgeon in real-time and superimposed on the surgical 

field. Pre-operative medical imaging could be presented in this format. Even more 

advanced, visualizing the pre-operative images in real-time and appropriately 

sectioned within the surgical microscope could be a major enhancement to 

current image guided surgery. If the pre-operative medical imaging data could be 

processed during the procedure reflecting the changes during surgery (i.e., 

resected tissue or movement of structures), this would be ideal for augmenting 

into the surgical microscope. Lastly, implementing an interactive element to 

augmented reality for image guided surgery, like that of the Microsoft HoloLens, 

could truly shift the paradigm to more technologically advanced tools aimed at 

improving patient prognosis for surgical procedures. 

The benefit of nonlinear phenomena demonstrated in the plasmon 

resonant liposomes could lead to improved imaging agents and activatable tools 

for biomedical applications. The plasmon resonant liposomes and their plethora 

of uses can directly address the increased need for specific and selective 

theranostic agents in medicine. Combining these theranostic tools with the image 

guidance by the augmented microscope could produce a system that provides 

better treatment options for patients. 
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Future Directions 1: Complete Assembly of Clinical Augmented Microscope 

and IRB Approval 

 The current configuration of the clinical augmented microscope was 

discussed in Chapter 2 of this dissertation. All relevant components have been 

incorporated into the system. However, the current optical alignment needs 

further improvements for simplifying and optimizing the adjustments to center 

the NIR image onto the CMOS sensor. The rapid prototyping was successful as a 

preliminary alignment stage, but the optical mold, if machined, would provide 

more accurate tolerances and improved fitment of optical elements. 

 The imaging system is designed to be used in a clinical setting and as such 

was developed using a surgical ENT microscope. IRB approval would be the next 

stage for this device to use in the operating room for collection of clinical vascular 

angiography data. The clinical setting often introduces challenges that cannot be 

foreseen but must be addressed in the design and development of a clinical 

system. As I did spend an extensive amount of time inside the neurosurgical 

operating suite, I hope the clinical augmented microscope performs to the 

appropriate standards. The improved ergonomics over the proof-of-concept 

should enable quick use of the system during a procedure. However, the current 

software used to operate the device is rudimentary and should be further 

developed. With the development of new NIR contrast agents and the 

demonstrated potential of plasmon resonant liposomes, it would be useful to 

capture fluorescence data in more brain tumor models. The preliminary data 

shown in Chapter 3 for diffusion of contrast into tumor tissue warrants further 

investigation. The augmented microscope technology would excel in this area by 
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providing real-time overlay of the fluorescence data thereby directly visualizing 

margins for improved resection. 

Future Directions 2: HRS Polarization-Dependent Analysis of Plasmon 

Resonant Liposomes 

 Chapter 4 focused in large part on the interrogation of nonlinear optical 

phenomena from the plasmon resonant liposomes. The preliminary data that was 

collected showed the frequency doubling capabilities of the plasmon resonant 

liposomes. This was classified as HRS compared to SHG as a result of the 

colloidal suspension in solution, and the signal generation was assumed to be 

incoherent, thus a HRS event. Literature supports this theory and provides other 

ways to further interrogate the second-order phenomena. 

 In the current spectroscopy instruments used to collect the HRS data, the 

collected signal was unpolarized and sent to a CCD spectrometer. The supporting 

literature often provides HRS data using polarization depended collection as a 

function of the incident beam polarization. This design specifically investigates 

the selection rules in the nonlinear system and further support the claim of HRS 

signal generation. This can be performed with slight modification to the current 

spectroscopy instrumentation in the lab. A zero-order half wave plate and Glan-

laser polarizer is already implemented in the incident beam path as a way to 

control incoming polarization and power of the laser beam. Both the half-wave 

plate and polarizer are mounted onto rotational mounts with angular 

measurement marks that enable appropriate rotation of polarization of the 

incident beam and power adjustment. A second Glan-laser polarizer can be 

installed into the collection arm of the spectroscopy set-up to enable polarization 
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dependent collection. Since the collection arm is assembled as a cage system, the 

polarizer should fit directly into the beam path with an appropriate optical cage 

mount. It is suggested to use an adjustable mount for fine-tuning the alignment 

of the polarizer once installed. The polarizer should be located between the 

collection objective and the lens used for focusing collected light into the 

spectrometer fiber. This locates the polarizer in collimated light space thereby 

eliminating angular dependencies from light propagation through the polarizing 

element. 

 In addition to implementing polarized detection, the spectroscopy 

instrument could be upgraded from a CCD to a PMT or monochromator detector. 

This would greatly enhance the sensitivity of light detection. Since a standard 

PMT detector typically has a larger area compared to the entrance of a 

spectrometer fiber, this would enable angular dependent measurements more 

easily. In the current configuration, rotating the collection arm will cause the 

focal point of collected light to move off the entrance of the fiber and reduce 

collection efficiency. With the implementation of a larger sensor area, like that of 

a PMT, the focal point can have more freedom to move while still being focused 

on the sensor surface area. According to current literature, obtaining angular 

dependent scattering measurements can sow the size-dependent luminescence 

from the nanoparticle system or sample being measured [169]. 

 Lastly, concentration dependent measurements should be performed to 

gather more insight into the HRS process. Literature supports that plotting 

concentration versus power is a standard measurement for confirming the HRS 

process and obtaining a first hyperpolarizability value [170], [171]. 
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Future Directions 3: Complete Integration of PTA with Plasmon Resonant 

Liposomes Under Augmented Microscopy Guidance 

 Laser surgery in combination with nanotechnology can potentially improve 

treatment for brain cancer. Nanotechnology has yield new materials of unique 

properties. For example, gold nanoparticles have been shown to absorb energy of 

NIR light and enable thermal ablation for biomedical applications. Consequently, 

there has been increased focus on using NIR light for surgical image guidance 

and therapy to enhance visualization of abnormal or pathological structures and 

ablate tissue respectively [2], [3], [62], [64], [86], [127], [172]–[174]. NIR light is 

advantageous for the transparency of biological tissues in this spectral range and 

introducing NIR light does not affect the perceived colors in the visible spectrum. 

Currently, surgical imaging technologies have limited capabilities to work with 

images simultaneously in the NIR and visible spectrum.  

Preliminary results were generated investigating the optical characteristics 

and capabilities of the plasmon resonant liposomes as discussed in Chapter 4. 

One outcome from those experiments that was observed was heating and ablation 

potential from the liposome system. The results suggest that the plasmon 

resonant liposomes may serve as a therapeutic tool for NIR laser surgery and PTA 

procedures. The use of the liposomes with NIR laser light leads to the hypothesis 

that augmented microscopy is an imaging tool that can be used to visualize the 

NIR laser for performing procedures with the plasmon resonant liposomes. 

Further analysis of this PTA process should be performed to better understand 

the mechanism and characteristics of PTA.  
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With the advent of new ultrafast laser systems that have been consolidated 

into smaller form factors, their use in medicine is more accessible and practical. 

However, open laser beams in the medical environment pose considerable risk 

and would likely not be possible. Therefore, fiber-coupled laser systems are 

advantageous for safety, and the hand-held fiber is one which the surgeon can 

manually manipulate and direct during procedures. Despite these advantages, 

the use of fiber-coupled ultrafast laser systems introduces another challenge: the 

ultrafast pulse will be dispersed greatly along the length of any fiber and, as a 

consequence, destroys the temporal characteristics of the pulse. The introduction 

of pulse compressors and more importantly hollow core photonic crystal fibers 

(PCFs) has enabled the practical use of femtosecond pulses in a fiber-coupled 

setting. The wavelength dependent hollow core PCF allows the pulse to transmit 

through the fiber with minimal dispersion. However, a compressor is still 

necessary as dispersion does not disappear and is only minimized. With the use 

of an appropriate pulse compressor and wavelength appropriate PCF, the 

femtosecond pulse can be compressed prior to entering the hollow core PCF such 

that the dispersion effects can be compensated for, and what exits the fiber is 

closer to the original femtosecond pulse. 

 We have built an appropriate compressor and stage for introducing an 

ultrafast laser beam into a hollow core PCF (Appendix H). Temporal pulse 

characteristics can be verified using an autocorrelator module incorporated into 

the system design. The transmitted NIR laser beam was visualized using the 

augmented microscope as a rudimentary consideration and demonstration of 

guiding NIR laser surgery (Figure 5. 1). A Ti:Sapphire NIR laser beam (Mai Tai, 

Spectra Physics) at <5 mm average power was launched into a hollow core PCF 
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(HC-800B, Thorlabs) using a precision single mode fiber launch stage (MBT612D, 

Thorlabs). A FC type connector (30140E1, Thorlabs) and appropriate beam 

collimator (F230FC-780, Thorlabs) was attached to the distal end of the fiber. The 

microscope enabled complete visualization of the laser beam and surrounding 

spatial queues as seen in Figure 5. 1c. The fiber collimator produces a 5 mm 

diameter beam that is clearly visible using the augmented microscope. Location 

of the NIR laser beam or surrounding spatial features would not be possible 

without the augmentation enabled. 

 

 

Figure 5. 1: NIR laser guidance suing augmented microscope. Visualization of 

820 nm Ti:Sapphire laser from a hollow core PCF. (A) No augmentation doesn’t 

allow for visualization of the laser beam; (B) NIR view only shows the laser beam 

without visible spatial features; (C) Augmented view shows both NIR laser beam 

(green) and visible spatial features. Figure from Watson J. R., Garland, S., and 

Romanowski, M, 2017. 

 

 Future studies may combine the use of NIR laser illumination with the 

plasmon resonant liposomes for enabling real-time surgical guidance for PTA 

procedures. A preliminary experiment of this nature would suggest the use of an 
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in vitro cell model that can be ablated upon incubation with plasmon resonant 

liposomes and subsequent illumination with the NIR laser beam. This process 

can be accurately visualized using augmented microscopy and can aim to more 

accurately treat cancer margins in a clinical setting. The constitutive control 

inherent to this system would enable localization of the plasmon resonant 

liposomes to a tumor tissue, and only under combined liposome presence and 

NIR laser illumination would PTA occur. The NIR laser beam can be accurately 

visualized using the augmented microscope and appropriate area of illumination 

could be identified with other imaging modalities including MRI or CT. The 

utilization of augmented microscopy enables all this information to be presented 

within the optical system for more accurate visualization of such a complex 

surgical procedure. Following in vitro demonstration, this could be applied to a 

pre-clinical model with cancer pathology. 
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APPENDIX A: LIST OF ABBREVIATIONS 

ABTA .............................................................American Brain Tumor Association 

ADME ....................................... Absorption, Distribution, Metabolism, Excretion 

A/P ......................................................................................... anterior/posterior 

Anti-EGFR ................................................. anti-epidermal growth factor receptor 

APS .................................................................................. Ammonium persulfate 

AR ........................................................................................... augmented reality 

ATCC ............................................................... American Type Culture Collection 

AVM ......................................................................... arteriovenous malformation 

BBB ...................................................................................... blood-brain barrier 

BLI .............................................................................. Bioluminescence imaging 

BP ....................................................................................................... band pass 

BS .................................................................................................. beam splitter 

BSA .................................................................................. bovine serum albumin 

CAD ............................................................................... Computer Aided Design 

CCD .................................................................................. charge-coupled device 

ChIEF .................................. Chemistry Instrumentation and Electronics Facility 

CMOS .............................................. Complimentary Metal-Oxide-Semiconductor 

CO2 .............................................................................................. carbon dioxide 

CRI ...................................................................................... color rendition index 
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CT ...................................................................................Computed Tomography 

DCLP ....................................................................................... dichroic long pass 

DCSP ..................................................................................... dichroic short pass 

DI ......................................................................................................... deionized 

DLP ................................................................................... Digital Light Projector 

DMD............................................................................ digital micromirror device 

DMSO .................................................................................... dimethyl sulfoxide 

DNA .................................................................................. deoxyribonucleic acid 

DPPC .................................................................. dipalmitoylphosphatidylcholine 

DPPE-

PEG2000 ............................................................................................................. 

 .... dipalmitoylphosphatidylethanolamine-N-[methoxy(polyethylene glycol)-2000] 

DSA .................................................................... digital subtraction angiography 

EM ............................................................................................. Electromagnetic 

EMCCD ............................................. electron multiplying charge-coupled device 

EMSR ....................................................... Experimental Mouse Shared Resource 

ENT ................................................................................... Ear, Nose, and Throat 

EPR ............................................................. enhanced permeation and retention 

FAAME .... Fluorescence Angiography with Augmented Microscopy Enhancement 

FBS ........................................................................................ fetal bovine serum 

FDA ..................................................................... Food and Drug Administration 



 134 

FOV ................................................................................................... field of view 

FPS ........................................................................................ frames per second 

F-12K ............................................. Kaighn’s modification of Ham’s F12 medium 

GB .......................................................................................................... gigabyte 

GBM ........................................................................... Glioblastoma [multiforme] 

HBSS ..................................................................... Hank’s Balance Salt Solution 

HCL ..........................................................................................Hydrochloric acid 

H&E ................................................................................ Hematoxylin and eosin 

HRS ............................................................................. hyper Rayleigh scattering 

IACUC .......................................... Institutional Animal Care and Use Committee 

ICG ......................................................................................... indocyanine green 

IGS ..................................................................................... image guided surgery 

IDK ................................................................................ Interface and Design Kit 

IRB ............................................................................. Institutional Review Board 

IV ..................................................................................................... Intravenous 

KTP ........................................................................ Potassium Titanyl Phosphate 

LCD .....................................................................................liquid crystal display 

LED ..................................................................................... Light Emitting Diode 

LP ......................................................................................................... long pass 

Luc ....................................................................................................... luciferase 
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M/L ............................................................................................... medial/lateral 

MPPC ............................................................ monopalmitoylphosphatidylcholine 

MRI ........................................................................ Magnetic Resonance Imaging 

NA ........................................................................................ Numerical Aperture 

NCI ............................................................................... National Cancer Institute 

ND ............................................................................................... neutral density 

Nd:YAG ......................................... neodymium-doped yttrium aluminum garnet 

NIH .......................................................................... National Institutes of Health 

NIR ................................................................................................. near-infrared 

NMR ........................................................................ nuclear magnetic resonance 

OD ............................................................................................... optical density 

OLED .................................................................... Organic Light-Emitting Diode 

O2 ............................................................................................................ oxygen 

PBS ............................................................................. phosphate buffered saline 

PCF .................................................................................... photonic crystal fiber 

PCU ................................................................................. processing control unit 

PEG ........................................................................................ polyethylene glycol 

PMT ..................................................................................... photomultiplier tube 

POC ............................................................................................proof-of-concept 

PTA .................................................................................. Photothermal Ablation 
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RAM ............................................................................... random-access memory 

RPM ................................................................................ revolutions per minute 

SDK .............................................................................. software development kit 

SEER ............................................. Surveillance, Epidemiology, and End Results 

SHG ........................................................................ second harmonic generation 

SNR ...................................................................................... signal-to-noise ratio 

SP .......................................................................................................short pass 

SPR .......................................................................... surface plasmon resonance 

SSD ............................................................................................ solid state drive 

SVGA....................................................................... Super Video Graphics Array 

TB .......................................................................................................... terabyte 

TEMED.................................................................... Tetramethylethylenediamine 

THG ........................................................................... third harmonic generation 

TI ........................................................................................... Texas Instruments 

Ti:Sapph ................................................................................. Titanium:Sapphire 

USP ......................................................................... United States Pharmacopeia 

V/D .............................................................................................. ventral/dorsal 

VGA .................................................................................... Video Graphics Array 

3-D .......................................................................................... three-dimensional 

5-ALA ................................................................................ 5-Aminolevulinic acid  
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APPENDIX B: PATENT PUBLICATION, AUGMENTED STEREOSCOPIC 

MICROSCOPY 
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APPENDIX C: REPRINT PERMISSIONS
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APPENDIX D: AUGMENTED MICROSCOPY IMAGING STANDARD OPERATING 

PROCEDURE FOR CLINICAL AUGMENTED MICROSCOPE (VERSION 2.0) 

The standard operating procedure and other important points of interest for 

the clinical augmented microscope will be described here. This protocol is 

designed to be a guide for operation, but this does not replace proper training on 

the use and operation of the augmented microscope.  

The first step is to plug the entire microscope into a wall power outlet using 

the large white power cable from the power strip attached to the stand vertical 

post. All components for the microscope should be plugged into the power strip 

attached to the microscope. These components include: 

1. Computer PCU 

2. Touch-screen monitor 

3. CMOS camera 

4. DMD projector 

5. Fluorescence excitation LED 

6. Microscope stand white light LED 

Locate and press the power button for turning on the computer system which is 

located on top of the computer PCU (Figure D. 1a). Turn on the power switch for 

the white light LED located on the back side of the vertical post of the microscope 

stand, where the pantographic arm attaches to the vertical post (Figure D. 1b). 

Turn on the DMD projector system using the power switch located on the 

controller board that is mounted to the bottom of the augmentation module 

(Figure D. 2a). Turn on the CMOS camera using the power switch on the top of 

the camera (Figure D. 2b). These are all the power switches that must be 
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switched to the on position for all the components to function on the augmented 

microscope. 

 

 

Figure D. 1: Power switch locations for (a) the computer and (b) white light LED. 
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Figure D. 2: Power switch locations for (a) the DMD projector and (b) CMOS 

camera. 

 

 

Figure D. 3: Augmented microscope computer login. (a) Login screen for 

computer. (b) Touch/click and drag the screen upward to access the passcode 

screen. (c) Augmented microscope application programs: 1. HCImageLive 

controls the CMOS camera. 2. DLP LightCrafter program controls the setting for 

the DMD projector. 3. Matrox PowerDesk controls the graphics card and 
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mirroring of NIR images onto the DMD projector. 4. SpinView controls the color 

camera attached to the microscope. 

 

 To login, touch the screen and drag upward to reveal the passcode screen 

(Figure D. 3a). The current passcode for the Windows operating system is “7662” 

(Figure D. 3b). This will unlock the computer and provide access to the desktop. 

Open the following programs collectively located in the middle of the desktop for 

convenience (Figure D. 3c): 

1. HCImageLive (NIR imaging) 

2. DLP LightCrafter (DMD projector) 

3. Matrox PowerDesk (screen mirroring) 

4. SpinView (color camera) 

The following steps will instruct the user to verify the appropriate settings for 

NIR image capture in HC Image program (Table D. 1). Following this will be 

instructions for setting the appropriate parameters for the DMD projector and 

optimizing image brightness and contrast within the DLP LightCrafter software. 

Lastly, there will be a set of instruction that focus on augmented image alignment 

within the ocular(s). All settings provided are suggestions that have been optimal 

for many imaging experiments to date. However, these settings may be adjusted 

for specific environments where the imaging system needs further optimization. 

HC Image Settings 

 Verify and input the settings in HCImage that are provided in Table D. 1 

(Figure D. 4). These will set the camera exposure, frame rate, and threshold 
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appropriately. The orientation settings are to ensure the appropriate orientation 

of the NIR image to the orientation of the microscope field of view. Specific window 

sizing and application settings will simplify the electronic augmentation 

alignment procedure described below. 

 

Table D. 1: HCImage parameters for the CMOS camera. These parameters are a 

suggested starting point. 100 ms exposure is equivalent to 20 FPS. 

Field Parameter 

Exposure 100 ms 

Binning 4 

Sub-Array 512 x 512 

AutoSave Enabled/checked 

Open Capture (Optional enabled) 

Contrast Enabled/checked 

Auto Hi/Lo Contrast (Optional enabled) 
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Figure D. 4: HCImage Home screen. Abort/Live button will start/stop NIR 

imaging, respectively (red arrowhead). Each button and field are denoted 

respectively for the following sections. 
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Figure D. 5: Sensor registration and contrast windows. (a) Sensor registration 

window. Select the appropriate buttons to flip the image horizontally or vertically 

to obtain proper orientation with respect to direct microscope observation. (b) 

Contrast window. Drag the window threshold to change the dynamic range (red 

arrows and dotted circle). Click the threshold curve to add points which the curve 

can bend about (red star). 

 

Sensor Registration 

The sensor registration may need to be adjusted depending on the 

orientation the camera was installed. This can be adjusted by navigating to the 

appropriate window and flipping either horizontal or vertical, or adjusting the 

angle (Figure D.5a).  
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Contrast  

The contrast is enabled to threshold the NIR image for optimizing 

visualization. The contrast window can be customized by dragging the left and/or 

right side of the window and changing the dynamic range, respectively (Figure 

D. 5b). Clicking within the contrast window will set a flexion point for the 

threshold curve to bend about. This can allow further customization of the 

thresholding. 

Binning 

The sensor can be binned in either 1x1, 2x2, or 4x4 format (Figure D. 4). The 

level of binning will depend on the required resolution, frame rate, and light 

sensitivity. For standard operation, the binning is set to 4 to maximize light 

sensitivity for augmented microscope fluorescence applications. 

DMD Projector Settings 

LED Intensity 

 Within the DLP LightCrafter program, it will be necessary to set the 

brightness of the light engine to optimize the mirrored images within the 

ocular(s). This can be performed with the Texas Instruments splash screen, or 

any other projected image. Navigate to the IntelliBright tab and enable/disable 

the necessary LED colors (Figure D. 6). Monochromatic light may be desired for 

basic applications, and only the green LED is enabled. However, red and green 

LEDs can also be turned on for full color option. Set the intensity to the lowest 

setting. Click “Set” button (red arrowhead). While monitoring the augmented 

image in the ocular directly or via the color camera software, make intensity 

adjustments to optimize the augmented image brightness and contrast. The “Set” 
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button must be selected to implement the change. Contrast and brightness can 

be further optimized using Brightness boost and content-adaptive illumination 

fields (green arrowheads). 

 

 

Figure D. 6: DLP LightCrafter application. The current window shown is the 

IntelliBright tab. Patterns and images that can be selected to present as the 

splash screen for testing are found under the tab denoted (a). IntelliBright window 

found under tab denoted (b) allows adjustments to LED brightness and contrast 

settings. The “Set” button (red arrowhead) must be selected to implement a 

change. Further contrast and brightness enhancements can be performed using 

IntelliBright field (green arrowheads). 
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Augmentation Alignment Procedure 

 The following instructions will aid the user in performing electronic 

alignment of the augmented image within the ocular(s) to ensure coregistration 

with the real optical image. This current process can be tedious, and the user 

should rely on previous training for performing this task. The coregistration of 

the system is a function of both optical and electronic alignment. The optical 

alignment is performed by mold design that houses the optical assembly. The 

electronic alignment is performed via screen mirroring software and application 

position on the touch-screen monitor.  

Matrox Screen Mirroring 

Using the Matrox PowerDesk software, the NIR image can be mirrored to 

the DMD projector. Ensure the DMD projector is powered on before completing 

the following steps (Figure D. 2a). From the home screen, navigate to the Multi-

Display Setup tab (Figure D. 7). Both the main touch-screen display (display 1) 

and the DMD (display 2) should be visible. The DMD (display 2) should be set as 

a feature display (green arrowhead). This can be performed by right-clicking on 

the display and selecting use as feature display. Ensure the resolution for display 

2 matches the resolution of the projector. Click “OK” when finished to save 

changes (green arrow). 
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Figure D. 7: Multi-Display Setup tab. Display 1 is the main touch-screen and 

display 2 is the DMD projector. Ensure display 2 is set as a feature display (green 

arrowhead). Click “OK” to save changes (green arrow). 

 

Next, navigate to the Desktop Zoom tab (Figure D. 8). Define a zoom region 

(green arrowhead) by selecting the appropriate area of the monitor (Figure D. 9). 

The user selected area will be the region of the touch-screen monitor that will be 

mirrored to the DMD projector. Region 1.4 was preset to mirror the NIR image 

when the HCImage software is open and maximized on the touch-screen monitor. 

A new window will appear following selection of the appropriate region; select to 

preserve aspect ratio from the drop-down list. The regions can be modified by 

navigating to the Desktop Management tab (Figure D. 10) and selecting the 

modify button (green arrow). Drag and add/remove the regions as appropriate 
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(Figure D. 11). Note that the selected region will be mirrored to the DMD for 

augmentation in the microscope. This style of mirroring enables the user to 

augment the microscope FOV with any information presented on the touch-

screen monitor and located within the mirroring region. 

 

 

Figure D. 8: Desktop Zoom tab. Select “Define a zoom region using cells” to select 

one of the preset regions of the monitor for mirroring. 
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Figure D. 9: Preset regions for selection that can be mirrored to the DMD 
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Figure D. 10: Desktop Management tab. Select the modify button (green arrow) 

to adjust the preset regions. All regions can be resized or split/merged. This 

enables full customization of the mirroring regions on the touch-screen monitor. 
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Figure D. 11: Adjustable region cells. Selecting the split/combine buttons (green 

arrowhead) will split or merge each respective region. The region boundary (green 

arrow) can be dragged to resize appropriately. 

 

Color Camera Operation 

 The SpinView application is used to operate the color camera attached to 

the microscope. Within the application window, the camera can be selected (red 

arrowhead) for viewing and recording images from the microscope FOV (Figure 

D. 12). Click the record button (green arrowhead) in the camera viewing window 

to begin recording images. The camera and image settings can be adjusted within 

the camera settings window by selecting the appropriate tab and parameter 
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(dashed green outline). The live FPS can be monitored by the readout in the lower 

portion of the viewing window. 

 

 

Figure D. 12: SpinView application for operating the color camera. The camera 

can be selected (red arrowhead) for live viewing of the microscope FOV. The record 

button (green arrowhead) will enable live video recording. The FPS can be 

monitored in the bottom of the viewing window. Camera and image settings can 

be adjusted by selecting appropriate tabs and parameters (dashed green outline). 

 

Augmented Microscope Adjustments 

 The augmented microscope head and stand have various adjustments that 

can help with positioning and operation. Along the pantographic arm and 

microscope mount are locking knobs that can be loosened for free movement and 

articulation; these knobs can be tightened to lock the position of each respective 
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joint (Figure D. 13a). The microscope head has a plethora of adjustments for 

optimized imaging and ergonomics. The magnification can be adjusted using 

either knob on the left or right of the microscope body, respectively (Figure D. 

13b). The slider located on the right side of the microscope body will adjust 

illumination color between white, green filtered, and yellow filtered light (Figure 

D. 13d). The various parts of the microscope body (i.e., body, augmentation 

module, beam splitter module, ocular head) are attached via set screws (Figure 

D. 13c).  

 

 

Figure D. 13: Microscope position and magnification adjustments. (a) 

Microscope locking knobs that can be adjusted to allow or prevent 

articulation/movement. (b) Left/right magnification turret knob. (c) Locking set 

screws that attach the various microscope parts including beam splitter, 



 182 

augmentation module, and microscope body. (d) White light illumination slider 

that has three filter positions: no filter, green, and yellow. 

 

 The microscope has numerous adjustment knobs for imaging and 

ergonomics. The white light LED brightness can be adjusted using the control 

knob located on the front of the pantographic arm (Figure D. 14a). The 

pantographic arm has an internal limit switch that will turn off the white light 

when the arm is moved into a fully upward position. The NIR LED brightness 

control is located on the right side of the augmentation module and can be used 

to adjust the intensity of fluorescence excitation light (Figure D. 14d). The 

eyepiece separation can be adjusted using the appropriate knobs (Figure D. 14b). 

The NIR image should be in focus when the respective object is in focus within 

the microscope FOV. Fine adjustments can be made to focus the NIR image if 

necessary (Figure D. 14c). The color camera image can also be focused, if 

necessary, using the adjustment knob located on the beam splitter module arm 

that the color camera is attached to (Figure D. 14e). The NIR and color images 

should be in focus when the optical image is in focus as visualized in the 

eyepieces. 
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Figure D. 14: Light and camera focus adjustments. (a) White light brightness 

adjustment knob. (b) Eyepiece separation adjustment. (c) NIR camera focus 

knob. (d) NIR LED brightness adjustment knob. (e) Color camera focus 

adjustment knob. 

 

Shutdown 

 It is imperative that all data has been saved, software closed, and devices 

powered off prior to unplugging the microscope. Ensure that the CMOS and the 

DMD have been switched off. Turn all illumination knobs to the lowest setting. 

Shut down the computer and then unplug the entire microscope stand. The 

microscope arms should be folded and locked similar to that shown in Figure D. 

13a prior to transporting the instrument. 
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APPENDIX E: C6 CELL CULTURE PROTOCOL 

This protocol details the process for transducing the C6 glioblastoma rat cell line 

with the luciferase gene via a viral vector. Using the transduced luc-C6 cell line 

enables tracking cell location and growth using bioluminescence, a non-invasive 

imaging technique. 

Trypsin – Used to resuspend cells that are adhered to the culture dish walls 

during the wash process or harvesting cells. 

HBSS – Hank’s Balance Salt Solution; used to maintain pH and osmotic balance 

as well as to provide cells with water and necessary essential inorganic ions. 

F-12K – Kaighn’s modification of Ham’s F12 medium. 

Cell Culture Protocol 

Passage weekly depending on the cell line. Some cell lines will require more 

frequent passages if they grow more quickly. A T75 flask was used for this 

protocol and this will reflect the suggested volumes below. Do NOT stick finger 

into the sterile flask/pipette holder. Sterility is the most important factor during 

cell culture. DO NOT CONTAMINATE. 

1. To rinse, add approximately 2 mL of HBSS or more to the flask to rinse 

then remove. 

2. Add approximately 2.5 mL Trypsin per flask to detach cells. Wait a few 

minutes for cells to detach. This is a good time to begin labeling the new 

flasks appropriately. 

3. After cells have detached, add 6 mL of media to each Trypsinized flask (this 

will act to neutralize the Trypsin so to not destroy the cells) 
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4. Add 10 mL of media to each new flask. 

5. Resuspend cells and mix by adding 2 mL of cells to new flasks. 

6. Add fresh media to old flasks (approximately 10 mL). 

7. Agitate the flasks a little to ensure cells cover the entire surface of the 

flask. The flask material tends to be hydrophobic and sometimes will 

prevent full solution coverage. 

8. Place the lids on the flasks appropriately and place the flasks into the 

incubator. 

Freezing media preparation 

1. Filter sterilize media into FBS using a 30 mm Millex, 0.22 um filter. 

2. 10% DMSO, 40% serum, 50% media 

a. E.g., 50 mL total volume: 

i. 5 mL DMSO 

ii. 20 mL serum 

iii. 25 mL media 

Freezing cells protocol 

1. Remove cells from flask as detailed in the procedure above. Pipette cells 

into a centrifuge tube. 

2. Centrifuge 1000 RPM for 5 minutes. 

3. Remove the buffy coat from on top of the cell pellet. Be sure not to disturb 

the cell pellet. 

4. Resuspend pellet in freezing media. 

a. 1 mL per freezing tube 

5. Place in an isopropanol bath and place the bath into the -80C freezer. 
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a. Note that freezing cells that are still in log phase is preferred. This 

is the most active phase to take up DNA during transduction. 
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APPENDIX F: INTRACRANIAL INJECTION OF GLIOBLASTOMA CELLS IN A RAT 

This protocol will detail the steps for injecting cells into the brain of a rat for 

tumor growth. Suggested surgical supplies will be listed following the protocol. 

Refer to the parent IACUC protocol for specific considerations. 

Surgical Protocol 

1. Ensure all appropriate supplies are prepared and sterilized as required. 

2. Weigh rat and record weight. This weight is used to calculate the 

appropriate ketamine/xylazine cocktail injection (80 mg/kg ketamine, 12 

mg/kg xylazine) of 1 mL/kg. Note that the needle head is 50 µL. Therefore, 

in example, a 300 mg rat should be injected with 300 µL of the analgesic 

cocktail. 

3. Anesthetize rat with the ketamine/xylazine cocktail. Record the amount 

injected for this and every subsequent injection if applicable. 

4. Once rat is asleep, shave the area on the skull where the craniotomy will 

be performed. Clean the shaved area 3-times consecutively with separate 

wipes of betadine solution followed by alcohol. 

5. Add ocular lubricant to the eyes of the rat. This can be applied liberally 

but careful not to injure the eyes of the rat upon application. It can be 

helpful to use a sterile cotton tip applicator for this. 

6. Perform subcutaneous injections of 5 cc sterile saline and weight adjusted 

dose of gentamycin (8 mg/kg). The saline will hydrate the rat for 30-60-

minute procedures. Surgery lasting near 60 minutes or longer will require 

repeat subcutaneous injections of saline. 
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7. Place the rate securely in the stereotactic frame, ensuring skull is flat and 

positioned between ear bars appropriately. Ensure the anesthesia mask, 

if being used, is appropriately placed over the face of the rat and that the 

anesthesia is turned on. Gas anesthesia is not typically used when the 

animal was anesthetized with a ketamine cocktail. However, if using gas 

anesthesia, maintain at 1-2 % isoflurane. Install ear bars appropriately 

such that the animal’s head is completely secure in the frame. This is the 

most important part of the protocol to ensure the head does not move 

during the procedure. Refer to proper training for successful placement of 

the animal in the stereotactic frame. Note that the Romanowski lab 

purchased a gas anesthesia mask for the stereotactic frame. This may be 

located with EMSR. 

8. Drape the animal appropriately with sterile drapes and cloths. 

9. Perform hand scrub washing procedure followed by wearing sterile gloves. 

Refer to proper training for how to put on sterile gloves. 

10. Perform a midline incision, approximately 3-4 cm long with a #10 scalpel 

blade. 

11. Use curved hemostats or the scalp retractor to retain visualization and 

access to the surgical site. 

12. Clear the connective tissue from the site and control bleeding with 

electrocautery and sterile gauze. Note that bleeding can be controlled with 

cotton tipped applicators, electrocautery, and Kim wipes. 

13. Ensure area is dry and fully exposed. All connective tissue should be 

removed, and bleeding should be completely controlled. 
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14. Move cannula tip to bregma and record the position from the stereotactic 

frame. 

15. Move the cannula tip to the anticipated hole position based on pre-

calculated coordinates. 

16. Mark the skull for hole placement directly below the tip of the cannula. 

17. Simultaneously prep syringe for injection while preparing the craniotomy 

drill. 

18. Perform craniotomy by drilling a hold in the skull for the cannula. The drill 

bit size should be selected appropriately for the cannula size. Control 

bleeding during this process. 

19. Move cannula tip to appropriate coordinates, slowly advancing the 

cannula into the skull. 

20. Once the cannula is at the appropriate coordinates, inject 5-10 µL over 3-

5 minutes (time depends on the injected volume, and volume depends on 

the number of cells being injected). 

21. After a full injection, leave cannula in place for 1 minute. This is the time 

to begin preparation of next animal if applicable. 

22. Remove cannula very slowly and clean skull area. 

23. Close the hole in the skull with bone wax and clean area. 

24. Remove hemostats or retractor and close the scalp with staples/wound 

clips/suture as applicable. Auto clips are nice to use here. 

25. Remove rat from stereotactic frame and place in a heated recovery area. 
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Surgical Supplies List 

Following is a complete list of all surgical supplies purchased for performing brain 

surgeries in a rat. 
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Surgical Instruments 
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Disposables 
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Anesthesia 

 

Compressed Gas 
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APPENDIX G: A DMD AS A SWITCHABLE MIRROR DEVICE 

 Preliminary demonstrations were performed to show augmentation with a 

DMD. These MEMS devices function in a binary fashion. When the DMD and 

image sources are located in a specific geometry, the device can be used as an 

image selector (Figure G. 1a). In this scenario, the duty cycle of the DMD can be 

adjusted in a continuous fashion to merge the image sources respectively. In 

theory, a 0% duty cycle would select one image source, a 100% duty cycle would 

select the other image source, and any duty cycle in-between would merge the 

two images.  

 A basic demonstration of using the DMD to select an image from another 

source can be visualized in Figure G. 1b. A projector was used to create the image 

source, and two lenses were used to focus the image onto the DMD and collect 

and focus the selected image onto a backdrop, respectively. Despite the 

noticeable aberrations from poor alignment and simple lenses, the DMD was able 

to select the image source, and when switched to the other binary position, the 

image would not be selected. 

 Further experimentation of this idea should be conducted. We have yet to 

demonstrate the DMDs ability to pick between two separate image sources. This 

will require a special set-up on the optical table and appropriate hardware. The 

preliminary demonstration of selecting one image suggests that incorporating a 

second source should function similarly. In addition to complex geometry for 

successfully implementing this idea, the DMD acts like a grating and produces 

significant diffraction (Figure G. 2). The diffraction may be problematic 
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depending on the optical design. Using a high NA lens to collect the image from 

the DMD may prove effective in ameliorating this concern. 

 

 

Figure G. 1: Augmentation using a DMD. (a) Simple diagram showing how the 

DMD can be placed in specific geometry to select an image source with a simple 

optical system. (b) Preliminary demonstration showing the DMD selecting the 

projector source and sending the respective image to a backdrop. 
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Figure G. 2: Diffraction from DMD. Illuminating the micromirror array with a 

hand-held laser pointer, significant diffraction is apparent on the white backdrop. 

Note that this demonstration does not include lenses to capture the various 

modes. 
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APPENDIX H: HOLLOW CORE PHOTONIC CRYSTAL FIBER AND PULSE 

COMPRESSOR CONFIGURATION 

 The advent of hollow core PCF fibers has made it possible for fiber-coupled 

ultrafast laser systems. Using fiber delivery in a medical setting is advantageous 

compared to an open beam configuration. The ability to use NIR ultrafast lasers 

in medicine will make specific applications of laser surgery more accessible. The 

augmented microscope can improve image guidance for such procedures. 

 The Ti:Sapphire laser beam was introduced into a hollow core PCF (HC-

800B, Thorlabs) to demonstrate the improved visualization and image guidance 

capabilities with the augmented microscope (Figure H. 1a). A prism-pair 

compressor (AFS-FS, Thorlabs) and autocorrelator were included into the optical 

system to compensate for dispersion and measure output pulse width, 

respectively. In the current set-up, the autocorrelator had a damaged element 

that needed to be replaced. Therefore, this demonstration was not fully developed. 

The fiber-delivered NIR laser beam from the Ti:Sapph was visualized with the 

augmented microscope (Figure 5. 1), but the temporal pulse width was not able 

to be measured. Therefore, any future use of the fiber-delivered pulse would need 

to be evaluated after replacing the damaged element inside the autocorrelator. A 

special note is made regarding the entrance aperture to the autocorrelator. 

Denoted in Figure H. 1b is the rotating aperture that functions as part of the 

alignment. The rotating aperture plate will cover/uncover an alignment target 

(what looks like crosshairs) that can be difficult to see. Therefore, pay special 

attention to this area when performing alignment of the autocorrelator. 
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Figure H. 1: Fiber delivery of ultrafast NIR laser beam using PCF. (a) Optical set-

up for introducing a Ti:Sapphire laser beam into a PCF with a prism compressor, 

autocorrelator, and fiber launch stage. (b) Autocorrelator entrance with rotating 

aperture for alignment. 
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